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...making your ear attentive to wisdom and inclining your heart to understanding...
— Proverbs 2 :2

...and you will know the truth, and the truth will make you free...
— John 8:32

[ have never met a man so ignorant that I couldn’t learn something from him.
— Galileo Galilei

Try not to become a man of success, but rather try to become a man of value.
— Albert Einstein

I am, and ever will be, a white socks, pocket protector, nerdy engineer.
— Neil Armstrong
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Abstract

Polymer-based composite materials, such as the fibre reinforced plastics are used to
manufacture ultra-light panels, massively introduced in the last decades in the aero-
nautical industry, as a potential solution to reduce the energy consumption and com-
bustion emissions. Example applications are the civil airliners Boeing 787 and the
(currently in development) Airbus 350 XWB models.

Safety being the main concern in aeronautical applications, structural monitoring
is a cornerstone of the design process, and also during the life cycle of an aircraft.
Aiming to this, non-destructive testing and surveillance techniques have been devel-
oped over the years. However, the standard methods currently used are not usually
adapted to the use of these new materials, and potential improvements in the contin-
uous monitoring techniques are constantly being investigated. New Structural Health
Monitoring (SHM) systems have thus emerged during the last years as an interest-
ing option. A SHM system is in general based on a precise damage detection strat-
egy, which is a complex system itself, composed by simpler strategies to solve simpler
problems : data acquisition, structure characterization, sensor placement, statistical
damage/ageing models, etc. A SHM process implies also the ability to provide in real-
time (or nearly real-time) information about structural integrity.

The specific problem of composite ageing evaluation is one of the most often dealt
with and at the same time one of the worst understood. Indeed, in spite of their ex-
ceptionally high mechanical performances, polymer-based composite materials are
more vulnerable than metallic alloys when confronted to aggressive environmental
ageing factors. It is widely accepted that special caution needs be observed when us-
ing these materials.

The main motivation of this thesis is then to set the basic foundations of a novel, com-
plete, reliable, robust, fast and low-cost SHM system and which could be applied to a
general full-scale composite structure.

In order to address the ageing characterization problem, a standard method for ar-
tificial weathering has been developed. The artificial ageing protocols were inspired
from results published in the literature and ASTM material testing standards. This
thesis has focused on the influence of three factors on the ageing of CFRP specimens :
exposure temperature (5[°C] — 135[°C]), surrounding humidity (0% - 95%C) and UV
radiation (3 [W/m?]). Most importantly, this thesis has dealt with the synergetic influ-
ence of these factors.
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The goal of artificial ageing is to subject the specimens to controlled ageing proto-
cols, in order to observe changes in some macroscopic properties, namely the elas-
tic moduli. A parametric mathematical model has been built in order to express the
evolution of elastic moduli as a mean to monitor the ageing state and the structural
health. The mathematical model has been established by means of the design of ex-
periments (DoE) statistical techniques. This formulation includes the actions of the
different ageing factors separately and combined. Outside of SHM, the model (and
the method to obtain it) can be collaterally be used for ageing characterization and
prediction in further applications. Depending on the protocol, the extent of the age-
ing can reach a degradation of 15% of the elastic moduli. Most of the degradation is
reached under the influence of temperature and humidity changes.

Concerning the data acquisition, the polyvinylidene difluoride (PVDF) technology is
a relatively new technology for strain measuring and offers an alternative. To prove
the survivability to the ageing conditions was essential to justify their integration in a
composite structure. The validation has been carried out by comparing the ability of
PVDF sensors to provide quality signals, which can prove to be as accurate as those
from non-aged sensors. The statistical approach is used for this comparison, giving
satisfying results in the frame of the designed ageing protocols (less than 2% in relative
error with respect to non-aged sensors).

In order to measure the elastic properties while following a line of thought compatible
with SHM, vibrational behaviour could provide information about the internal prop-
erties of a composite structure. Indeed, the physical fundamentals are given by the
wave propagation theory, which relates structural stiffness with natural frequencies,
with the mass distribution as an intermediary. However, the orthotropic nature of the
fibre reinforced plastics (FRP) makes this problem more complex, and an identifica-
tion algorithm intervenes to solve it. The method employed here was adapted from
a numerical-experimental identification algorithm previously developed by several
authors, which minimizes the difference between experimental and FE simulation
results in order to identify the best estimation of the elastic properties. The natural
frequencies and the corresponding vibration mode shapes (named vibration modal
parameters) constitute the "features" mentioned in the SHM axioms as information
vehicles about the internal health of the structure. A sensitivity analysis was included
in the identification process in order to determine quantitatively how the elastic prop-
erties are related to the natural modal parameters.

Concerning the acquisition of structural data and extraction of the modal parame-
ters, output-only modal analysis (OMA) was privileged, since it carries inherently the
attributes of robustness and rapidity required by the SHM axioms. Moreover, the in-
tegration of low-cost sensors carries inherently the possibility to carry out real-time
(or near real-time) monitoring, which is an important step improving the monitoring
capabilities on full-scale structures, especially for operational and safety reasons. In
recent years, the use of OMA has been justified by the difficulty (or even impossibility)
to perform classic static or dynamic tests, such as experimental modal analysis (EMA),
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to extract information about the state of the structures. The frequency domain decom-
position (FDD) technique was chosen because of the simplicity of its formulation and
the remarkable results reported in the literature. This method uses the notion of singu-
lar value decomposition (SVD) to extract the necessary information exclusively from
the output sensors. It was successfully applied using several sensor/actuator combi-
nations. The evaluation of the performance shows a relative difference of less than 1%
with the reference method (EMA).

As part of the feature extraction solution, the optimal placement problem has been
extensively addressed in the current state-of-the-art in SHM. Among the different ap-
proaches, the effective independence (EI) method was adapted to this specific case.
The effectiveness of the implementation was proved and validated through the ex-
perimental tests carried out, showing a significant improvement in the measurement
accuracy.

Finally, taking into account the results and observations in the development of the dif-
ferent tools, a global SHM method has been proposed, which gathers all the elements
mentioned above : the use of a multifactorial model to predict the ageing, the design
of a transducer network, the feature extraction by OMA and the identification of the
constitutive properties. The method was successfully applied to a series of demon-
strators, in the frame of a controlled laboratory environment. The next step would
contemplate the adaptation of the method to a broader range of applications (in par-
ticular in situ applications) and the manufacturing of operating prototypes.
Keywords : Structural Health Monitoring, piezoelectric sensors, optimal sensor place-
ment, accelerated ageing, inverse methods, Operational Modal Analysis.






Résumé

Les matériaux composites a base de polymeres, tels que les plastiques renforcés par
des fibres, sont utilisés pour la fabrication de panneaux ultralégers, et ont été mas-
sivement introduits ces dernieres décennies dans l'industrie aéronautique. Ceux-ci
représentent une solution a la volonté de réduire la consommation d’énergie et1’émis-
sion de gaz de combustion. On peut citer comme exemple d’application des avions de
ligne civils de nouvelle génération tels que le Boeing 787 et ’Airbus 350 XWB (actuelle-
ment en développement).

La sécurité aéronautique étant une préoccupation constante dans l'aviation civile,
la surveillance structurelle devient un pilier autant pendant le processus de concep-
tion que durant le cycle de vie de I'aéronef. Dans ce but, des techniques d’essai non
destructives ont été développées au fil des ans. Cependant, les méthodes standard
couramment utilisées ne sont généralement pas adaptées a ces nouveaux matériaux,
et des améliorations potentielles sont constamment un objet d’étude. De nouveaux
systemes de surveillance de 1'état des structures (connus sous le nom de Structural
Health Monitoring ou SHM en anglais) ont ainsi vu le jour au cours des dernieres
années comme une option intéressante. Un systeme SHM est en général basé sur
une stratégie de détection d’endommagements, et composée elle-méme par des sous-
stratégies pour résoudre des problemes plus simples : acquisition de données, carac-
térisation de la structure, positionnement des capteurs, modeles de vieillissement/en-
dommagements, etc. Un processus SHM implique la capacité de fournir en temps réel
(ou presque en temps réel) des informations sur l'intégrité structurelle.

L'évaluation du vieillissement des composites est un des problemes le plus souvent
traités dans la littérature, et en méme temps 'un des moins bien compris. En ef-
fet, malgré leurs performances mécaniques exceptionnelles, les matériaux compos-
ites polymériques sont plus vulnérables que les alliages métalliques lorsqu’ils sont
confrontés aux agents naturels. Il est largement admis que des précautions spéciales
doivent étre mises en place lors de 'utilisation de ces matériaux.

La motivation principale de cette theése est donc de définir les fondements d'un sys-
teme SHM de nouvelle génération, complet, fiable, robuste, rapide et a faible cott qui
pourrait étre appliqué a une structure en composite. Afin de résoudre le probleme de
la caractérisation du vieillissement, une méthode standard pour vieillissement artifi-
ciel a été mise au point. Les protocoles de vieillissement artificiel ont été inspirés des
résultats publiés, ainsi que par les normes ASTM d’essai des matériaux. Cette thése
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s’est penchée spécifiquement sur I'influence de trois facteurs de vieillissement : la
température d’exposition (5 [°C] - 135 [°C]), 'humidité ambiante (0% - 95%) et le ray-
onnement ultraviolet ( 3 [W / m?]). Plus important encore, cette thése a traité de
I'influence synergique de ces facteurs.

Le but du vieillissement artificiel est de soumettre les échantillons a des protocoles
controlés, afin d’observer des changements dans certaines des propriétés macros-
copiques, a savoir les modules d’élasticité. Un modéle mathématique paramétrique
a été constitué, dans le but d’exprimer I’évolution de ces modules élastiques comme
un moyen de surveiller I'état de vieillissement et de la santé structurelle. Le modéle
mathématique a été établi a I'aide des techniques statistiques pronées par le design
d’expériences (Design of experiments, DoE en anglais). Cette formulation comprend
les actions des différents facteurs de vieillissement, séparément et combinés. En de-
hors du contexte de la SHM, le modele et la méthode pour 'obtenir peuvent acces-
soirement étre utilisés pour la caractérisation et la prédiction du vieillissement dans
d’autres applications. Selon le protocole, le vieillissement ainsi mesuré peut atteindre
une dégradation de 15 % des modules élastiques. Les résultats montrent que la plu-
part de la dégradation est atteinte sous l'influence des variations de température et
d’humidité.

En ce qui concerne 'acquisition de données, le polyfluorure de vinylidene (polyvinyli-
dene difluoride, PVDF en anglais) est une technologie relativement nouvelle pour la
mesure et offre une alternative intéressante di a son cofit faible et sa facilité d'intégra-
tion. Prouver la capacité de survie aux conditions de vieillissement était essentiel pour
justifier leur intégration dans une structure composite. La validation a été effectuée
en comparant la capacité des capteurs de PVDF a fournir des signaux de qualité, pou-
vant se révéler étre aussi précis que ceux des capteurs non soumis au vieillissement.
L'approche statistique est utilisée pour cette comparaison, donnant des résultats sat-
isfaisants le cadre des protocoles de vieillissement concus (moins de 2 % en erreur
relative par rapport a des capteurs non vieillis).

Dans le but de mesurer les propriétés élastiques, tout en suivant une ligne de pensée
compatible avec SHM, le comportement vibratoire peut fournir des informations sur
propriétés internes d'une structure en composite. En effet, d’apres les résultats don-
nés par la théorie de propagation des ondes, la rigidité structurelle est directement
connectée aux fréquences naturelles, avec la répartition de la masse en tant qu’inter-
médiaire. Cependant, la nature orthotrope des plastiques renforcés (fibre reinforced
plastics, FRP en anglais) rend ce probléme plus complexe, et un algorithme d’identifi-
cation intervient dans la solution. La méthode utilisée ici a été adaptée a partir d'un al-
gorithme d’identification numérique-expérimentale développée précédemment par
plusieurs auteurs, qui minimise la différence entre les résultats expérimentaux et les
simulations éléments finis, afin d’identifier la meilleure estimation des propriétés
élastiques. Les fréquences propres et les formes propres correspondant (connus sous
le nom de parametres modaux de vibration) constituent les "caractéristiques" men-
tionnées dans les axiomes SHM, qui véhiculent I'information sur la santé interne de
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la structure. Une analyse de sensibilité a été incluse dans le processus d’identification
en vue de déterminer quantitativement la facon dont les propriétés élastiques sont
liées aux parametres modaux.

Pour ce qui est de I'acquisition de données structurelles et I'extraction des parametres
modaug, la relativement récente analyse modale opérationnelle (operational modal
analysis, OMA en anglais) a été privilégiée, car elle porte intrinséquement les attributs
de larobustesse et la rapidité requises pour une méthode SHM. En outre, I'intégration
de capteurs a faible cotit porte en soi la possibilité d’effectuer un suivi en temps réel
(ou quasi-temps réel), ce qui est une étape importante pour améliorer les capacités
de surveillance des structures réelles, en particulier pour des raisons opérationnelles
et de sécurité. Au cours des derniéres années, I'utilisation de 'OMA a été justifiée
par la difficulté (voire I'impossibilité) d’effectuer des tests statiques ou dynamiques
classiques (comme 'analyse modale expérimentale) pour extraire des informations
sur I'état des structures. La technique de la décomposition dans le domaine fréquen-
tiel (Frequency Domain Decomposition, FDD en anglais) a été choisie en raison de la
simplicité de son élaboration et des résultats remarquables dans la littérature. Cette
méthode utilise la notion de décomposition en valeurs singulieres (Singular Value
Decomposition, SVD en anglais) pour extraire les informations nécessaires exclusive-
ment des capteurs de sortie. Elle a été appliquée avec succes a I’aide de plusieurs com-
binaisons des capteurs /actionneurs. L'évaluation de la performance montre un écart
relatif inférieur a 1 % avec la méthode de référence, ’analyse modale expérimentale
(experimental modal analysis EMA en anglais).

Dans le cadre de 'extraction de caractéristiques, le probleme du placement optimal
a été largement abordé dans I'état de I'art actuel dans SHM. Parmi les différentes
approches, la méthode de I'indépendance effective (effective independence, EI en
anglais) a été adaptée a ce cas précis. Lefficacité de la mise en ceuvre a été prou-
vée et validée par des essais expérimentaux, montrant une amélioration significative
de la précision de mesure. Enfin, en tenant compte des résultats et des observations
dans I'élaboration des différents outils, une méthode globale SHM a été proposée, qui
rassemble tous les éléments mentionnés ci-dessus : 'utilisation d'un modele multi-
factoriel de prédiction du vieillissement, la conception d'un réseau de transducteurs,
I'extraction de caractéristiques par OMA et I'identification des propriétés constitu-
tives. La méthode a été appliquée avec succes a une série de démonstrateurs, dans
un environnement de laboratoire controlé. La prochaine étape serait de contempler
I'adaptation de la méthode a un plus large éventail d’applications (en particulier de
applications in situ) et la fabrication de prototypes d’exploitation.

Mots clés : surveillance des structures, capteurs piezoélectriques, placement optimal,
analyse modale opérationelle, vieillissement accéléré.
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Resumen

Los materiales compuestos a base de polimeros, tales como plasticos reforzados de
fibras, se utilizan para la fabricacion de paneles ligeros y han sido masivamente intro-
ducidos en las ultimas décadas en la industria de la aviacién. Estos representan una
solucién al deseo de reducir el consumo de energia y las emisiones gas de combustion.
Se puede por ejemplo citar los més recientes aviones de linea de nueva generacion,
como el Boeing 787 y el Airbus 350 XWB (actualmente en desarrollo).

La seguridad aérea siendo una preocupacién constante en la aviacion civil, la vigilan-
cia de las estructuras se convierte en un pilar esencial, tanto durante el proceso de
disenio como durante el ciclo de vida de la aeronave. Con este propésito, diferentes
técnicas de ensayo no destructivo han sido desarrolladas en el curso de los afios. Sin
embargo, los métodos estdndar comunmente utilizados no son adecuados para es-
tos nuevos materiales en general, y las mejoras potenciales son siempre un sujeto
de estudio. Nuevos sistemas de auscultacion de estado estructural (conocido como
Structural Health Monitoring o SHM en inglés) han surgido en los dltimos afos co-
mo una opcidén atractiva. Un sistema SHM generalmente se basa en una estrategia
de deteccién de danos, y estd a su vez compuesto por sub-estrategias para resolver
problemas sencillos: la adquisicion de datos, la caracterizacién de la estructura, el
posicionamiento de los sensores, el modelo de envejecimiento/dafios, etc. Un proce-
so de SHM implica la capacidad de proporcionar en tiempo real (o casi en tiempo
real) la informacion sobre la integridad estructural. La evaluacién del envejecimiento
de los materiales compuestos es uno de los problemas tratados méds a menudo en la
literatura, y sin embargo uno de los menos comprendidos. En efecto, a pesar de su
rendimiento mecdnico excepcional, los materiales compuestos a base de polimeros
son mds vulnerables que las aleaciones de metales cuando frente a los agentes natu-
rales. Es ampliamente reconocido que precauciones especiales se necesitan cuando
estos materiales se utilizan.

La motivacion principal de esta tesis es basicamente definir las bases de un sistema
SHM de nueva generacion, completo, fiable, robusto, rdpido y de bajo costo, que se
pueda aplicar a una estructura compuesta. Para resolver el problema de la caracter-
izacién de envejecimiento, un método estandar para el envejecimiento artificial fue
desarrollado. Algunos protocolos de envejecimiento artificial se inspiraron de la liter-
atura publicada, asi como de los estandares ASTM. Esta tesis se ha centrado especi-
ficamente en la influencia de tres factores de envejecimiento: la temperatura exposi-
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cion (5 [° C] - 135 [° C]), humedad (0 % - 95 % C) y la radiacion ultravioleta (3 [W / m?]).
Mads importante aun, esta tesis aborda el efecto sinérgico de estos factores. El objeti-
vo del envejecimiento artificial es someter las muestras a protocolos controlados de
envejecimiento artificial, con el fin de observar los cambios en algunas propiedades
macroscopicas, a saber los médulos eldsticos. Un modelo matemaético paramétrico
ha sido constituido, con el fin de expresar la evolucion de los médulos eldsticos como
medio de vigilar el estado de envejecimiento y salud estructural. El modelo matemati-
co se estableci6 mediante técnicas estadisticas promovidas por el disefio de experi-
mentos (Design of Experiments, DoE en inglés). Esta formulacién incluye acciones de
diferentes factores de envejecimiento, por separado y combinados. Fuera del contex-
to de SHM, el modelo y el método para conseguirlo) pueden también ser utilizados
para la prediccion y caracterizacion de envejecimiento en otras aplicaciones. Segin
el protocolo, la degradacion medida de esta manera puede alcanzar 15 % en los mo-
dulos elésticos. Los resultados muestran que la mayoria de la degradacion se alcanza
bajo la influencia de las variaciones de temperatura y humedad.

En cuanto a la adquisicién de datos, polifluoruro de vinilideno (polyvinylidene di-
fluoride, PVDF en inglés) es una tecnologia relativamente nueva para la medicién y
ofrece una alternativa interesante debido a su bajo costo y facilidad de integracion.
Demostrar la capacidad de supervivencia las condiciones de envejecimiento era es-
encial para justificar su inclusion en un estructura compuesta. La validacion fue re-
alizada mediante la comparacién de la capacidad de los sensores PVDF para propor-
cionar senales de calidad comparable a la de sensores que no estan sujetos al enve-
jecimiento. Se utiliza el método estadistico para esta comparacion, con resultados
satisfactorios en virtud de los protocolos de envejecimiento disefiados (menos de 2 %
en error relativo a los sensores no envejecidos). Con el fin de medir las propiedades
eldsticas, y siguiendo razonamiento compatible con SHM, el comportamiento vibra-
torio puede proporcionar informaciéon sobre sus propiedades internas. De hecho, los
resultados dados por la teoria de la propagacién de ondas, la rigidez estructural es-
ta conectada directamente con las frecuencias naturales, con la distribucién de la
masa como intermediario. Sin embargo, la naturaleza ortotrépica del plastico reforza-
do (fibre reinforced plastic, FRP Inglés) complica este problema, y la solucién toma la
forma de un algoritmo de identificacién. El método utilizado aqui ha sido adaptada
de un algoritmo identificacién numrico- experimental previamente desarrollado por
varios autores. Este algoritmo minimiza la diferencia entre resultados experimentales
y simulaciones en elementos finitos para estimar el mejor conjunto de propiedades
eldsticas. Las frecuencias naturales y las correspondientes formas propias (conocidos
como parametros modales de vibracién) son las caracteristicas"que se mencionan
en los axiomas SHM, que transmiten la informacién sobre la estructura interna de
la salud. Un andlisis de sensibilidad fue incluido en el proceso de identificacién para
determinar cuantitativamente como las propiedades eldsticas estdn relacionadas con
los pardmetros modales.

En cuanto ala adquisicion de datos y la extracciéon de pardmetros estructurales modal,
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el andlisis modal operacional (Operational modal analysis, OMA en inglés) es preferi-
do ya que lleva intrinsecamente los atributos de robusteza y rapidez requerida para el
método de SHM. Ademaés, la integracion de sensores con bajo costo lleva en si la posi-
bilidad de rastrear los paradmetros modales en tiempo real (o casi en tiempo real). Este
es un paso importante para mejorar la capacidad de monitoreo de estructuras, sobre
todo por razones operativas y de seguridad. En los Gltimos afios, el uso de la OMA
ha estado justificado por la dificultad (o imposibilidad) a realizar pruebas dindmicas
o estaticas (como el andlisis modal experimental) para extraer informacion sobre la
salud estructural. La técnica de descomposiciéon en el dominio de la frecuencia (Fre-
quency Domain Decomposition, FDD en Inglés) fue elegido debido a su facilidad de
preparacion y sus resultados sobresalientes reportados en la literatura. Este método
utiliza el concepto de descomposicién en valores singulares (singular value decom-
position, SVD en inglés) para extraer solo la informacién necesaria de los sensores de
salida. Se ha aplicado con éxito usando varias combinaciones de sensores/actuadores.
La evaluacién del rendimiento muestra una desviacion estandar relativa inferior al
1% con respecto al método de referencia (EMA).

Dentro de la extracciéon de caracteristicas, el problema de la colocaciéon 6ptima ha
sido ampliamente discutido en el estado actual de las técnicas en SHM. Entre los
diferentes enfoques, el método de la independencia efectiva (EI) se ha adaptado a
este caso. La eficacia de realizacién se ha demostrado y validado mediante andlisis
experimentales que muestran una mejora significativa en la precisiéon de la medicion.
Por ultimo, teniendo en cuenta los resultados y las observaciones en el desarrollo de
diversas herramientas, un método SHM global se ha propuesto, que retine todos los
elementos ya mencionados: el uso de un modelo de multiples factores para predecir
el envejecimiento, disefio de una matriz de transductores, la extraccién de caracteris-
ticas por OMA y la identificacién de propiedades de los componentes. El método fue
aplicado con éxito a una serie de demostradores, en un entorno de laboratorio con-
trolado. El siguiente paso seria buscar en la adaptaciéon del método a una gama de
aplicaciones més amplia (en determinadas aplicaciones in situ) y la creacién de pro-
totipos operativos. Palabras clave: monitoreo estructural, sensores piezoeléctricos,
colocacién 6ptima, andlisis modal operacional, envejecimiento acelerado.
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|l Introduction

1.1 Motivation

Polymer-based composite materials belong to the family of ultra-light structural ma-
terials, which have been introduced massively in the recent years in aeronautical ap-
plications, but also in other fields like civil and automotive engineering as well. As an
example, nowadays most emblematic examples in the civil aeronautical applications
are the Boeing 787 and the currently in development Airbus 350 XWB models, as well
as in military and space applications (see figure 1.1). Moreover, the anisotropy of the
elastic properties allows optimizing the performance of the structural materials, offer-
ing countless new design possibilities.

Non-destructive testing and surveillance techniques have been developed over the
years, mainly encouraged by the constant search of enhanced safety in the aeronau-
tical industry and in civil engineering applications. However, the standard methods
currently used are far from being optimal for these novel materials, and potential im-
provements in the continuous monitoring techniques are constantly being investi-
gated. From this perspective, new Structural Health Monitoring (SHM) systems have
thus emerged during the last years as an interesting option.

The design of a SHM system implies the implementation of a damage detection strat-
egy around a structure, ie a strategy the main goal of which is to detect any changes in
the geometrical or material properties of a structure or its boundary conditions. These
changes are usually unwanted and prejudicial to the system performance and safety
[Farrar and Worden, 2007]. The paradigm to solve structural problems and uncertain-
ties goes through by four stages [Giurgiutiu, 2008]: (1) data acquisition and cleansing
(filtering), (2) feature extraction and data compression, (3) statistical model develop-
ment and (4) operational evaluation. The detection strategy is a complex system in
itself, since it is composed by smaller strategies with different simpler tasks: periodic
data acquisition, structure characterization, optimization of sensor placement, statis-
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Figure 1.1 — Time chart of the increasing use of composite materials in the aeronautics
industry (sources: FAA, NASA, Boeing, Airbus).



1.2. State-of-the-art

tical damage/ageing models, etc.

A SHM process implies also the ability to provide in real-time (or nearly real-time) in-
formation about structural integrity. Among the different methodologies of mechani-
cal design, SHM can be inscribed in the categories of damage-tolerant and condition-
based maintenance. Most advances in SHM systems come from the need to solve re-
current (and often unavoidable) damage detection problems inside aerospace and
civil engineering structures, which are the most exposed to natural ageing and un-
usual (and sometimes catastrophic) events.

In this optic, the application of SHM on full-scale composite structures has been
(and is currently) investigated. Every year new methods and technologies are pro-
posed/developed in order to satisfy an increasing demand on fast, reliable, robust,
non-destructive, low-cost monitoring systems to be applied to aircraft, bridges, wind-
mills, skycrapers, rotorcraft, satellites, high-performance race cars, submarines or any
other application where the use of composites materials continues to gain impor-
tance.

As stated before, the specific problem of composite ageing evaluation is one of the
most often dealt with and at the same time one of the least understood. Taking the ex-
ample of aeronautical industry, carbon fibre reinforced plastics (CFRP) are currently
the most massively used composites. In spite of their exceptionally high mechanical
performances, polymer-based composite materials are more vulnerable than metallic
alloys when confronted to aggressive environmental ageing factors such as vibrations,
impacts, heat, cold, chemical corrosive atmosphere, moisture, fuel, solvents and ul-
traviolet (UV) radiation, and many aspects of their behaviour are not yet completely
understood. Under these circumstances, it is widely accepted that special caution
needs be observed when using these materials to manufacture mechanically critical
airframe components inside a full-scale structure.

The main motivation of this thesis is then to set the basic foundations of a complete
SHM system with all the performance attributes enumerated above, and which could
be applied to a general full-scale composite structure, although some times with more
emphasis to the specific case of aeronautical structures.

1.2 State-of-the-art

1.2.1 General state-of-the-art in SHM

The first recorded SHM to be qualified as such can be tracked back to the 19" cen-
tury, when impact hammers were frequently used to recognize damage inside the
long steel rail roads, only by hearing the quality of sound propagation [Farrar and
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Worden, 2007].

SHM has evolved such that some efforts for the systematisation of the research have
been attempted, among which can be found a set of several "axioms" of SHM. Those
general principles mention the elements composing a SHM system and the useful-
ness of each one in the extraction of information about the health of a structure. The
axioms are listed as follows [Worden et al., 2007]:

— Axiom I: All materials have inherent flaws or defects.

- Axiom II: The assessment of damage requires a comparison between two system
states.

- Axiom III: Identifying the existence and location of damage can be done in an un-
supervised learning mode, but identifying the type of damage present and the dam-
age severity can generally only be done in a supervised learning mode.

— Axiom IVa: Sensors cannot measure damage. Feature extraction through signal pro-
cessing and statistical classification is necessary to convert sensor data into damage
information.

— Axiom IVb: Without intelligent feature extraction, the more sensitive a measure-
ment is to damage, the more sensitive it is to changing operational and environ-
mental conditions.

— Axiom V: The length- and time-scales associated with damage initiation and evolu-
tion dictate the required properties of the SHM sensing system.

— Axiom VI: There is a trade-off between the sensitivity to damage of an algorithm
and its noise rejection capability.

— Axiom VII: The size of damage that can be detected from changes in system dynam-
ics is inversely proportional to the frequency range of excitation.

After lecture of the list, it can be stated that there is a few recurrent generic elements
that should necessarily be part of any SHM system. Nowadays, available scientific
literature is abundant in scientific papers related to these SHM methods/technologies
[Hurlebaus and Gaul, 2006], covering all aspects of a complete SHM process, such as:

1. Sensing technologies: from classical strain gauges, to more innovative optical

like:

— Fibre Bragg gratings (FBG) [Wood et al., 2000, Kister et al., 2004, Tang et al.,
1999, Frieden et al., 2012],

— Piezoceramic transducers [Lin and Giurgiutiu, 2006, Grisso and Inman, 2005],

— Piezo polymers transducers [Chen et al., 2007, Jeon et al., 2009, Wegener et al.,
2009, Guzman et al., 2013]

— Wireless technology [Lynch and Loh, 2006, Mascarenas et al., 2007].

2. Ageing characterization: most of the research has been centred about the effects
of mechanical fatigue and chemical corrosion [Pupurs and Varna, 2009, White,
2006, Fox et al., 2004]. However, polymer-based composite behaviour remains
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quite unpredictable in some other usual operating conditions: high tempera-
tures [White, 2006, Fox et al., 2004], moisture absorption [Kumar et al., 2002,
Crank, 1989], UV degradation [Kumar et al., 2002, Carraher, 2010], etc.

. Data handling and structural information extraction techniques:

Static methods [Hjelmstad and Shin, 1997, Sanayei and Saletnik, 1996],
Acoustic and ultrasound methods [Holroyd, 2000, Stephens and Pollock, 1971],
Electric resistance [Chung, 2001],

Dynamic methods: Classic experimental modal analysis (EMA) [Ewins, 2000]
and output-only or operational modal analysis (OMA), including the time-
domain techniques [James et al., 1992, van Overschee and de Moor, 1996] and
recently frequency-domain techniques [Brincker et al., 2007, aes et al., 2008,
Rainieri and Fabbrocino, 2010].

. Optimal sensor placement (OSP): depending on the application, the optimiza-
tion of sensor/actuator placement is based on one of several criteria. The most
common results in the literature maximize the received/supplied energy by the
transducer network [Li et al., 2007, Kammer and Tinker, 2004], maximize the
observability/controllability of the structure (which is viewed as a dynamic sys-
tem) [Giiney and Eskinat, 2008, Nestorovi¢ and Trajkov, 2013] or use a statisti-
cal approach to minimize the error probability when detecting damages [Flynn
and Todd, 2010, Guratzsch and Mahadevan, 2010]. It is also important to men-
tion the efforts made to adapt these optimization methods to the specific case
of strain sensors [Foss and Haugse, 1995, Yam et al., 1996].

. Material characterization methods: using optimization schemes in order to "fit"
a vibration model in order to estimate the elastic properties. The first identi-
fication algorithms for composite materials were based on analytical equations
from the Rayleigh-Ritz theory [Deobald and Gibson, 1988, Fillstrém, 1991], which
were later replaced by numerical models [Sol et al., 1997, Cugnoni et al., 2007].

1.2.2 Sensing and actuating technologies in SHM

Among the emerging sensing technologies intended to be used in embedded systems,
it can be mentioned: the optical fibre Bragg gratings (FBG) [Tang et al., 1999, Wood
etal., 2000, Kister et al., 2004], the wireless technology [Lynch and Loh, 2006, Mascare-
nas et al., 2007], the semi-conductor piezoresistive transducers [Sze, 1994, Liu, 2012],
and the piezoelectric patch transducers [Park et al., 2006, Giurgiutiu et al., 2002, Lin
and Giurgiutiu, 2005, Vasques and Rodrigues, 2006]. These modern technologies carry
their own package of inherent advantages and drawbacks with respect to each other,
in particular from economic and safety points of view.

Among common piezoelectric materials, can be mentioned some crystals (quartz,
tourmaline, etc.) and some ceramics (lead zirconate titanate PZT and other niobates,
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titanates). Piezoelectric transducers have many advantages as their measurement ac-
curacy, fast reaction, and the possibility to use them alternatively as sensors or actua-
tors. However, these classic materials are some times not suitable for a SHM applica-
tion mainly because of their high cost, fragility and low mechanical compliance.

In this thesis, an interesting alternative for in situ monitoring and for solving the prob-
lems mentioned above is extensively studied. It concerns the use of polyvinidilene flu-
oride (PVDF) piezoelectric patch transducers, because of their compliance for in situ
monitoring due to their low cost of implementation (economic benefits) and high me-
chanical compliance (operational benefits).

PVDF technology is based on the piezoelectric properties of PVDE a thermo-plastic
fluoropolymer that exhibits a glass transition point around -35 [°C] and a melting
point around 180 [°C]. Due to the lowness of the latter compared to other classical
piezoelectric sensor materials, it is legitimate to lead a survivability study to verify the
accuracy of dynamic measurements provided by the PVDF sensors, and eventually
identify the operating limits under constantly changing environmental conditions.
Moreover, PVDF sensors are better suited for dynamic analysis methods than some
classic strain sensors like strain gauges or piezoresistive sensors due to their short re-
sponse time.

However, because of their polymer-based nature, the same factors leading to the envi-
ronmental ageing of composite panels could potentially affect their electromechani-
cal and piezoelectric performances. Industrial applications in monitoring of full-scale
aeronautical structures by such sensors have to be verified. Results of artificial ageing
protocols applied to composite structures in previous works [White, 2006, Carraher,
2010, Brinson and Brinson, 2008, Fox et al., 1965] show the detectable extent of dam-
age on polymer materials. These documents focus in commonly evoked factors that
contribute to composite structures ageing, in particular vibrations, impacts, high/low
temperature, thermo-mechanical fatigue, moisture and exposition to UV radiation.
These factors, alone or combined, have been observed to have an effect on polymer-
based pieces inside long-time operating aircraft and rotorcraft. The survivability of
PVDF mechanical and electromechanical properties to artificial ageing protocols has
been demonstrated as part of this thesis, and the results published [Guzman et al.,
2013]. Moreover, PVDF sensors are better suited for dynamic analysis methods than
piezoresistive sensors due to their short response time. For all these reasons, the idea
of an integrated transducer network is now admissible.

As mentioned above, one of the assets of a PVDF film sensor is the possibility of an
easy integration due to a high mechanical compliance. However, this comes with a
drawback: the block force is reduced, on the contrary to piezoceramic patches such
as PZT. Fortunately, these PVDF transducers, despite their relatively low stiffness and
block force, can be used as actuators when correctly integrated, as demonstrated by
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several authors [Chen et al., 2007, Wegener et al., 2009, Jeon et al., 2009]. This fact leads
to awhole new perspective: the operational modal analysis (OMA) of a full-scale struc-
ture can be eventually completely carried out by a simple integrated PVDF transducer
network.

1.2.3 Natural and accelerated ageing protocols

In the current state-of-the-art, there is in scientific literature some lack of understand-
ing of polymer-based composite materials behaviour to environmental ageing condi-
tions. Most of the research has been centred about the effects of mechanical fatigue
[Pupurs and Varna, 2009], water absorption [Lin and Chen, 2005, Weitsman, 2012]
and chemical corrosion [Liao et al., 1998, White, 2006]. A lot of experiments of the
material evolution under other usual natural ageing agents such as heat, moisture or
solar radiation, when applied periodically on a given sample, have been carried out
[Mouzakis et al., 2008, Dao et al., 2007, Fox et al., 2004, Bondzic et al., 2006]. However,
ageing characterization is a very complex problem, the solution of which depends on
a lot of factors, notably the material itself.

Considering the case of CFRP, the polymer-based matrix and the fibre/polymer inter-
face are the most vulnerable components of the composite. Specialized researchers
in the field of composite ageing have described qualitatively the failure mechanisms
[White, 2006, Fox et al., 2004, Bondzic et al., 2006] or presented empirical quantitative
evidence of changes in constitutive properties of polymers [Mouzakis et al., 2008, Dao
et al., 2007, Tong et al., 1996, Lin and Chen, 2005] when subjected to natural and/or
artificial weathering. Macroscopically, these changes lead to an observable progres-
sive degradation of the global constitutive properties of the composite (elastic moduli,
strength, ductility, etc.), which could turn out to be critical if the proper safety precau-
tions are not taken into account. In more extensive treatises [Carraher, 2010, Brinson
and Brinson, 2008], most of the chemical and microscopic mechanisms that explain
the degradation are reviewed.

Thus, the lessons learned from this research landscaping advise that in order to re-
veal any changes in stiffness due to exposition to relatively aggressive ageing factors,
experimental campaigns under controlled weathering conditions should take place.
Previous works can provide an idea of the approach for the ageing protocol design
[Mouzakis et al., 2008, Dao et al., 2007, Fox et al., 2004, Bondzic et al., 2006] as well
as by ASTM standard guidelines: D4762 for cyclic ageing protocols, C581, D1151 and
D5229 for the combined hygro-thermal testing, and G151 and G154 for UV radiation
testing.

These documents focus on commonly evoked factors that contribute to composite
structures ageing, in particular relatively high temperature, moisture and UV radia-
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tion. These factors, alone or combined, have several effects on polymer-based pieces
inside long-time operating aircraft and rotorcraft: water diffusion, polymer molecules
cross-linking/de-linking, alternate dilatation/contraction cycles, residual stress, photo-
oxidation, post-curing, temperature gradients, and many others. The specific features
of ageing protocols are discussed more in detail in section 3.3. This summary states
that from the experimental point of view, cyclic conditions in specific temperature
and relative humidity conditions, and periodic exposition to UV radiation are most
often considered dominant. Even more important, the interaction between all these
factors add a supplementary non-negligible degradation which is not often taken into
account in the literature. The effect of these interactions are considered from the
quantitative point of view in chapter 4.

If standard testing with quantitative results is applied to several species of structural
materials, it can be used as a comparison reference for mechanical designers while
trying to select a specific material by its ageing performances. The apparent useful-
ness of an ageing modelling method becomes clearer in the context of SHM. An age-
ing model would provide an initial estimation of the material degradation under given
conditions. After ageing, the current state can be evaluated and a fresher prediction
can be estimated. This way, it can be judged if a structure can be operated safely, by
comparison with the expected ageing course/lifetime estimation.

It is missing from literature a standard method to parametrize the effects of these age-
ing factors on the composite structure. According to the specialized literature in the
Design of Experiments (DoE) theory [Box et al., 2005, Montgomery, 2009], it is pos-
sible to create a parametric multi-factorial model, the parameters of which can be
estimated by a mathematical regression from experimental data. This model can be
useful from the quantitative point of view, in order to compare objectively the influ-
ence of the different weathering agents and especially the effect of their interaction.

1.2.4 Feature extraction methods

Feature extraction methods occupy by far most of the research efforts in SHM inves-
tigation. The goal of feature extraction is to get the necessary data to distinguish be-
tween an aged/damaged structure from a non-aged/undamaged one.

Among the most common feature extraction methods, can be mentioned:

those based on the direct measurement of stiffness using static response tests and
residual stresses [Hjelmstad and Shin, 1997, Sanayei and Saletnik, 1996],

those using acoustic and ultrasound methods to test the quality of sound propaga-
tion through matter [Holroyd, 2000, Stephens and Pollock, 1971],

those measuring the electric resistance (or more generally the electric impedance)
along the structure [Chung, 2001, Salvia and Abry, 2006],
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— and those extracting vibrational information such as the natural frequencies are
compatible with the general principles of SHM, especially concerning robustness
and simplicity, qualities that are highly appreciated.

It is the methods in the last category that are considered in this thesis, in particular
modal analysis.

In classic modal analysis, the approach known as experimental modal analysis (EMA)
is currently the most frequently used in vibration tests. Over the years, a large set of
methods, techniques and technologies has been developed and commercialized to be
used in industrial and scientific applications. The fundamental relationship between
stiffness and natural frequencies (coming from the waves theory and its mathemati-
cal solution) are the cornerstone of modal analysis. Thus, if there were any changes
in the structural elasticity, those can be directly tracked by the changes in natural fre-
quencies. Note, that the mass also plays a part in this formulation.

Basically, EMA works on the base of an known excitation time signal (frequently called

input) and a response time signal (output) to estimate the modal parameters from

a transfer function. Each signal is sampled and transformed through a fast Fourier

transform (FFT) algorithm, in order to obtain the discrete frequency spectra of both

signals. These output-to-input ratio signal obtained like this is known as the Frequency
Response Function (FRF). This function contains information about the natural fre-

quencies, damping coefficients and the corresponding mode shapes. This set of infor-

mation is known collectively as the modal parameters of the structure, and determine

the dynamic and vibrational behaviour of the structure. The mathematical details of

modal analysis are discussed in section 2.3.1.

Even if it is the best known modal testing technique, due to the necessary hardware
and environing conditions for correct data extraction and handling, classic EMA is
frequently not adapted for measurement and experimentation outside the laboratory
context. To be applicable in situ, alternative variants of modal analysis methods ex-
ist, more robust and stable. Operational or Output-only modal analysis (OMA) an-
swers to this need. With respect to the classic experimental modal analysis (EMA),
OMA has the particularity to assume the uncertainty about the excitation signal, mak-
ing necessary to measure only output signals. As shown by several authors [Ibrahim,
1977, James et al., 1992, van Overschee and de Moor, 1996, Ventura and Horyna, 1997,
Brincker et al., 2000], the information contained in the output signal only suffices for
a modal extraction. Thus, a randomly (or near-randomly) excited structure can be
modal-analysed as long as the excitation level is sufficient to excite enough vibration
modes.

The first OMA methods to appear approached the problem using time-domain based
models like the natural excitation (NExT) method [James et al., 1992] or subspace
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state methods [van Overschee and de Moor, 1996, Peeters and DeRoeck, 1999]. In con-
trast with this, during the 2000s decade, frequency-domain methods and its applica-
tions were largely studied. Among these, it can be mentioned the least-squares com-
plex functions (LSCF) [Peeters et al., 2004] and the frequency domain decomposition

(FDD) [Brincker et al., 2007, aes et al., 2008, Rainieri and Fabbrocino, 2010]. The lat-
ter includes three generations of algorithms: the first FDD, the enhanced FDD (EFDD)

and the frequency-spatial FDD (FSDD). The theoretical principles are detailed in chap-
ter 7.

1.2.5 Identification of material properties

The Euler-Bernoulli beam theory, in combination with the Euler-Lagrange formula-
tion [Euler and Truesdell, 1980], proposes analytical estimations for the natural vibra-
tion frequencies of structures in some specific cases. For example, consider a rectan-
gular specimen, for which ¢ << wand ¢ << [, with ¢ being the thickness, w the width
and [ the length of the sample. The natural frequencies of this free-free beam can be
estimated using the equations below:

Euwt?
Frendi = ai\/%, a; = 1.013,2.835, 5.543, 9.180... (1.1)
m

[ Gt3
Juorsi =1\ =i =1,2,3,4,5. (1.2)

where m is the mass of the sample and F and G denote the longitudinal Young’s mod-
ulus and transverse shear modulus respectively. In this case, the essence of material
characterization based on vibration tests can be observed: E and G can be computed
from the measured natural frequencies of the beam.

Unfortunately, the beam approximation diverges considerably from reality when the
aspect ratio w/l < 0.1 is no longer satisfied. One step ahead, the first analytic mod-
els for thin shells were developed in the frame of Rayleigh-Ritz plate solution [Reddy,
2006]. These models state a direct proportionality between the elastic moduli and
the square of the natural frequencies, corresponding mainly to bending and torsional
mode shapes. The first identification algorithms for composite materials were based
on analytical equations from the plate theory [Deobald and Gibson, 1988, Fallstrom,
1991, Aradjo et al., 1996, Doebling et al., 1998].

Although analytical continuous models provide a good approximation to establish the
theoretical basis of properties identification, it is clear that a numerical model, like
a finite element (FE) model, provides more accurate computations when the plate
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approximation cannot longer be respected (complex geometries, curved plates, irreg-
ular shapes) especially concerning the influence of some deformation mechanisms
(such as interactions between bending and transverse shear) that are not always in-
cluded in the analytical formulation of which the solutions are similar to those in
equations 1.1 and 1.2. A FE model discretises a structure into small elements, and
can thus be viewed as an oscillating dynamic system with »n degrees of freedom (DoF)
[Gmiir, 1997]. Its dynamic behaviour z(¢) can be described by a matrix equation:

M (t) + Kx(t) = £(t) (1.3)

where the matrices M and K contain information about mass and structural stiffness
respectively, and f(¢) is the external excitation force (non-conservative forces are ne-
glected for the sake of clarity). So, in this formulation, the local elastic properties of
each element (Young’s moduli, shear moduli and Poisson’s ratii) enter in the consti-
tution of the elements of matrix K. Based on a spectral transformation approach of
equation (1.3) (Fourier or Lagrange for example), the free vibration problem (f(¢) = 0)
becomes:

(—w*M+K)pp =0 (1.4)

which is a generalized eigenproblem, the solution of which is given by (wy, ¢;) pairs.
The k'™ natural frequency is given by f, = %&, which proves the theoretical link be-
tween elastic properties and vibration in the FE model approach.

Thus, in order to characterise a material in a candidate structure, numerical FE sim-
ulations can be used instead to minimize the error between estimated and experi-
mental frequencies (or other modal parameters), and to fit the numerical model pa-
rameters, which would be the elastic properties of the candidate composite structure
[Sol et al., 1997, Gibson, 2000]. Moreover, in the frame of structural monitoring, the
mixed numerical-experimental identification provides useful feedback information
about the state of elastic properties. One of these identification algorithms is detailed
in subsection 2.3.2.

1.2.6 Optimal sensor placement

Another element of a SHM system is the transducer placement strategy, which is a
requirement to ensure that all the necessary information is correctly extracted using
as less transducers as possible. In the frame of optimal sensor placement (OSP), some

11
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methods are available in scientific literature: the close-loop method [Giiney and Es-
kinat, 2008], the balanced reduced models method [Nestorovi¢ and Trajkov, 2013],
the driving-point residue method [Worden and Burrows, 2001], the variance method
[Meo and Zumpano, 2005], the kinetic energy method [Heo et al., 1997] and many oth-
ers. However, none of them is directly applicable to the case of strain sensor networks.
A simple and quick adaptation can nonetheless be considered for the method of the
effective independence (EI) method [Li et al., 2007], which is based on the notion
of "modal" energy of the vibrational system, although the formulation assumes the
measurement of the linear displacements as starting point. The mathematical formu-
lation to represent the transition between "displacement modes" and "strain modes",
which are shown to be valid mode shapes [Yam et al., 1996], is based on the proposal
by Foss [Foss and Haugse, 1995] and detailed further in chapter 6.

From the experimental point of view, it is important then to verify experimentally that
PVDF patch transducers, with the proper manufacturing, handling and integration,
are capable to provide exploitable electric signals and optimally extract reliable fea-
ture information about the structure and thereby about the state of the constitutive
properties of a composite panel. The transducer network should be capable of carry-
ing out a signal acquisition (working as a sensor) as well as of providing enough modal
excitation in case the external natural excitation is not sufficient over the analysed fre-
quency band (working as an actuator).

The OSP problem remains however an open issue. Some of the other methods men-
tioned above would be eventually applicable to the case of composite structures and
strain sensors/actuators with the proper mathematical adaptations. This aspect of the
SHM method constitutes a potential source of improvement.

1.3 Objectives and thesis structure

Considering the motivation and the elements introduced in the above paragraphs
concerning SHM applied to composite structures, the main objective of this thesis
is:

To develop a novel SHM system to be applied on full-scale composite struc-
tures, primarily destined to aerospace applications, in order to monitor in
real-time (or nearly real-time) the health of the structure and detect dis-
tributed ageing-induced damage, using a piezo transducer network and
a robust, non-destructive, fast and reliable feature extraction testing tech-
nique.

The answer to the problem raised by this statement is not simple, and is constituted by
several simpler questions that can be solved separately, in order to achieve the global

12



1.3. Objectives and thesis structure

objective. Some modular objectives can be fixed then:

1. Ageing model: given a defined composite material (or candidates composites),
design an appropriate ageing protocol and validate it experimentally, in order
to establish a first ageing model to estimate the ageing rate in further experi-
ments. The ageing protocol is supposed to be accelerated, but its effects should
simulate those obtained by natural weathering. This objective implies implicitly
the survivability of the integrated transducer network. In order to systematically
characterize the ageing, several environmental factors (and their interactions)
need to be taken into account.

2. Transducer network: given a geometry and material orientation, be able to pro-
vide an optimal solution for spatial placement of the components of a PVDF
transducer network, which provides enough information about the structural
health. If needed, the actuation capacity of the transducers should also be ex-
ploited to excite the structure.

3. Feature extraction: to extract modal information using the signals provided by
the transducer network, and based on the link between elasticity and modal pa-
rameters in a solid structure, be able to identify the current elastic properties. It
is required that the method be robust (work in a wide range of cases and to deal
with low signal-to-noise ratii), fast (depending on the application, collect data in
a few seconds/minutes) and reliable (give accurate information even in the case
of singular hardware failure), which means that the accuracy of the extraction
can deal with unforeseeable events, from simple perturbations to catastrophic
events on single components.

4. Global solution: using the conclusions to the aforementioned objectives, design
a global monitoring system and validate it on a prototype.

Similarly, this thesis report follows a modular structure, each chapter referring to an
elementary topic, the conclusions of which constitute an element of the whole mon-
itoring system. A preliminary chapter (chapter 2) introduces the main materials and
methods considered as experimental objects and subjects in this thesis. Further, sev-
eral topics are explored (as shown in figure 1.2) concerning the objectives mentioned
above: ageing protocols (chapter 3), ageing characterization (chapter 4), transducers
survivability (chapter 5), transducer network design and optimization (chapter 6) and
feature extraction (chapter 7). Finally, the results are combined and assembled in a
global method, which is applied and validated on a prototype demonstrator in chap-
ter 8.
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Ageing protocol
Chap. 3
[ 5 . 3 | ¥ e
Multi-factorial PVDF mtegration
ageingmodel ———  swvivability
Chap. 4 ‘ Chap. 5
Optimal Transducer OMA feature
Placement Extraction
Chap. 6 Chap. 7

SHM Method

Demonstrator
Chap. 8

Figure 1.2 — Flowchart showing the structure of this thesis and the relationship be-
tween chapters.
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Materials and methods

2.1 Introduction

As stated in the previous chapter, the research contained in this thesis is focused
on the development and validation of a SHM tool that can be applied to compos-
ite structures, emphasising on aeronautical/aerospace applications. The monitoring
has to combine several points: an ageing model, a non-destructive feature extraction
method and a transducer network.

In summary, this SHM method’s goal is to propose a monitoring tool that evaluates
the ageing state of full-scale composite structures to weathering agents. The materials
and methods listed below in this chapter contribute to the fulfilment of the thesis
objectives.

2.2 Materials

2.2.1 Carbon Fibre Reinforced Plastic (CFRP)

Since CFRP is the most used composite material in the aeronautical industry, it has
been decided to take them as primary study subject. More specifically, all the man-
ufactured samples are made of Carbon-PrePreg PR-UD CST 125/300 FT109, a struc-
tural material supplied by Suter-Kunstoffe© AG (Switzerland). It is originally under
scroll form of unidirectional (UD) carbon fibre tissue (Torayca©T700S carbon fibre),
pre-impregnated in partially hardened epoxy polymer (PREDO©OFT109) with an areal
weight of 125 [g/m?] (60% of fibre volume fraction). The nominal after-curing elastic
properties of this material are given in table 2.1.

A summary containing the main features (mass and dimensions) of each series of
specimens is shown in table 2.2. Each series was issued from rectangular plates and
was scheduled to be tested following the ageing protocols described in chapters 3
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and 5. The last three specimens, K, L and M demonstrators, had special design fea-
tures since their purpose is to demonstrate the feasibility of the monitoring on more
complex structures, and are described in chapter 8. For these three demonstrators,
the equivalent width is computed so the demonstrator has the same volume as a rect-
angular plate with the same thickness and length.

The manufacturing process for the samples was a basic curing warm up under vac-
uum ( 0.02 [bar]). The surrounding pressure inside the autoclave and around the vac-
uum bag was 3 [bar] in all cases. The moulds were made of aluminium, and a de-
moulding agent (commercial demoulding wax) was used. The manufacturing param-
eters such as the curing temperature, the curing duration (14h in most of cases, 20h in
a few), the estimated degree of hardening (>98% in all cases), the estimated glass tran-
sition starting temperature (between 85 [°C] and 95 [°C]) and the layup configuration
(see table 2.3).

The layup configuration is in most cases UD, with the carbon fibres in the longitu-
dinal direction, as illustrated in figure 2.1. The dimensions and nominal masses of
the plates were measured using an electronic Vernier and Mettler-Toledo© weigh bal-
ances respectively (a 0.01 [g] resolution for the XS105 DualRange, a 0.1 or 1 [g] resolu-
tion for the PB8000, see table 2.2).

The advantage of a UD configuration is the macroscopic separation between the elas-
tic properties dominated by the carbon fibres and by the epoxy resin. From reports in
the current literature [Mouzakis et al., 2008, Fox et al., 2004, Dao et al., 2007, Tian and
Hodgkin, 2010, Bondzic et al., 2006], the CFRP is expected to exhibit a heavy degrada-
tion in the resin component while carbon fibre remains relatively uncorrupted. The
fibre/resin interface is also expected to suffer damaging.

As it will be shown further in chapters 4 and 5, only some of the global elastic proper-
ties measured fade clearly in a greater amount than others.

Table 2.1 — Nominal elastic properties of the PR-UD CST 125/300 FT109 PrePreg after
layup and curing (1: longitudinal direction, 2: transverse direction, 3: normal direc-
tion). Over 63 measurements, . is average value and o is the corresponding standard
deviation.

Young’s modulus Poisson’s ratio Shear modulus
[GPa] (-] [GPa]
Ey Ey  E3(M vig(®) iz () ve3(®) Gz G3()  Gos(™)
u 96.00 7.67 8.70 0.38 0.3 0.03 3.60 3.59 2.24
o 0.067 0.013 () (-) ) (-) 0.021 (-) )

(*) Nominal values as supplied in the supplier’s data sheet.
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Figure 2.1 — Fibre orientation: 1 = longitudinal direction (length /), 2 = transverse di-
rection (width w), 3 = normal direction (thickness h). Carbon fibres are oriented along
1in UD.

Table 2.2 — Specimen dimensions and average initial masses, as experimentally mea-
sured for each series.

Series Length [mm] Width [mm] Aw. thickness [mm] Av. mass [g]
Aal-II-III-1V-V-VI 300 39.0 4.0 68.10 (*)
BbI-II-III-IV-V-VI 300 38.5 4.0 64.00 (%)
CI-1I-1II-1V-V 300 40.0 4.5 76.43 (%)
DI-II-III-IV-V-VI 150 99.0 4.0 83.49 (%)
EI-II 300 98.5 4.4 188.5 (**)
FI-1I 300 81.6 4.0 134.1 (*¥)
GI-II-III 300 92.0 3.7 153.5 (**)
HI-II-III 300 95.4 4.2 179.0 (**)
JI-II-II1 300 98.2 4.3 181.3 (**)
K 580 332 (¥**¥) 2.9 782 (¥*¥¥)
L 580 330 (****) 3.0 810 (***)
M 580 330 (***¥) 3.0 811 (**%)

(*) Mettler-Toledo®Balance, +0.01 [g] precision.
(**) Mettler-Toledo®Balance, +0.1 [g] precision.
(***) Mettler-Toledo®Balance, +1 [g] precision.
(****) Equivalent width of the specimen.

2.2.2 PVDF film transducers

Before discovering its piezoelectric properties, PVDF was used almost exclusively as a
protection paint for metallic structures thanks to its remarkable color retention prop-
17
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Table 2.3 — Curing protocol parameters, estimated degrees of curing (based on the
supplier’s datasheet), estimated starting point of the glass transition zone and lay-up
configuration. The autoclave pressure was set to 3 [bar] in all cases .

Series Curing protocol Hardening  Start. Lay-up
(temperature /time) (%) Tylass

Aa 70[°C]/10[h] + 80[°C]/8[h] 98 85[°C] CP:[0°/90°/90°/0°]¢s
Bb 70[°C]/10[h] + 80[°C]/8[h] 98 85[°C] UD : [0°]94

C 70[°C]/10[h] + 80[°C]/8[h] 98 85[°C] CP:[0°/90°/90°/0°]7,
D 85[°C]/10[h] + 90[°C]/4[h] 99 95[°C] UD :[0°]94

E 70[°C]/10[h] + 85[°C]/10[h] 98 90[°C] UD : [0°]28

F 70[°C]/10[h] + 85[°C]/10[h] 98 90[°C] UD :[0°]94

G 85[°C]/10[h] + 90[°C]/4[h] 99 95(°C] UD: [0°]22

H 85[°C]/10[h] + 90[°C]/4[h] 99 95[°C] UD : [0°]25

J 85[°C]/10[h] + 90[°C]/4[h] 99 95(°C] UD : [0°]98

K 85[°C]/10[h] + 90[°C]/4[h] 99 95[°C] UD: [0°]9

L 85[°C]/10[h] + 90[°C]/4[h] 99 95(°C] UD : [0°]99

M 85[°C]/10[h] + 90[°C]/4[h] 99 95[°C] UD : [0°]99

erties. PVDF piezoelectric properties were measured for the first time in the early sev-
enties, and it exhibited almost 10 times larger piezoelectric coefficients than any other
polymer. Since then, industrial processes to better polymerise PVDF have increased
the electricity-related properties, so PVDF film transducers are able to be used in
structural applications not only as gauge sensors, but as actuators as well, as it will
be shown in chapter 7 for light structures.

The piezoelectric materials linear constitutive law is expressed by a combination of
two equations (so-called coupled equations):

s =SEs +dTe (2.1)
de =do +ee 2.2)

where e and o denote the electrical and stress field respectively, s denotes the strain
and d. denotes the electrical charge density inside the piezoelectric patch. Those vari-
ables are connected by constitutive constant matrices: d is the matrix for the direct
piezoelectric effect and d” is the matrix for the converse piezoelectric effect, SE de-
notes the compliance matrix (which is somehow the inverse of the stiffness matrix)
and e is the electric permittivity. In general, many elements inside these matrices are
zero, and thus piezoelectric behaviour can actually be explained by a few constants.
For example, in the case of piezoelectric patches, such as the PVDF transducers, the
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matrix of piezoelectric effects can be written as:

0 0 ds
0 0 d3p
0 0 ds3
dl = 2.3
=10 & o 23)
ds 0 0
|0 0 0|

The PVDF film transducers mentioned in this thesis come almost exclusively from the
same commercial supplier, Measurement Specialties©. The most relevant properties
of their PVDF are summarized in table 2.4. In table 2.5, several observations can be
pointed out:

1. The piezoelectric effects d3; and ds3 (see table 2.4) are indeed unusually high for
a polymer material (around 0.1 [pC/N] for other regular polymers). These coeffi-
cients reflect the proportionality between the electrical field applied in direction
3 (normal to plane), and the corresponding strain deformations, in directions 1
and 3. The convention in this thesis is that one dominant direction (length) is
defined as direction 1.

2. Unfortunately, it is a relatively weak electromechanical transmitter when com-
pared to ceramics due to its low Young’s modulus (as compared to structural
materials as, in this case, CFRP) and its low acoustic impedance, particularly in
static and in low frequency applications. However, as it will be shown in chapter
7, PVDF works well as an actuator at high frequencies.

3. From the design point of view, PVDF can be manufactured into unusual designs
thanks to its high mechanical compliance. It can be easily shaped and embed-
ded into structures or glued with commercial adhesives. The transducers can be
either fully integrated on the surface or inside the composite plate between two
layers, as shown in figure 2.3. This is one major advantage over not only piezo-
ceramics (which are usually mechanically fragile and heavy), but also over non
integrable sensors such as accelerometers or interferometers.

4. The Curie temperature is around 145 [°C] as reported from several authors [We-
gener et al., 2009, Lovinger et al., 1986, Chen et al., 2007]. This limit guarantees
resistance of the piezoelectric properties to high temperatures as long as it is for
short periods of time. As it will be shown, PVDF transducers remain operational
after being exposed to temperature cycles up to 135 [°C].

5. PVDF shows a great resistance to moisture diffusion (less than 0.02% of satu-
ration concentration). This makes PVDF a very good candidate in weathering
monitoring applications.
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6. PVDF low density is another strong point. It makes this type of light weight sen-
sors less intrusive when it comes to dynamic monitoring methods, as the ones
suggested in this thesis.

Many other reasons evoked and quoted in the literature support and justify the choice
of PVDF as a technically suitable candidate for the dynamic sensing of composite
structures. Furthermore, from the economic point of view, PVDF transducers repre-
sent a real breakthrough because of their low cost. Along with its mechanical compli-
ance, it represents one of the reasons to expect that PVDF sensors can be massively
integrated in composite air frames in order to constitute transducer neural networks,
that would be capable of sensing and working on the structure, in a similar way as
neurones do in the human body. It will be demonstrated in chapter 5 that PVDF trans-
ducers are able to survive the ageing process without seeing their dynamic measure-
ment capabilities affected [Guzman et al., 2013].

A recurrent issue that should be taken into account is the sensibility to electromag-
netic interference (EMI), expressed usually as a parasite electromagnetic resonance
peak at the powerline distribution frequency, which is 50 [Hz] in Switzerland. As ad-
vised by the supplier [MSI,1999], special precaution needs to be taken in order to re-
ject this intruder signal, and this is why the use of co-axial cables is required. In prac-
tice, this solution demonstrates to be effective, although in some case an additional
analogical or digital filter is advised.

(a) (b)

Figure 2.2 — PVDF products as supplied by Measurement Specialties: (a) PVDF film
sheet (b) DT series PVDF sensors.

2.2.3 Weiss Technik 180/40 Climatic chamber

The choice of a test chamber has been based on considerations that are carefully de-
tailed in chapter 3. At first, a domestic solution for the device was being considered
among the feasible solutions, taking example from other reports, as for example the
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Table 2.4 — Physical properties of the PVDF film as provided by Measurement Special-
ties [MSIL,1999] and from literature [Wegener et al., 2009, Lovinger et al., 1986, Chen
etal., 2007].

Property Unit From supplier’s datasheet Measured
Thickness [pm] t 52 or 28 -
Young’s modulus [GPa] FE 2to4 3.8
Piezo Strain Constants [pC/N] d31 23 235

d33 -33 -
Moisture absorption [%] M, <0.02 -
Frequency range [Hz] f 1073 to 10° -
Operating temperature range [°C] T -40 to +100 -
Curie temperature [°C] +145 >+135
Operating voltage [V] 750 >500

Table 2.5 — Physical properties of the PVDF film, as provided by the supplier’s
datasheet.

Property Units PVDFfilm PZT BaTiO;
Density [kg/m3] 1780 7500 5700
Relative Permittivity €/€o 12 1200 1700
Piezo charge constants d3; [pC/N] 23 110 78
dss3 [pC/N] -33 -290 -160
Acoustic impedance [kg/m?s] 2.7 30 30

in-home built hardware described by [Mouzakis et al., 2008]. However, it was ulti-
mately decided that a commercial solution would be more appropriate because of
the necessary know-how and the accuracy needed to follow the temperature, relative
humidity and UV radiation intensity setpoints required by the ageing protocol design.

The Weiss Technik test chambers of the WK series allow reproducing different cli-
mates to be applied in various industrial sectors, ranging from basic testing to quality
control. Regardless of the shape and nature of the specimens, high temperatures can
be achieved thanks to the climate conditioning of the test space. According to the sup-
plier’s description brochure, "a wide range of standard test space volumes is available
for a great variety of applications" [Weiss Technik GmbH, 2011]. An important aspect
is the stated compliance with all relevant testing standards such as DIN, ISO, MIL,
IEC, DEE but especially ASTM. The digital measuring and control system with 32-bit
processor developed by Weiss Technik offers programming possibilities for operator-
defined climate profiles, as it is required by in this case.

An airstream that is conditioned exactly to the entered setpoint values flows contin-
uously through the chamber. Plates on the floor and ceiling guarantee an optimum
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Epoxy glue

PVDF sensor Composite matrix PVDEF sensor  Composite matrix

(a (b)

Figure 2.3 — Schemes of sensor mounting:(a) glued PVDF sensor and (b) embedded
PVDF sensor.

distribution of the air and temperature throughout the test space. The core test cham-
ber comes with an optimized airflow propelled by two fans for circulating the air.
The components for air conditioning are located in the rear compartment. A large
axial fan with external drive motor draws the air out of the test space. The air then
flows through a finned heat exchanger through which it can be cooled down and/or
drought. Specially designed heat exchangers prevent undesired condensation from
forming on the test space’s walls and on the specimens, ensuring maximum tempera-
ture and humidity constancy (in time).

For high temperature applications, an electrical heater is installed in front of the heat
exchanger. The air stream then passes over a water bath, integrated heating and cool-
ing elements ensure that the water is tempered quickly and exactly. The humidity of
the test space air adapts according to the water temperature. A climate system enables
a highly accurate relative humidity control even with a heatload. The humidity is mea-
sured psychrometrically by two resistance thermometers. The dry and wet bulbs are
located next to each other in the airstream. The wick of the wet bulb sensor is auto-
matically wetted [Weiss Technik GmbH, 2011]. The climate diagrams illustrating the
technical limits of the chamber are shown in figure 2.4.

The external housing is made of corrosion-resistant steel, while the test space is walled
by a single-block, deep drawn, stainless steel metal sheet. The chamber is equipped
with 2 standard port holes (50[mm] and 125 [mm] diameter) that are located on the
left and right side of the test chamber, and can be used for inserting measuring and
control cables, other supply connections or additional equipment (like thermocou-
ples). Threshold temperature security systems are also included to protect the speci-
mens and the chamber.

A photo is shown in figure 2.5. The most relevant technical features are summarised
in table 2.6. Finally, an electric lamp can be connected to a ceiling socket. The cho-
sen model was an OSRAM® Ultra Vitalux© 300 [W] solar lamp, which recreates the
full-solar spectrum in a sunny day at sea level. Only a very low proportion is however
composed of UV-A radiation [~1%], which has been reported in literature to be the
most harmful to CFRP [Mouzakis et al., 2008, White, 2006]. The total radiation inten-
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Figure 2.4 — Relative humidity control charts for the WK180/40 test chamber (photo
courtesy of Weiss Technik GmbH ©).

sity inside the test space is ~ 300 [W/m?].

Table 2.6 — Technical features of the Weiss Technik WK180/40 climatic chamber.

Test space volume 1] 190

[mm] Height 750
Test space dimensions [mm] Width 580

[mm] Depth 450
Maximum weight [kg] 425
Maximum temperature [°C] +180
Minimum temperature [°C] -45
Average heating rate [°C/min] 4.7
Average cooling rate [°C/min] 4.0
Max. temperature deviation {o g lsli)ggzg i gg
Humidity range [%] 10 to 98
Temperature range with humidity [°C] +5to +95
Humidity deviation [%] in time +3

2.2.4 Excitation/Acquisition hardware
HP dynamic analyzer

Another key instrument in the measurement sequence is the Hewlett-Packard 35670A
Dynamic Signal Analyzer©, which admits up to 4 signal channels. This is the main de-
vice used to acquire signals when carrying out impact hammer-actuated EMA on the
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Figure 2.5 — External view of the WK180/40 test chamber.

specimens. The information extracted was usually an FRE corresponding to a spe-
cific output/input signal ratio. Sensors included accelerometers and eventually other
piezoelectric sensors.

The signal processing functions include fast Fourier transform (FFT) and inverse fast
Fourier transform (IFFT), different displays for FRFs, and the possibility of carrying
out curve-fitting using the single degree-of-freedom (SDoF) hypothesis for modal ex-
traction. This way, the HP35670A is a powerful tool if quick EMA is needed. During
the experiments, channel 1 (far left input) has served as the reference channel, with
the impact hammer plugged in. The other three channels are available for the output
signals coming for accelerometers (in some cases from PVDF patches).

For a EMA, some basic settings need to be introduced for a correct acquisition:

— The acquisition mode is FFT Analysis.

— The frequency range depends on the choice of the user, and therefore on the sub-
ject specimen. The chosen frequency ranges are summarized in table 2.7. Only fre-
quency spans of 200, 400, 800, 1600, 3200,... [Hz] are possible.
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Figure 2.6 — Front view of the HP35670A Dynamic Signal Analyzer (photo courtesy of
Hewlett-Packard©).

— Channel 1 (hammer) is conditioned by a rectangular window (fixed at 10 [ms]) and
the other channels (2,3,4) by an exponential window. The decaying time constants
are summarized in table 2.7. The goal of introducing this exponential window in
the signal processing, is to eliminate residual vibrations at the end of the acqui-
sition time, in order to avoid the "leakage" effect, which can be observed by the
appearance of small side lobes around resonance peaks in the FRFs.

— Finally, the number of spectral lines is generally chosen to have enough spectral res-
olution. The selected values are shown in table 2.7 as well. The acquisition duration
is then automatically determined by the HP35670A.

Table 2.7 — Nominal settings selected for the HP35670A.

. Lower Upper Acquisition Nb. spectral Spectral Exp. time
Series . . .
frequency frequency duration [s] lines resolution [Hz] constant [s]
C-J 0 3200 0.5 1600 2 0.5
K-M 0 800 1 800 1 1

Data acquisition boards

Data acquisition hardware includes National Instruments acquisition boards PCI 6229,
PCI-MIO-16XE and BNC2090 rack-mounted BNC terminal block (up to 16 input chan-
nels and 2 output channels, -10 [V] to +10[V]), working with NI-DAQmx 8.5, 8.8 or 9.1

versions (see figure 2.7). Any of them can work as a data acquisition device, but only
the BNC2090 can generate signals and send them simultaneously.

An example of the test bench setup is depicted in figure 2.8. To simulate free-free
boundary conditions, the specimen is suspended on a rack with a thin plastic thread.
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Figure 2.7 — NI acquisition hardware: (a) PCI6229 acquisition board and (b) PCI-MIO-
16XE with BNC2090 rack-mounted terminal block (photos courtesy of National In-
struments©).

The excitation can be done using a fan, loud-speakers or eventually the integrated
piezoelectric patches.

2.2.5 Additional material

Accelerometers and amplifiers

Briiel&Kjaer charge accelerometers are used as reference piezoelectric sensors for all
dynamic testing in this thesis of two types: 4517C and 4374 (see figure 2.9). Their elec-
tric and mechanical features are summarized in table 2.8. In average, the 4517C model
has a slightly higher sensitivity. The masses are extremely low compared to the mass
of the samples (less than 0.8 % ratio in all cases) and their influence on the dynamic
behaviour of the sample is negligible. A short analysis is commented in appendix A.

Table 2.8 — B&K accelerometers operating features.

Mass Sensitivity Operation freq.

T

P g [pC/g] [Hz]
4517C 0.6 1.7+0.1 up to 10k
4374 0.65 1.540.1 up to 26k

The accelerometers and PVDF transducers signal conditioning is carried out by con-
ditioning amplifiers. The main device for this task is the multi-channel conditioning
amplifier Briiel&Kjaer Nexus 2692-0S4 with four input channels (see figure 2.10). In
some cases, when more than 4-channels were needed to be amplified, auxiliary condi-
tioning amplifiers of the 2635 type were used. For the aforementioned accelerometers,
the used gain is 3.16 [V/m s~2]. The resulting signal after an impact excitation gives
around +10 [Vpk] signals, and 7 [Vrms] after a steady excitation with a fan, which is
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Figure 2.8 — Example of an experimental setup including the actuation and the sens-
ing data flows. PVDF provide the excitation source while accelerometers provide the
output signal.

described below.

Concerning the electric signal received from the PVDF sensors, it is necessary to fix an
"equivalent sensitivity" to calibrate the conditioning amplifiers. In order to do so, an
accelerometer and an integrated PVDF patch are used simultaneously, using the same
amplification gain. Both signals are compared, and the sensitivity of the PVDF chan-
nel is adjusted so that the RMS voltage is similar for both. This process is repeated for
each integrated sensor before the ageing process takes place. The calibration sensor
is a 4517C-type accelerometer.

The calibrations obtained for the integrated PVDF sensors (mean + standard devia-
tion for all the patches in a given series) after integration are summarized in table 2.9.

These conditioning amplifiers include frequency low-pass and high-pass filters, the
usefulness of which is to reduce the influence for unnecessary parasite signal spec-
tra outside the working frequency band. These cut-off frequencies were selected and
kept constant for all the composite plate samples (C- to J-series) and the three demon-
strators (K to M), and are summarized in table 2.10.

Finally, the amplification circuit takes the ground as reference, in order to avoid elec-
trostatic parasite charges.
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Figure 2.9 — B&K tool box for data acquisition: charge accelerometers (a) 4517C and
(b) 4374 (photos courtesy of Briiel&Kjaer).

Polytec interferometer

A Polytec OFV055 interferometer (see figure 2.11) was used as support tool to per-
form very accurate EMA. This is particularly useful in the case of structures with high
spectral density. This is why the Polytec has been mainly used in the case of the three
demonstrators, in order to compare and make sure the match between the simulated
modes and the measured modes (by OMA or EMA).

The Polytec OVF055 uses the Doppler-effect and the interferometry principles for the
measurement of velocity. More information can be consulted in [Waldbronn, 2014].
This specific model has three different acquisition modes, although the most interest-
ing is the scanning mode. Indeed, the laser beam scans a rectangular region on the
sample were the uniformly distributed output locations are covered with reflecting
tape. The result of the scan if a set of FRFs which can be processed in order to obtain
directly the natural frequencies and the corresponding vibration modes.

Impact hammer

An impact hammer is a device designed to provide an excitation signal close to a Dirac
delta pulse. In signal processing theory, this pulse of infinitely high force applied to a
structure during an infinitely short time has the ability to excite uniformly vibrations
at all the frequencies from zero to infinity. In the real case, the impact hammer has a
limited excitation frequency range.

The maximum excitation frequency depends essentially on the contact between the
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Figure 2.10 — B&K tool box for data acquisition: charge amplifiers (a) Nexus 2692 and
(b) 2635 (photos courtesy of Briiel&Kjaer ©).

Table 2.9 — Calibrated equivalent sensitivities for PVDF transducers. The calibration is
carried out with a 4517C-type accelerometer as reference.

Sensitivity [pC/g]

Series Accelerometer PVDF patch
C 1.814 4.8+0.5
D 1.814 4.2+0.8
E 1.814 3.9+0.6
F 1.814 4.7+0.7
G 1.814 4.6 £0.8
H 1.814 38+1.2
J 1.814 44+1.0
K 1.814 32+19
L 1.814 32+1.7
M 1.814 3.1+2.1

Table 2.10 — Selected cut-off frequencies for signal acquisition, for all sample series.

High-pass cut-off Low-pass cut-off

Series frequency [Hz]  frequency [kHz]
CJ 10 ;
K-M 1 !
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(b)

Figure 2.11 - Polytec acquisition tool: (a) laser beam generator and (b) controller (pho-
tos courtesy of Polytec®©).

hammer’s tip and the structure. A trade-off is then imposed by the hardware limita-
tions:

— A soft tip produces a long shock: fewer frequencies can be excited but a better exci-
tation signal is sampled. In this case, the corresponding discrete Fourier transforms
are less aliased and give a more accurate excitation spectrum.

— A hard tip produces a short shock (closer to a Dirac delta function excitation sig-
nal): higher frequencies can be excited but the excitation signal is poorly sampled,
usually leading to a truncated discrete impulsion and lesser quality excitation spec-
trum.

In conclusion, an impact should be short enough to excite as much frequencies as
possible but long enough to be correctly sampled. For the CFRP specimens in this
thesis, an aluminium tip (hard) showed the most suitable features in terms of exci-
tation and quality signal. The used impact hammer is shown in figure 2.12 (a). Its a
8206-002 type impact hammer, with a 2.3 [mV/N] sensitivity and a maximum appli-
cation force of 2200 [N]. It is important to point out that the hammer is an ICP-type
transducer (no conditioning or charge amplifier).

Loud-speakers

Loud-speakers are used to generate the excitation signals in the frame of OMA, but
also EMA using the Polytec interferometer. The excitation comes from the air pres-
sures waves generated by the vibration of membranes.

— For OMA, the loud-speakers are used to produce a pseudo-random excitation sig-
nal in order to comply with the randomness hypothesis, as stated in the theory men-
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Figure 2.12 — (a) B&K excitation impact hammer (mainly used for EMA) (photo cour-
tesy of Briiel&Kjaer ©), (b) Typical impact hammer excitation spectrum.

tioned in chapter 7.

— For EMA, the loud-speakers represent a more accurate alternative for excitation
than a impact hammer, since they can be controlled by a PC. This is why they are
used simultaneously with the Polytec interferometer.

Two types of loud-speakers were used, the features of which are summarized in table
2.11 (see figure 2.13). The choice of the model is motivated by the excitation ranges
they can provide: the TS-1750 was used to excite the high frequencies and TS-W253F
the low ones.

Table 2.11 — Pioneer loud-speakers features.

Nominal power Impedance Frequencyrange Diameter

Type
P (W] Q] [Hz] [cm]
TS-1750 50 4 36-31000 17
TS-W253F 140 4 2-2500 25
Standing Fan

A standing fan provides a regular airflow which produces some pressure waves when
obstacles are found. The idea of using a standing fan is to take advantage of the airflow
to excite the structure, in an attempt to emulate wind that would excite an aircraft, a
windmill or a bridge.

In the frame of OMA testing, it can be assumed that a fan is a source of random excita-
tion. The randomness hypothesis does not need to be strictly respected on the whole
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L Preynesen

(a) (b)

Figure 2.13 — Pioneer loud-speakers: (a) TS-1750 and (b) TS-W253F (photos courtesy
of Pioneer ©).

frequency range as demonstrated in chapter 7. As it is demonstrated in the same chap-
ter, the use of a standing fan is validated from the spectral point of view.

The standing fan used for the excitation of samples is a Tristar VE 5948 (see figure 2.14)
with the following features:

Nominal power: 50[W].

Maximal speed: 1300[rpm].
Diameter: 40[cm)].

Three blades.

Distance to sample: 60[cm] to 1[m].

In order to validate its use, its spectral signature is compared with the one from a loud-
speaker emitting a white noise signal. As a reference, the spectrum of the surrounding
natural noise is also measured.

Signal generator HP 33120A

The HP33120A (see figure 2.15) is a versatile waveform generator which can be used
stand-alone or commanded by a PC. In the frame of this thesis, it is used mainly
for generating pseudo-random excitations and white noise. The main receivers are
the loud-speakers in the frame of EMA using the Polytec interferometer or the PVDF
patches when used as actuators. A power amplifier is usually needed to amplify the
signal before transmitting it: a Harman Kardon amplifier in the case of loud-speakers,
and a Piezomechanik SQV 1/500 amplifier (see figure 2.16) in the case of PVDF patches
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Figure 2.14 — VE5948 standing fan (photo courtesy of Cdiscount (France)©).

(see below). Indeed, the maximum voltage it can provide is 20[V] peak-to-peak (28
[W] of maximum power), and for a efficient excitation this signal is often to weak.

Piezo amplifier SQV 1/500

Piezomechanik’s SQV 1/500 analog amplifier (see figure 2.16) is specially conceived to
excite piezo-ceramic patches, such as PZT. However, it has been used to provide high
electric voltage to excite PVDF sensors.

As the maximum voltage supported by the waveform generator is 20 [V], the analog

Figure 2.15 - HP33120A signal generator (photo courtesy of Hewlett-Packard©).
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Figure 2.16 — Piezomechanik’s SQV 1/500 piezo amplifier, capable to generate electric
tension up to 500 [V] (photo courtesy of Piezomechanik®©).

amplifier for the waveform is used. Indeed, since the PVDF has a limited block force
capacity, it is necessary to compensate this by a very high excitation voltage, which
can be supplied by the SQV. Via this amplifier, which provides a maximum voltage of
500 [V] (1000 [V] peak-to-peak), the signal is transferred from the first output channel
to the three PVDF patches on the test plate, which are used simultaneously.

Micro M30BX Earthworks

A M30BX Earthworks microphone (see figure 2.17) is used to measure the pressure
waves from the loud-speakers and the standing fan, in order to validate the use of the
latter as an excitation source. It is also used in the frame of interferometer-based EMA,
in order to measure the excitation signal from the loud-speakers.

(a (b)

Figure 2.17 — Earthworks micro system: (a) M30BX microphone and (b) LAB1 preamp.
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Figure 2.18 — Representation of excitation/response signals in modal analysis: the ac-
tuator excites the structure at input point i and the sensor measures the response at
output point j.
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2.3 Methods

2.3.1 Modal Analysis
Experimental Modal Analysis

EMA is a well-known, reliable, widely used modal analysis method in engineering.
Only some principles are reminded in this section. The approach of classic EMA starts
by the establishment of a non-parametric model using experimental time data: an
excitation signal f(¢) (called the input) and a structural response signal x(¢) (called
the output). The response signal carries inherently the necessary information about
the structure’s vibration behaviour, and so the modal parameters can be extracted
from this. However, the practical aspects of this method require some attention since
the brute signals need to be correctly handled before being exploitable.

Consider EMA applied to a structure, like the one in figure 2.18. This figure shows how
the excitation of the structure at point i is perceived by a sensor located at point ;.
Both excitation and response are characterized by the direct measurement of a phys-
ical magnitude (displacement, velocity, acceleration, force, pressure, charge, etc.) us-
ing a transducer, which provides in turn a proportional electric signal, measured in
[V]. In this thesis, EMA was carried out using an impact hammer/accelerometer com-
bination for excitation/response acquisition. In a few cases, other combinations like
impact hammer/PVDF patch or loud-speaker/interferometer were also use to carry
out EMA, in general for technical or validation reasons. The practical aspects of data
handling to be taken into account by the user are anyway the same for all.

Consider the example of the impact hammer/accelerometer input/output combina-
tion. The input signal f(¢) is provided by the load cell at the tip of the impact hammer,
and the output signal z(t) by the accelerometers. A flowchart showing the data han-
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dling is shown in figure 2.19:

1. First, the output signal z(¢) is amplified and filtered: the signal amplification is
needed in order to transform a high-impedance charge signal provided by the
accelerometer to a low-impedance voltage electric signal; the filtering reduces
the influence of resonant natural frequencies outside the analysed frequency
range, improving the signal. The NEXUS conditioning amplifier combines both
functions. The impact hammer is directly connected to the HP35670A since it is
an ICP transducer (it provides voltage as an output).

2. The two voltage signals are then sampled by the HP35670A, with the frequency
settings described in table 2.7. The user fixes usually two of the three parameters:
the number of spectral lines for the FFT transformation, the frequency band and
the acquisition time, with the third automatically computed. The windowing is
a mathematical operation aiming to avoid the spectral leakage [Harris, 1978],
forcing the time signals to be close to zero at the end of the measurement. In
the case on the impact hammer, a simple rectangular window suffice (since the
impact is short anyway). On the other hand, the response signal needs to be
slowly decreased, and this is why an exponential window is preferred. The FFT
is carried out on the signals once this parameters are set.

3. Finally, the FRF H;;(jw) spectrum is obtained by the one-by-one division of the
discrete spectra X (jw) and F;(jw).

The parameters for an impact hammer/accelerometer EMA are summarized in table

2.12.

Table 2.12 — Settings for an impact hammer/accelerometer installation for performing
EMA, as performed of the CFRP specimens.

. Input Output
Settings £t) (1)
Conditioning amplifier
Sensitivity - 1.5-1.7 [pC/g]
High-pass filter cutoff - 0.1-1 [Hz]
Low-pass filter cutoff - 3000 [Hz] (plates)
Low-pass filter cutoff - 1000 [Hz] (demonstrators)
Dynamic Analyzer
Signal level ~2[V] 10 [V]-20[V]
Frequency band 800-3200 [Hz]

Number of spectral lines 800-1600
Acquisition time 0.5-11[s]
Windowing Rectangular, 6-10 [ms] Exponential, 0.5 - 2 [s]

A non-parametric experimental model is thus obtained directly, as expressed in equa-
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Figure 2.19 — Data handling scheme in EMA.

tion (2.4):

FRF = Hj;(jw) 2.4)

where w is the excitation frequency (in [rad/s]). It can be seen in figure 2.19 that
the FRF function plot shows local resonance peaks. Under single degree-of-freedom

(SDoF) hypothesis, the k" resonance peak can be assimilated to an elementary oscil-
lator, the parametrized model of which can be expressed as:

oF ok 2.5)
(jw)? + 2wy (jw) + w? '

Hij(jw) Sy

where q,‘)k is the £ modal vector, wy, is the k¥ natural frequency (in [rad/s]) and 7 is
the k** modal damping factor, all corresponding to the k** mode. The superposition
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principle allows building the complete parametrized FRF function as:

n ook
(jw)? + 2wy (jw) + w?

(2.6)

where n in this case is the number of vibrational modes taken into account. The global
vibration behaviour of the structure can be perceived as the linear combination of in-
dependent, single mass, fundamental oscillators. From the structural identification
point of view, the most important value is wy, given the fundamental relationship be-
tween the elastic properties and the natural frequencies.

Commercial software, such as ME-Scope VES©, carry out the data treatment of mul-
tiple FRFs simultaneously. ME-Scope is a modal analysis program developed by Vi-
brant Technology Inc (Scotts Valley, CA, USA), which focuses in modal extraction by
EMA. It allows obtaining parametric models using a least square method applied to
the FRF and time-domain counterpart, respectively. The extraction methods in ME-
Scope VES are based on the theory developed originally by [Richardson and Formenti,
1982] and improved on the following years.

Insisting on the case of the impact hammer/accelerometer EMA, the modal model
of a structure needs then the creation of an "experimental mesh", as shown in figure
2.18, ie a mesh of points to be used as supports for defining the input-output loca-
tions and later the mode shapes. With exception of the C-series, all the samples and
demonstrators were modelled using a 15-point mesh (5 x 3). Given its geometry, the
C-series samples were given only a 10 point mesh (5x 2). FRF spectra were obtained
by hitting each one of the points. Depending on the number of sensors, the number of
available FRFs at the end of the measure would be 15, 30 or 45, depending on the num-
ber of sensors. The extraction of the natural frequencies in ME-Scope was then later
carried out by averaging all the available FRFs. Sometimes, in order to estimate some
statistical parameters like the standard deviation, these FRFs could be split in groups,
and the averaging with ME-Scope would happen inside the group. This method in
particular showed to be very accurate and less vulnerable to random errors (always
less than 1% percent on natural frequency extraction).

The acquisition aspects mentioned here are similar for other hardware combinations,
notably in the case of loud-speaker/interferometer EMA.
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Operational Modal Analysis

The principles behind OMA (also called Output-only Modal Anlysis) are detailed in
chapter 7. Basically, the main difference with respect to EMA is the absence of a mea-
sured excitation signal. In this case, FRFs cannot be properly identified. However, it
can be demonstrated that all the necessary information can be extracted from input
signals, as long as the non-correlation hypothesis (noise) about the nature of the in-
put excitation signal is assumed and verified in practice. OMA has its origins in civil
engineering, where the dynamic behaviour of very large structures needs to be inves-
tigated. In these cases, an artificial excitation is difficult and often impossible. Since
then, the OMA techniques have evolved in order to apply it to a broader range of fields,
especially in mechanical engineering.

It is important to mention that, as in the case of EMA, there is not a unique OMA
technique. Two family of methods can be distinguished:

1. Time-domain methods: typically OMA methods of this family try to fit a mathe-
matical model directly from (discrete) temporal data.

2. Frequency-domain methods: this family of OMA methods uses heavily the con-
cept of Fourier transform (in particular the discrete variant) and the power spec-
tral density (PSD) matrices to obtain the desired information. The advantage
of this kind of methods is the possibility to obtain directly the desired quali-
ties, namely the natural frequencies and the vibration mode shapes. The Fre-
quency Domain Decomposition (FDD) and its subsequent improvements will
be described in further chapters.

There is an obvious advantage of OMA over EMA from the operational point of view,
since only input signals are necessary: less energy and equipment are needed, which
makes it ideal for SHM.

2.3.2 Numerical-experimental identification of elastic properties from nat-
ural frequencies and vibration modes

The mixed numerical-experimental identification algorithm is based on the method
proposed by [Cugnoni et al., 2007], and is also a cornerstone in the ageing monitoring
method.

The relationship between rigidity and natural frequencies is a consequence of the
wave equation and the Hooke’s law. Indeed, linear elasticity is adopted as the con-
stitutive law in this thesis, since the ageing evaluation is based on the tracking of elas-
tic properties and vibration occurs in the frame of small displacements. As shown in
figure 2.20, the algorithm uses a finite element model of the structure as a base to
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propose an objective function.

FE model

As a general description, the identification algorithm uses an FE model with struc-
tured meshes (in general, although in some cases other mesh generation methods are
more suitable) with 20-node solid hexahedral elements were used. All the simulations
were run exclusively using the ABAQUS FE software.

The rigidity and inertia matrices are based on quadratic polynomials, using the re-
duced integration technique to obtain the former. In the case of both UD and CP
rectangular plates (C- to J-series) are modeled by assuming an equivalent homoge-
neous orthotropic elasticity model. The remaining parameters have been assumed as
constant and as indicated in table 2.1. The FE of the plates included one C3D20R ele-
ment (in ABAQUS language, this is a 20-node solid element with reduced integration)
across the thickness. The boundary conditions were fully-free, and the Lanczos solver
was used.

Objective function

In the first version, used in most cases in this thesis, only the natural frequencies are
used to constitute the objective function:

€ = |€f‘ (2-7)

where €/ is the frequency error vector the components of which are given by:

€= fip — fiBap (2.8)
fi,Exp

This approach is simple and allows fast calculations. However, the numerical/experi-
mental pairing between frequencies assumes no order swapping due to ageing. This
hypothesis is realistic and appropriate in cases like the rectangular plates described
above, mainly because of the clear spectral separation between resonance peaks. In
full scale structures, this is not usually the case, since the spectral separation can even-
tually be of some [Hz]. In this case, a more exhaustive identification criterion and a
more elaborate objective function are necessary, and this will be described further in
subsection 8.3.5.
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Figure 2.20 — Flow chart representing the mixed-numerical identification algorithm
based on the comparison between simulated and measured natural frequencies.

It is important to point out that the presence of accelerometers and piezoelectric sen-
sors has been simulated as well, their mass being added to the FE model as a punctual
mass. However, the influence in the dynamic modelling is negligible at the studied fre-
quencies (see appendix A).

2.3.3 Sensitivity analysis and propagation of uncertainty

In a multivariate mathematical model, the notion of sensitivity can be defined by the
"amount of influence" that the independent variables have on the dependent ones.
Around a certain state point, this is usually defined and expressed as a quotient be-
tween the (small) variation of the independent variable and the consequent variation
in the dependent one.

For example, the value of the natural vibration frequencies in a composite structure
depend on the stiffness. Depending on the vibration mode, a given natural frequency
can be more influenced by a given elastic modulus than the others. This sensitivity
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parameter is mathematically defined as:

_Agf/f _OfE
METAEJE T OF f

(2.9)

where f denotes a particular natural frequency and E an elastic modulus, and Ag is
the variation of f due to E. The A-variations are divided by the nominal values in
order to get rid of dimensional ambiguity, proposing a non-dimensional sensitivity
factor. For example, in the case of the analytical formulae in subsection 1.2.5, the sen-
sitivity can be estimated as follows:

afbend E
~ =0. 2.1
SﬁE oF fbend 05 ( 0
for bending modes, and
aftors G
Sra~ =0.5 2.11
he oG ftors ( )

for torsional modes. Concerning composite layups, this estimation becomes a much
more complex problem. An FE model can be useful in that case, since it is possible to
compute multiple sensitivity quotients (for several frequencies) when slightly varying
the elastic parameters of the model.

Consider the example of the manufactured UD plates of the D-series mentioned in
section 2.2. These samples were modelled assuming a homogeneous orthotropic elas-
ticity model. In figure 2.21, it can be seen that the basic vibration modes of the series
samples depend essentially on two tensile moduli (F; and E>) and one shear mod-
ulus (G12). The other six mechanical variables E5, 115 , 113, 123, G13 and Gao3 have a
limited and negligible influence in the determination of the vibration modes and nat-
ural frequencies. Thus, it is not necessary to include in the variable vector all of the
nine independent engineering constants that determine the elastic behaviour of an
orthotropic material, in the case of thin shells. Further in chapter 8, another sensitiv-
ity analysis concerning the demonstrators K, L and M is carried out for those specific
cases.

There is a double purpose of the sensitivity analysis. On one hand, it allows the selec-
tion of the most influential elastic moduli on the dynamic behaviour of the composite
samples. This is essential in order to reduce the number of necessary computations
in the identification algorithm since instead of investigating all the elastic properties,
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Figure 2.21 — Example of sensitivity analysis between engineering constants and nat-
ural frequencies for a D-series sample. The latter are mainly influenced by the longi-
tudinal and transverse tensile moduli £ and E5, and the transverse shear modulus
Gia.

only a reduced number (in the case of the plates three) of factors are considered.

The other application is the uncertainty propagation analysis. Indeed, the uncertainty
in the experimental measurements of the frequencies is propagated, through the iden-
tification process, to the estimation of the elastic properties of the structure.

Again, the uncertainty can be somehow estimated on the standard basis. According
to [Ku, 1966], the standard deviation of a dependent variable can be computed from
the standard deviation of all its independent variables through the sensitivity factors
S:

o =0hSkf .+ 0} Sk, (2.12)

where E denotes the identified modulus, fi, fs,..., f, denote the n considered frequen-
cies. It is important to note that Sg 5, = 1/S}, g, since the sensitivity quotient can
be inverted. This formulation is useful in the estimation of experimental uncertainty
around the identified values of elastic properties and the corresponding statistical
analysis of the ageing.
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Weathering and accelerated ageing
protocols for composite structures

3.1 Motivation and state-of-the-art

The creation of an ageing model is a key part for the success of the whole monitoring
process. Indeed, the ageing characterization of a given material allows estimating be-
forehand its future evolution and decide if the structural safety is compromised. How-
ever, it is very important to fix some standards to the laboratory-scheduled ageing
process for many fundamental reasons, in particular in order to link the accelerated,
artificial process to "real-life", in sifu, natural ageing (or weathering as it is called by
some authors) of full-scale structures during their service lifetime.

As it was introduced in chapter 2, written documentation comparing accelerated age-
ing opposite to real ageing includes experimental results and analyses carried out by
several authors in the last decade [Mouzakis et al., 2008, Fox et al., 2004, Dao et al.,
2007, Tian and Hodgkin, 2010], of which a summary table has been established in

table 3.1. In these papers, several ageing mechanisms have been reported: water dif-
fusion, polymer molecules cross-linking/de-linking, alternate dilatation/contraction

cycles, photo-oxidation, post-curing, residual stress, temperature gradients, and many
others. There are several aspects of composite ageing that this bibliographic research

of the current knowledge points out:

1. The cyclic nature of real ageing needs to be included, specified and quantified
in the accelerated ageing protocol. Intuitively, cyclic accelerated ageing can be
compared to high-cycle fatigue tests, that evaluate structural health based on
the number of cycles necessary to break a sample under a given stress. As well
as for fatigue, it is expected to establish a statistical mathematical model.

2. Concerning the weathering agents to be taken into account, most papers report
effects coming from three main agents: (relatively) high temperatures, moisture
and UV radiation, which composite airframes are commonly confronted to.

3. The working temperature range goes from room temperature up to 250 [° C] in
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some cases. It can be pointed out that the top temperatures are adapted to the
subject material, more specifically to two characteristic temperatures: the start
of the glass transition zone 7},,s and the end of transition zone 7}, where
the material exhibits a rubber-like behaviour. It has been suggested [Fox et al.,
2004, Dao et al., 2007] that most of the ageing amount occurs between these two
temperatures.

4. "Accelerated ageing" has effectively shown equivalent loss of macro-mechanical
degradation when compared to "real ageing". For example, epoxy CFRP labora-
tory samples made of the same material as parts for a B737, showed similar age-
ing degradation after 3000 one-hour cycles of artificial ageing at high tempera-
ture, as did epoxy CFRP parts after 58000 h (~ 20000 cycles) of B737 operating
service.

5. Relevant ASTM standards are frequently quoted concerning the experimental
frame the sample should be tested in. Among these, can be mentioned notably:
D4762, C581, D1151, D5229, G151 and G154.

6. The experimental conditions obviously depend on the technical limits of the
research facilities.

7. Expected loss in mechanical properties (stiffness [Mouzakis et al., 2008], strength
[Tian and Hodgkin, 2010, Fox et al., 2004]) ranges roughly between 10% and 15%
at maximum degradation.

All of these points are taken into account in the final part of this chapter, when an
accelerated ageing protocol for the future testing is designed.

3.2 Preliminary ageing protocols

As it was stated in the introduction, the measure of the mass is an important pro-
portionality factor between the stiffness and the natural vibration frequencies of a
structure. This is why this can represent an important source of error if any eventual
mass evolution is not taken into account during the monitoring. Since a relatively low
change in the mechanical properties (~ 10%) is expected, it is then of prime interest to
include the weighing in the ageing model. This also means that an absorption model
is needed for the monitoring and identification of elastic properties from modal data.

Among the mentioned weathering agents to be considered in the accelerated ageing
protocol, water absorption is expected to be the primary cause for mass change. In-
deed, besides some potential volatile residual organic molecules from the curing pro-
cess (which have a negligible mass, as it will be shown in chapter 4), air and water
are the only massively present fluids in the experimental environment of the climatic
chamber. Thus, in the case of humid protocols, the principal source of mass changes
to be considered is by moisture absorption.
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Table 3.1 — Summary of the selected papers addressing the artificial ageing problem
and its pertinence with respect to real-time ageing in aerospace applications.

Epoxy TGDDM/DDS  Epoxy TGDDM/T-
Aspect GFRPC BMS-8-212 GAP/DICY M20/IM7
Mouzakis, :{e(r)lcilgzl:lg,in 1;116:2’%;;;1%: Dao, Hodgkin, "Acceler-
Articles mentioning the  Zoga,"Accelerated en- semng . ated ageing vs realistic
- . . cial aerospace composite . e
material vironmental ageing . . ageing in Aerospace ap-
" sample: Chemical and A
study of GFRPC . B plications
physical changes

Ageing mechanisms

Preconditioning: 50 %RH
at 23°C. Conditioning:
UVB, 4h cycles about
(50%-98%) RH and
(50°C-60°C) up to 1008h

Real: ~58000 h in flight
Accelerated: 3000 h at av-
erage 120°C Accelerated :
7500 h at 70°C, 45%, 65%,
85% RH

Isothermal: at 70°C,
120°C, 170°C and 200°C,
until 7500 h. Spiking:
45%, 65%, 85% RH at
70°C, spiking 90°C, 120°C
and 160°C up to 7500 h

Tests performed

DMA, 3PB, SEM

DMA, FTIR

DMA, FTIR, Weight, DSC

Results summary

1. Stiffening of the
material is the main
ageing process. 2. Micro-
cracking at surface. 3.
Water absorption —
mass increment/weaken-
ing.

1. Normal ageing mostly
surface effects. 2. Acceler-
ated ageing: Tyjqss gO€S
down at core, goes up at
surface.

1. Greater chemical cor-
rosion at high temper-
ature. 2. Surface micro-
cracking.

Glass transition temper-
ature

100°C £+ 40 °C [60°C,
140°CJ; peak at 130°C

~190°C £ 70 °C [120°C,
260°C]; peak at 230°C

165°C 4+ 95 °C [60°C,
25°C]; peak at 160° C -
200°C

Aspect

Pure Polyester

CSIRO CBR 320/328

Matrimid CIBA GEIGY

Articles mentioning the
material

Mouzakis, Zoga, "Acceler-
ated environmental age-
ing study of GFRPC"

Fox, Lowe, "Investiga-
tion of failure in aged
aerospace composites”

Fox, Lowe, "Investiga-
tion of failure in aged
aerospace composites"

Ageing mechanisms

Preconditioning: 50 %RH
at 23°C. Conditioning:
UVB, 4h cycles about
(50%-98%) RH and
(50°C-60°C) up to 1008h

Isothermal: 204°C and
250°C, up to 30 weeks

Isothermal: 204°C and
250°C, up to 30 weeks

Tests performed

DMA, 3PB, SEM

DCB, FTIR, Raman spect

DCB, FTIR, Raman spect

Results summary

1. Stiffening of the
material is the main
ageing process. 2. Micro-
cracking at surface. 3. Wa-
ter absorption — mass
increment/strengthen-
ing.

1. Rapid surface degrada-
tion. 2. Core degradation
is more gradual. 3. Degra-
dation path is different
with the temperature.

1. Rapid surface degrada-
tion. 2. Core degradation
is more gradual. 3. Degra-
dation path is different
with the temperature.

Glass transition temper-
ature

~70°C £+ 30 °C [40°C,
100°C] ~peak at 100°C

~225°C + 25 °C [200°C,
250°C]

~225°C + 25 °C [200°C,
250°C]

DMA = Dynamic mechanical analysis.

3PB = 3-point bending.

SEM = Scanning electron microscope.

FTIR = Fourier transform infrared spectroscopy.
DSC = Differential scanning calorimetry.

DCB = Double cantilever beam.
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Water diffusion can be modelled using a few parameters, like the material’s water dif-
fusion coefficient and saturation mass, or the relative humidity RH of the ageing en-
vironment. The former are usually given in the supplier’s data sheet, but can depend
strongly on the curing process. In order to characterize correctly the used structural
material and to avoid systematic experimental errors, it is advised to carry out prelim-
inary tests. As it will be shown in chapter 4, this short characterization is useful and
necessary.

3.2.1 Isothermal diffusion in CFRP

As mentioned above, epoxy CFRP are increasingly being used in the aeronautics and
aerospace industries. The subject material is the CFRP introduced in section 2.2, sup-
plied by Suter-Kunststoffe© AG (Switzerland).

To simplify the material characterization process (at least as a first approach), beam-
like plates (roughly 300x40x4 [mm?]) were manufactured. Two sets of plates were
produced: cross-ply (CP) named Aa-series samples, and unidirectional (UD) named
Bb-series samples. Both series were manufactured using exactly the same curing pro-
cess: vacuum curing at 70 [°C]/10h, followed by curing at 80[°C]/8h.

Table 3.2 - Nominal geometric dimensions and initial mass of plates.

Aa-series Bb-series
Length [mm] 30041 300+1
Width [mm] 39.0+0.1 38.5+0.1
Thickness [mm)] 4.04+0.1 4.04+0.1
Initial mass [g] 68.10 £0.01 64.0040.01
Number of specimens 6 6
Groupe 1 (60 [°C]) 2 2
Groupe 2 (80 [°C]) 2 2
Groupe 3 (100 [°C]) 2 2

As mentioned above, the first experimental campaign had the following characteris-
tics:

- Isothermal exposition to three different temperatures (both Aa- and Bb- series are
reorganized in three groups, see table 3.2).

— Total duration: 1000 hours (~ 6 weeks).

— Mass measurements at ~ 168-hours intervals (once per week).

The constitution of mixed groups of samples Aa and Bb is justified by the following hy-
pothesis: the properties are uniform through the thickness. Even if this is not strictly
true in the case of cross-ply plates (like Aa-series samples), the results showed in fig-
ure 3.1 show an agreement with the diffusion theory. With this protocol, it was ex-
pected to observe mainly a rapid rise of the mass due to water absorption. The reasons

48



3.2. Preliminary ageing protocols

for this type of ageing protocol are justified in the following section. The experimental
results have been published in [Guzman et al., 2012] and are shown in figure 3.1. The
Aa- and Bb- samples were subjected to ageing protocols in steady-state isothermal
conditions with constant RH ~ 95%, at 60 [°C], 80 [°C] and 100 [°C]. In these graphs,
M (t) symbolizes the water concentration ratio, expressed in percent, as the quotient
between the absorbed water mass and the initial mass of the sample. As expected, the
absorption shows an exponentially asymptotic pattern. As it will be detailed in the sec-
tion 3.2.2, the diffusion theory inside infinite thin plates, provides an accurate shape,
proposes two diffusion parameters and justifies by the way this assumption. Further-
more, it can be pointed out that there is very little difference between diffusion in CP
and UD lay-ups.

3.2.2 A model for water diffusion in isothermal conditions

Water absorption is possible only in the presence of some humidity in the surround-
ing atmosphere (RH # 0%). This can be attributed to evaporation of phenols (or other
volatile components remaining unreacted from the curing process), but also due to
evaporation of thermal oxidation and photo-oxidation products. Because of this dou-
ble trend, it is legitimate to suppose that in the case of humid protocols, besides water
absorption there is at the same time evaporation of some components. This apparent
loss of mass due to the evaporation of these marginal phenols is much smaller than
the gain, for equivalent "dry" protocols. Thus, to simplify the calculation, the follow-
ing hypotheses are going to be adopted: the water absorption and the evaporation
of phenols and oxides are independent from each other (no chemical influence be-
tween inbound/outbound species), and the surface moisture evaporation of phenols
is neglected.

Concerning the water absorption, a simple mathematical reasoning can be adopted
in order to estimate the water concentration absorbed by a sample when subjected
to accelerated ageing conditions. This amount is generally not equal for periodic or
isothermal conditions. The mathematical approach to model the water absorption
comes from Fick’s law of diffusion in combination with the mass conservation princi-
ple, as expressed in the following equation

Jdc 0 oc
Erialew <D%> 3.1

where ¢ is the volume concentration, D represents the diffusion coefficient (some-
times called diffusitivity), ¢ is the time coordinate and z is the space coordinate along
the thickness.
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Figure 3.1 — Experimental results of sample weighing, for isothermal exposure at (a)
60 [°C], (b) 80 [°C] and (c) 100 [°C].
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Under the hypothesis of absence of swelling, the volume concentration ¢ (no units)
is proportional to the water mass concentration ratio M (no units). This case can be
assimilated to an infinite plate with thickness h with two exposed boundary condi-
tions (since [ >> h and w >> h). The solution of equation (3.1) in such conditions is
obtained by application of the Fourier’s series theory, giving the following result

M (t) 8 1 (2k + 1)272Dt
—1_ TR 3.2
M, m? ;) @k+ 12" < h? 32

where M, is the saturation mass concentration. However, this expression is compli-
cated, and a simpler function can be used to approximate it

M(#) 2D\ 07 £\ 075 ¢
. ~1—exp (—1.31 < e ) =1l—exp|—1.31 <;) =0 <;) (3.3)

where 7 = h? /(72 D) is a time constant for this specific exponential growth and © sym-
bolises a function. It is assumed that diffusivity depends on temperature following an
Arrhenius-type law:

Ep
D = Dye” P (3.4)

In(D) = In(Dy) — T (3.5)

where Dy is the diffusion coefficient when T' — oo, Ep is the diffusion activation
energy and R is the universal gas constant. Similarly, the saturation mass M depends
exponentially on the inverse of the temperature by the equation (3.6)

Es

My = Mgpe™ ET (3.6)

Eg
RT
where M is the saturation mass when 7" — oo and Ej is the corresponding diffusion
activation energy. Concerning the influence of the relative humidity RH on the sat-
uration mass, it has been proposed by some authors [Weitsman, 2012, Crank, 1989,
Lin and Chen, 2005] that a power law model can be used to determine the relation

In(M;) = In(Myy) — (3.7)
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between both

max

where ( is an exponent depending on the temperature and the absorbing composite
and Mg, . is the maximum saturation mass possible. After [Weitsman, 2012], in the

case of an epoxy matrix, this value of ¢ is 1 in the current temperature range, so this
hypothesis is adopted in this thesis.

The thermodynamic constants Dy, Fp, Eg, My, defined in equations (3.4), (3.5), (3.6)
and (3.7) can be estimated experimentally by a regression, if datasets of measured
(T, M) and (T, D) are available (see figure 3.2). This regression becomes linear (and
more accurate) if (1/7, InM;) and (1/T,inD) are considered instead.

The experimental data obtained in subsection 3.2.1 can provide three (T, M) and
(T, D) pairs, corresponding to the isothermal ageing protocols at 60 [°C], 80 [°C] and
100 [°C]. Indeed, using a non-linear least square algorithm (a negative exponential
model as in equation (3.3)), the corresponding D and M, can be estimated at each
temperature. These estimations can be consulted in table 3.3.

From this, and supported by information in literature [Crank, 1989, Lin and Chen,
2005], the associated diffusion activation energy £Fp = 9.067 [kJ/mol], and the satura-
tion enthalpy Fs = 1.68 [kJ/mol] can be deduced in a range of temperature between
5[°C] and 135[°C]. With these two linear models, it is possible to estimate quite accu-
rately the diffusion and the saturation mass in isothermal conditions.

Table 3.3 - Computed diffusion coefficients in preliminary tests with test series A and
B.

Temperature  Diffusion  Saturation mass

T[°C] TI[Kl D [mm?/s] M [%]
60 333 2.21e-7 8.84
80 353 2.67e-7 9.02
100 373 3.14e-7 9.44

The results of this preliminary isothermal ageing will be used extensively in chapter
4, in particular in section 4.4. Indeed, "equivalent" cyclic diffusion parameters will be
defined, in order to quantify the water diffusion as functions of the number of cycles
instead of time.

3.3 Design of the accelerated ageing protocols

As stated in the introduction and in section 3.1 , in order to reveal any changes in
stiffness due to exposition to relatively aggressive ageing factors, a multi-stage exper-
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=9.0667[kJ/mol]
E, = 1.6804[Kk¥/mol]
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Figure 3.2 — Graphs of linear regressions (1/7,1In M) and (1/7,1n D) as in equations
(3.5) and (3.7) for measured values of Aa- and Bb-series. The slopes give respectively
the values of Ep and Es.

imental campaign should take place.

Taking into consideration the points in section 3.1, it has been decided that the age-
ing factors have to include temperature, relative humidity and ultraviolet (UV) radi-
ation, as they are frequently met by full-scale CFRP aeronautical structures during a
life cycle. The ageing protocols were inspired from past works previously mentioned
[Mouzakis et al., 2008, Dao et al., 2007, Fox et al., 2004, Bondzic et al., 2006]. The fol-
lowing ASTM standards were taken into account for the experimentation guidelines:
D4762 for cyclic ageing protocols, C581, D1151 and D5229 for the combined hygro-
thermal testing, and G151 and G154 for UV radiation testing.

The chosen ageing factors, whether these are alone or combined, have several effects
on polymer-based parts inside long-time operating aircraft and rotorcraft. In sum-
mary, a proposed ageing protocol should integrate the following characteristics:

1. Cyclic conditions are more likely to induce damage at molecular and macro-
scopic levels than isothermal conditions. Dilatation/contraction cycles induce
thermo-mechanical fatigue, probably leading to matrix cracking and fibre pull-
out (this has not been verified explicitly since the surveillance method is sup-
posed to be macroscopic, global and non-destructive). Moreover, this is far closer
to reality since aerospace components are constantly exposed to cyclic environ-
ments (ground/air, daytime/night-time state).

2. Temperature peaks are usually fixed slightly above the starting point of the glass
transition zone, which is usually measured by some material tests such as the
dynamic mechanical analysis (DMA) or the Fourier transform infra-red spec-
troscopy (FTIR). In the experiments run for this thesis, this range of tempera-
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tures was estimated from the supplier’s data sheet and after the corresponding
curing process (the theoretical curing rate is in all cases superior to 99%). Phys-
ically, dilatation, vitreous transition and thermal oxidation are likely to occur at
elevated temperature.

3. Highly humid environments can contribute to composite ageing as well, facili-
tating fibre debonding, delamination, embrittlement, polymer chemical weak-
ening, inner stressing, etc. The mass absorption is to be verified by weighing
periodically the total mass of the samples, in order to evaluate the diffusion co-
efficient.

4. High UV radiation is generally more specific to structures continuously dwelling
at high altitudes, leading to photo-oxidation and polymer chain dissociation,
among others.

Thus, it has been decided that the specimens would be subjected to cyclic environ-
ments, with the following factors controlled: the surrounding temperature (7)), the
relative humidity (RH) and the intensity of an A-class ultraviolet radiation (UV') lamp
on one face of the plate samples. Due to technical reasons, humidity takes longer to be
controlled, and cycles are longer for the humid protocols. The scheduled campaigns
and the series, with the respective codes and samples included, the protocol param-
eters and the durations are summarized in table 3.4. Hardware included the Weiss
Technik®WK180/40 climatic chamber, with the required control and data acquisition
software.

3.3.1 Justification of a factorial experiment

As stated in the introduction and in chapter 2, the survey of elastic properties is justi-
fied as a mean to evaluate the health status of a structure. From a mathematical per-
spective, ageing can be viewed as the relative degradation of these constitutive prop-
erties, which would be a function of a non-dimensional time unit. Thus, this time unit
can be the number of ageing cycles, and the degradation of the elastic properties is
measured by the changes of the current values with respect to their initial values. An
ageing model could globally be expressed as

Y
0

where y is the measured degradation, which is a composed function f, which in turn
depends of a set of ageing parameters 7, RH, UV and on the number of cycles n. Y
and Y| denote respectively the current and the initial value (in absolute units) of the
target elastic property. For example, the longitudinal Young’s modulus is denoted F,
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its initial value F( and the relative degradation ¢; = EE—llo The function g depends then
exclusively on the experimentation conditions. The most simple approach to define
this function is suggested by the Design of Experiments (DoE) theory. A 23 factorial
(or full-factorial) experiment making vary this three parameters allows establishing
a prediction model. This is the reason of the 8 different manufactured series intro-
duced in chapter 2. Each series is subjected to one of eight possible combinations of
parameters.

In order to set up such a mathematical model, it is suggested to normalize the ageing
parameters. For a real factor « (that can be either 7', RH or UV), the corresponding
normalized factor z is given by

p— T Umin (3.10)

Umazr — Umin

where v, and u,,,, are respectively the minimum and maximum value adopted by
u. Thus, the value of z is always between 0 and 1, inclusively. The results of the normal-
ization are given in table 4.1. The normalized temperature is given by z;, the normal-
ized relative humidity is given by = and the normalized UV radiation is given by .
To complete the overview of the whole set of ageing protocols, the number of cycles
and the time parameters: the low temperature period At¢_ ("cold phase"), the high
temperature period At; ("hot phase") and the total cycle period At are given (then
At = At_ + Aty). The experimental plan and the factorial points corresponding to
each series are summarized in table 3.4 and in figure 3.3. It is advised by [Box et al.,
2005] to verify that the "volume" of the 23-factorial solid (in this case not a cube ex-
actly, but a trapezoidal prism) is not close to zero. The volume would represent the
Jacobian of the linear system which the linear regression is based on.

Concerning the question about which temperature, relative humidity and UV radia-
tion intensity are going to serve as the "real factors" u, different choices are possible.
The selection is based mainly on technical and practical reasons, and the following
cases can be discussed:

— T = uy: Temperature will oscillate between two values, while the amplitude of the
oscillation remains constant. In the low temperature cycle (z; = 0), temperature is
set to oscillate in the [5°C,95°C] interval, while in the high temperature cycle (z; =
1), this interval is [45°C,135°C]. It can be noticed that 95[°C] corresponds to the
estimated starting point of the glass transition zone of the composite, while 135[°C]
is the estimated middle point. These estimations are decided in agreement to the
supplier’s data sheet.

— RH = us: Relative humidity is kept at zero (completely dry air) when x» = 0, and
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it oscillates between 0% and 95% when z5 = 1. In the second case, RH and T are
alternated, ie when RH = 0%, T is at its top temperature (95[°] or 135[°C] depend-
ing on the protocol) and when RH = 95%, T is at its bottom temperature (5[°] or
45[°C]). Exception is made for two series: EF1 and EF2 (table 3.4), since the UV lamp
does not work properly above a surrounding temperature of 70 [°C] and a relative
humidity of 70 %.

— UV = ug: The radiation intensity profile is similar to the RH one. For technical
reasons, the working period of the UV lamp is restricted to the period of low tem-
peratures (' < 70[°C]) and low relative humidities (RH < 70%).

All these points considered, the general pattern of the control setpoints is graphically
represented in figure 3.4. This profile can be programmed in the climatic chamber

controller.

0.5+

X, (UV radiation)

[l
i

1 0 X, (Relative Humidity)
X, (Temperature)

Figure 3.3 — Graphic representation of the factorial experiment in the 3D cartesian
space, showing the position of the individual subject series.

3.3.2 Justification of dwelling times

As discussed in chapter 2, the experimental data is periodically measured by means of
EMA and OMA: the natural frequencies of the samples are measured, which in turn,
by the numerical-experimental identification method, give the elastic properties Y.
The variable y = % is the relative degradation, Y is the degraded elastic property and
Yy is the non-degraded, pre-ageing, initial elastic property. The detailed results and
the establishment of the mathematical model proposed initially in equation (3.9) are
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Table 3.4 - Summary of ageing protocol parameters for all the series: nominal values
(T, RH and UV), normalized values (z1, z2 and z3), the number of cycles N, the
time period At = At; + At_ and the number of measurements g.

Temperature Relative humidity UV radiation At

Series  Samples T[°C] RH [%] UV [W/m?] Neye At [min] q )
“Min  Max ! “Min _ Max 2 “Min  Max '3 +
D DI-DVI 5 95 0 0 95 I 0 300 I 800 90 8 21
EF1 EL FI 45 135 1 0 70 0.73 0 300 1 900 90 9 1:1
EF2 EII, FII 45 135 1 0 70 0.73 0 0 0 900 90 9 1:1
Gl GILGIII 5 95 0 0 0 0 0 0 0 1100 60 12 1:1
G2 GII 5 95 0 0 0 0 0 300 1 1000 60 11 1:1
H1 HIHII 45 135 1 0 0 0 0 300 1 1100 60 12 1:1
H2 HII 45 135 1 0 0 0 0 0 0 1100 60 10 1:1
J JI-JIIT 5 95 0 0 95 1 0 0 0 800 90 8 1:1

(*) At is the part of the cycle at high temperature and At _ is the part at low temperature.

deeply explored and analysed in the next chapter.

After an estimation based on data provided by the supplier of the WK climatic cham-
ber and in the literature, the thermal equilibrium due to convective transfer inside
the climate chamber is reached after between 15-20 [min] (this is the time it takes
to increase the temperature by 90 [°C] at a heat rate of 4.7 [°C/min]) in the range of
temperature 25 [°C]-125[°C]. On the other hand, RH setpoints can be reached much
faster, although a true stability is not generally reached until the temperature itself is
stable.

Concerning the equilibrium inside the composite samples, the time needed depends
on the thermal and the water diffusion coefficients from CFRP PrePreg supplier’s data
sheet. For example, the thermal equilibrium inside a ~4[mm]-thick specimen is esti-
mated to take 15 [min]. On the other hand, the moisture saturation inside the same
~4[mm]-thick plate samples is not reached in one cycle. This is expected, after inspec-
tion of the tests carried out prior to the cyclic ageing tests (as detailed in subsection
3.2.2). However, the water concentration is accumulative, since most of the water ab-
sorbed in each cycle remains inside the structure during the “dry phase” of the cycle.
At the end of the protocol, there is a significant amount of water inside the bulk body
of the sample (as shown in section 4.4). Concerning the penetration of UV radiation,
the same problem can be observed. After the information available in the literature,
the equilibrium of radiant heat on plates by UV radiation (340 [nm] wavelength, 0.35
[W/m?/nm] intensity, as recommended by the G155 ASTM standard, corresponding
to a direct sunlight beam at sea level and 0° latitude) is estimated to take about 20
[min]. This time period is less than any of the periodic exposure times faced in the
protocols (the shortest is 1800 [s] = 30 [min]). To summarize:

— The total dwelling time to reach the thermal equilibrium in the middle of the sam-
ple is around 30 [min] after the start of the temperature change.

— Radiative equilibrium is reached after 20 [min]. This does not constitute then a
design limitation factor.

— Moisture equilibrium is not reached in one cycle inside the sample, and is only fairly
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stabilized in the chamber after the 30[min] (this 30 [min] correspond to the heat-
ing/cooling phase). For humid protocols, it was decided to add a supplement of 15
[min] to the "wet phase", in order to make sure the sample dwells during this time
to a nearly stabilized RH (which makes a total of 45 [min]).

— The search of the equilibrium point takes place twice in a cycle (one when heating
up and one when cooling down). Thus, 60 [min] is fixed as the total cyclic period for
the protocols with no moisture, and 90 [min] for the protocols with programmed
moisture absorption.

In chapter 8, the ageing protocols are similar to those described in this chapter, which
are applied on the demonstrators. The objective is to validate the development of the
ageing model.
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Figure 3.4 — (a) General form of an ageing protocol plot of set points: the temperature
T (in blue), the relative humidity RH (in green) and UV radiation intensity UV (in
red). The mean values are in dashed line. Temperature and relative humidity profiles
exhibit finite slopes in the transient phases, while UV radiation can be turned on/off
instantaneously. (b) Example of actual measurements (full lines) compared to the set
points (dashed lines), for an ageing protocol with z; = 0.5, x93 = 0.53 and x3 = 0.
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- Multi-factorial model for CFRP
ageing

4.1 Ageing protocols and experimental campaign

The details of the ageing protocol design were detailed and discussed in chapter 3.
The subject specimens in this chapter were then submitted to cyclic environments,
with the following factors controlled: the surrounding temperature (7'), the relative
humidity (RH) and the intensity of an A-class ultraviolet radiation (UV') lamp on one
face of the plate samples. The cycles are longer for the humid protocols due to techni-
cal reasons. The scheduled campaigns and the series, with the respective codes and
samples included, the protocol parameters and the durations are summarized in ta-
ble 3.4. Hardware includes the Weiss Technik® WK180/40 climatic chamber, with the
required control and data acquisition software. As a reminder, the normalized vari-
able z for a real variable u (that can be either 7', RH or UV) is given by:

= U — Umin 4.1)

Umaz — Umin

where u,,;, and u,,,, are respectively the minimum and maximum value adopted by
u.

The experiments were carried out as follows:

1. After a sensitivity analysis, the number of monitored natural frequencies is fixed,
which are the 8 lowest in the case of the series E to ] (D only had 7 frequencies
monitored).

2. Before ageing, the elastic moduli are estimated via EMA (with impact hammer,
under free-free boundary conditions) and numerical-experimental identifica-
tion. This is defined as the initial state (Y = Yj).
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3. The samples are introduced into the climatic chamber afterwards for ageing.
The same elastic moduli identification process is repeated at regular intervals
(after 100 or 112 cycles depending on the protocol). At the end of the ageing
process, between 8 and 12 "rounds" (depending on the groupe) of experimental
tests have taken place.

4. The sensors providing the electric signal are accelerometers and PVDF patches
(if the patches are integrated on the sample). The electric signals are subjected
to FFT and modal extraction, through ME-Scope VES, to obtain the modal pa-
rameters. The polynomial method for curve fitting was used.

5. The sensors are located following a "naive" placement strategy (see chapter 6).
Accelerometers are placed in the corners (where displacement is maximum)
and PVDF patches close to the middle points of the borders (where strain is max-
imum).

6. For each series and at each round, a mean and a standard value for each elas-
tic moduli estimation are obtained. From this point of view, elastic moduli are
assumed to follow a normal distribution.

7. The experimental tests are carried out at room temperature (25 [°C]). The sam-
ples are weighed using a Mettler-Toledo weighing scale. All the out-of-the-chamber
testing takes between 20 and 30 minutes.

The experimental parameters (number of cycles, monitored natural frequencies, test-
ing intervals) are shown in table 4.1.

Table 4.1 — Normalized ageing parameters z1, 22 and x3 and time parameters for all
the series.

Group T RrRH Uv Cycle period N Measurement Monitored
1 X9 T3 At [min] cve Intervals Nat. Freq.

D 0 1 1 90 800 112 () 7

EF1 1 073 1 90 900 112 (**%) 8

EF2 1 073 0 90 900 112 (**%) 8

Gl 0 0 0 60 1100 100 8

G2 0 0 1 60 1000 100 8

H1 1 0 1 60 1100 100 8

H2 1 0 0 60 1100 100(***) 8

J 0 1 0 90 800 112(%) 8

(*) Last measurement at 800 cycles instead of 784.
(**) Last measurement at 900 cycles instead of 896.
(***) Two datasets were lost.
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4.2 Introduction to the experimental results

This section synthesizes the main results of the experimental campaign. For the sake
of uniformity and clarity, the changes in the constitutive properties of the samples
are tracked with respect to their initial value. These relative magnitudes are defined
in relative values, as in equation (4.2). For each sample, the denominator is the initial
value, prior to the start of the ageing process. This way, the ageing curves start from
the same point and reflect the relative variation.

m By Ey G2

H=—35€ = ;€2 = 5 Y12 =
mo Eq E» G120

(4.2)

A condensed version of table 3.4 is shown in table 4.1.

The mathematical pattern of a model proposed as a solution for ageing character-
ization in the introduction chapter can be hinted by visual inspection of the pre-
modelling evolution curves in figure 4.1. The asymptotically exponential increase or
decrease are inspired from ageing behaviour reported in previous works on compos-
ite testing [Carraher, 2010, Brinson and Brinson, 2008], specially in the aerospace field
[Tong et al., 1996]. A deeper analysis from a statistical point of view shows a correla-
tion between the absorbed moisture mass and the loss of stiffness (see subsection 4.5).
This statement leads to the replacement of the number of cycles by the water concen-
tration as the time variable in the mathematical model previously suggested. As it will
be explained later in this chapter, the usefulness of this reasoning becomes evident:
it allows to generalize the model to mechanical parts with more complex shapes, and
contributes to the future research on CFRP with an early estimation of the extent of
their ageing using only some basic information about the material constitutive prop-
erties and diffusion coefficients. In the general case, the increase of the total mass
seems regular and few scattered (figure 4.1). It is nevertheless difficult to determine
how this additional mass is distributed across the thickness, and is thus assumed uni-
form.

In a UD configuration, the influence of the polymer matrix and the fibres on the elas-
tic properties are partially decoupled. In our case, among the identified properties,
the longitudinal tensile modulus F; is mostly associated to the carbon fibres, while
E5 and G are related to the epoxy matrix. Two opposite trends could be observed.

First, the longitudinal tensile modulus E; increases over the weeks, as shown in fig-
ure 4.1. The value of ¢; exhibits a clear trend in the first two weeks, followed by a
much more irregular variation around a steady value. Globally, a slight increase was
observed in the tensile modulus ¢; in the longitudinal direction of the plate, at least
during the first phase of the ageing process, although not statistically representative
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(error bars represent the standard deviation). On the other hand, an opposite evolu-
tion of €5 and ;2 can be observed in the examples featured in figure 4.1, and shows a
decrease of stiffness. However, the extent of the loss depends on the ageing protocol
parameters. It can be observed that percentage of loss is about 4% for the D-, 8% for
the EF1-, 10% for the EF2-, and 8% for the H1-series at the end of the ageing process.
In all cases, the loss of transverse bending and shear stiffness is much more significant
than the scattering (as shown by the error bars), which let us suppose that the epoxy
matrix properties are mostly affected.
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Figure 4.1 — Example of evolution of relative mass u, Young s moduli ¢;, €2 and shear
modulus v, for (a) D-, (b) EF1-, (c) EF2- and (d) H1-series.
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4.3 Multi-factorial statistical model

4.3.1 Mathematical model inspired from the Prony series

Itis natural at this point to quantify the effects of the different ageing agents, whether
those are alone or combined, by establishing a multi-factor mathematical model. At
first sight, the trend curves shown in figure 4.1 exhibit an exponential behaviour over
the time (represented by the number of cycles 7). On the other hand, the extent and
the rate of the ageing depend on the temperature, the relative humidity and the UV
radiation intensity. All these arguments taken into account, a mathematical model fol-
lowing the pattern of a Prony series has been established. The mathematical expres-
sion is given by the following equation, in which a linear interaction of the parameters
is assumed:

Y= % = Zai¢i($1,$2,$3)(1 ) (4.3)

o = (I—21)(1—22)(1—x3)
o1 = x1(1—22)(1 — 23)
dy = (1 —x1)x2(1 — 23)
¢3 = (1 —x1)(1 —x9)xs

P12 = z1w2(1 — 23)

$13 = z1(1 —2)73

$23 = (1 —x1)z0m3

G123 = 17273

In equation (4.3), each "basis" function ¢;(z1, z2, x3) represents a series of samples un-
der a given set of environmental conditions z1, x2 and z3 (see table 4.1), Y represents
either m, Fy, Es or G2, and y represents y, €1, €2 Or 715. Physically, the identified con-
stant coefficients a; are the final asymptotic values of the loss/gain, and 10% are the
corresponding time constants (in number of cycles). In other words, this expression
is basically a mathematical model expressing an exponential decay (or rise) of the
constitutive properties of the samples subjected to an accelerated ageing protocol.

Given the strong non-linearity of the model, the result of the identification process
can be sensitive to the initial estimations. The Levenberg-Marquardt least-square op-
timization algorithm was used to find the best fitting parameters. To validate the ro-
bustness of the regression, random initial conditions (the assumed initial values for
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Chapter 4. Multi-factorial model for CFRP ageing

constants a; and b;) were selected on a basis of multiple Monte Carlo simulations, in
order to find a global minimum for the least-square fitting error. The boundaries of
the space of possible solutions are detailed in table 4.2. Twenty-five points, randomly
determined using a uniform distribution were used as initial conditions. The conver-
gence zone for the a; coefficients was very variable and depended on the analysed
y; on the contrary b; coefficients converged almost systematically (with a few excep-
tions) to values around 3.

Table 4.2 —- Domain of initial conditions for the Monte Carlo simulations: 25 points in
the (a;,b;) plane are randomly selected in order to check that the convergence of the
optimization algorithm is independent from the initial conditions.

Coefficients Lower bound. Upper bound. Convergence to
ag, a1, ag,..., 4123 -1 1 a; <0 for €9 and Y12

variable for ;. and ¢;
bo, bl, bg,..., b123 0 10 ~3

The global results are shown in figure 4.2, with the corresponding residuals and coef-
ficients of determination R2. As it can be seen, the fitting quality is very high for , e
and ~;2, while it is considerably lower in the case of ¢;. As it is shown in the following
sections, €; (which represents the stiffness along the carbon fibres direction) shows a
behaviour that cannot be considered statistically interpreted.

An overview of the bar diagrams shown in figure 4.2 shows the clear dominance of
some factors with respect to other. In particular:

— The mass absorption is clearly dominated by the relative humidity (high values for
as,a12,a23 and aqo3, with 2 representing the RH factor). The influence on the mass
by other factors is negligible. It should be noted as well the importance of the inter-
action factors aj2,a23 and aj23, which could be interpreted as the synergistic effect
of the ageing factors.

— Concerning the fibre-dominated relative Young’s modulus ¢;, the dominance of the
constant term a( on the degradation shows that there is not a clear influence of
the ageing factors. Coefficient ag is moreover coupled with an unusually high time
constant by = 5, which can be interpreted as a very low "constant degradation" in-
tervening after around 100000 ageing cycles, independently from the weathering
factors. However, the low correlation in the dataset (given by the determination co-
efficient R?) does not allow concluding that this ageing model is representative of
¢1’s degradation. This statement is further supported by the results in section 4.3.2.

— €9 and 7,2 show similar models, for which all the ageing factors (and more impor-
tantly their interactions) play an important part in material degradation.
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Figure 4.2 - Bar diagrams for identified model coefficients a; for relative (a) mass y,(b)
Young’s modulus €;,(c) Young’s modulus €3 and (d) shear modulus ;5.

4.3.2 Validation of the exponential pattern

The validation of a model can be carried out either by graphical and analytical means.
For the former, a simple way to do so is by establishing a scatter plot displaying a
graphic comparison between the estimated curve and the experimental results of
aged samples as shown in figures 4.3 and 4.4. Visually, it can be observed that the
experimental results are globally well predicted by the model, especially concerning
the ageing of the polymer matrix (tensile modulus ¢; and shear transverse modulus
T12)-

For the analytical validation, a lack-of-fit test is also performed on the global data, in
order to show analytically the goodness-of-fit of the mathematical model. The total
fitting error and its components are defined by equation (4.4)

ZZ(yij_yz ZZ Yij — Yi) +Z§z Yi '!/z
i g

(4.4)
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Chapter 4. Multi-factorial model for CFRP ageing

Stot = SSpe + SSlOf

where y;; is the i*" measurement of the j** sample (in this case the measured value
y is either p, €1, €2 or 712), ¥; is the average over all the samples after 100: cycles, g; is
the prediction for y after 100: cycles, and ¢; is the weighing coefficient which is equal
to the number of samples in the series (then j = 1,...,&;). SS; is the total sum of
squares of the error between the estimated and the measured values, S5, is the sum
of squares due to the pure measurement error and 55, is the sum of squares of the
error due to the "lack-of-fit" of the model, this is the inaccuracy from the "mathemati-
cal" model and the real "physical" model, without the effect of random measurement
scatter. This sum-of-squares method to evaluate the lack-of-fit was intended to be
used on linear models. It has been however demonstrated that this formulation can
also be applied on exponential models [O’Brien et al., 2009].

If the lack-of-fit and the purely experimental errors are independent, the Fischer’s
quotient F' defined by equation (4.5)

. SSlof/Vl

F =
Sspe/VQ

(4.5)

follows a Fischer distribution F(v1,15) withv; = Q@ —p = 79 — 16 = 63 and v, =
N — @ = 193 — 79 = 114 respectively as degrees of freedom. Here, N denotes the
total number of measurements in the dataset, p is the order of the model (the total
number of degrees of freedom for the erroris N — p =177) and @ is the total number
of averages. A hypothesis test is suggested:

(4.6)

Hy : X=0 (ie the new data fit into the model)
Hy : M40  (iethe new data do not fit into the model)

where )\ is defined as the lack-of-fit. With a probability level of 95% (« = 0.05 is the
probability of a false positive, ie the probability to reject the null hypothesis while this
is true), the critical value is F..;; = Fy5(63,114) = 1.43. Below this value, the null
hypothesis H is accepted. Else, the alternative hypothesis H; is accepted. It can be
seen in table 4.3 that H is accepted in all cases, except for ¢;. In statistical terms, this
demonstrates that the data scattering is dominated by the random measurement er-
ror rather than the lack-of-fit of the model in the cases of €5, 712 and u. Along with the
remarkably high values for the coefficient of determination, it can thus be concluded
that the models are accurate enough to represent the ageing of an epoxy CFRP, in the
frame of the previously determined temperature, RH and UV radiation intensity inter-
vals.
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Figure 4.3 — Scatter plot for measurements of D-series samples (D: low 7', high RH
and UV on).
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Figure 4.4 — Scatter plot for measurements of J-series samples (J: low 7', high RH and
UV off).
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4.4. Equivalent moisture absorption in cyclic ageing protocols

Table 4.3 — Lack-of-fit test, along with the coefficient of determination R?, for a total
of N = 193 measurements (@) = 79 averaged), and a p = 16 DoF model. To accept the
null hypothesis, F' < F,,.; = 1.43.

Model Mass Elastic moduli

I €1 €2 Y12
Coeff. of determination R? 0.998 0.845 0.966 0.978
Sum of squares (SS) DF
Total SS 177 0.000464 0.0186 0.0372 0.126
Pure-error SS 114  0.000452 0.0090 0.0328 0.123
Lack-of-fit SS 63 0.000012 0.0096 0.0044 0.0035
A 0.0469 1.936 0.240 0.051
Decision Hy H, Hy Hy

4.3.3 Interpretation of the validation

The first statement after inspecting figure 4.1 is that there is a temporal evolution of
the elastic properties and the mass of the samples, which along with their dimensions
determine their dynamic behaviour. Although the trend seems to initially be evolu-
tion at a constant rate, it is clear that over a long-term exposure to weather conditions,
there is a limit for the degradation of properties. As stated in section 4.2, the exhibited
trend of ¢; is not very clear, since it seems to slightly increase. On the contrary, u shows
a clear increase, and e, and ;2 show a clear decrease.

Physically, €, is associated to the stiffness of the carbon fibres in a UD composite.
However, the carbon fibres are rather chemically and thermally inertial, thus the ob-
served increase of ¢; would not be due to a change in the inner structure of the carbon,
but rather due to a post-curing effect, which has been reported in other cases in the
relevant literature [Akay, 1990]. The changes in e and ;2 are less surprising since
they were expected, after the overview of the state-of-the-art in accelerated ageing
of polymer composites. The loss of stiffness by the polymer matrix is a combination
of several phenomena detailed in the literature, in particular due to polymer chain
de-linking, photo-oxidation, water corrosion, etc.

From the observations made on the scatter plots, the determination coefficient R?
and the corresponding Fischer quotients F' in the previous section, it is safe to state
that the evolution of 4, €2 and 7,2 can be explained by such a mathematical model. On
the other hand, the model for ¢; is not an accurate predictor.

4.4 Equivalent moisture absorption in cyclic ageing protocols

In the previous section, mathematical models based on statistical regression of exper-
imental data have been developed. Unfortunately, they remain uninteresting from
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the experimental repeatability point of view, since they can not be directly applied to
more general cases with other geometries, given that a particular geometry plays a
determining role in several of the ageing mechanisms, such as moisture absorption,
heat diffusion, penetration depth of UV radiation, etc.

In order to remove this dependency on geometry, a first step is to establish a link be-
tween theory and experiments in the moisture absorption. The main interest of doing
so is the determination of "equivalent" constants of diffusivity and saturation mass,
determined for cyclic conditions instead of constant conditions in temperature and
relative humidity.

4.4.1 Diffusion for periodic ageing protocols

The behaviour under periodic protocols is different from those described in the pre-
vious section, since there is a constant charge/discharge cycle going on continuously.
Despite this, the base hypothesis is that the amount of absorbed water oscillates around
alocal moving mean value, that is a fraction of the saturation mass M;. As a reminder,
the simplified isothermal diffusion mathematical model is given by equation (3.3). For
the absorption (charge), we have

M, (At
g (50) o

s T_—
where subscript 1 stands for first cycle. For the first desorption (discharge)
Moo < Aty ) (4.8)
T+

where 7~ = h?/(m®2D_) and 7, = h?/(x?D,), At_ and At, are the corresponding
durations of the low temperature and the high temperature part of the cycle (includ-
ing the transient state), and D_ and D, are the corresponding diffusion coefficients.
Combining equations (4.7) and (4.8) gives

My [ (Bte)] g (A
o))
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4.4. Equivalent moisture absorption in cyclic ageing protocols

For the n'" charge, we have

M/, At_ + 6ty
T 0 <77_> (4.10)

where 6t,, is the time it would take to have a concentration of M,,_; in isothermal
conditions, and it is defined by equation (4.11):

‘5:_” _ ot <—M]\Z—1) (4.11)

where ©7! is the inverse function of © and M, is the mass left after the (n — 1)
discharge. The physical meaning of ¢¢,, is shown in figure 4.5. The corresponding dis-
charge is given by:

M, Aty
A <?) (4.12)

A mathematical sequence can then be defined to determine the absorbed mass after
the n'" cycle:

_ [1 e <%>] o <M> (4.13)
7'+ T_

(MY [y g (At o (Al gt (Mo
() foa(e( e (5)

where f denotes a recurrence relation, where the mass concentration M can be de-
termined recursively after the n'" cycle as a function of the concentration after the
(n — 1)t cycle. In the graph shown in figure 4.5, the amplitude of the oscillation is
exaggerated in order to show the concentrations and time variables. For the ageing
protocols mentioned in this chapter, the discharge phase was much slower than the
absorption phase.

=

=

=

From the expression in equation (4.14), it can be deduced that the absorbed moisture
mass depends essentially on the ratii At /7y and At_/7_. The final value lim M, =

n—oo
My = M, ., (Where eq stands for equivalent) of the mass absorption is given by the

solution of x = f(z). After using MATLAB to solve recursive equation (4.14), the results
for the ageing protocols are summarized in table 4.4. The ratio M, ., /M is asymptotic
(=~ 0.12), representing the upper limit for the fraction of water absorbed at the end of
a given periodic protocol, with respect to the mass at saturation M, in isothermal
conditions.

Concerning the results for humid protocols, it is interesting to see in table 4.4 that
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independently from the exposure to UV radiation and thickness, the equivalent satu-
ration concentrations M ., are similar between the EF1-, EF2- and J-series. The equiv-
alent saturation mass for D is on the other hand much higher. The difference comes
mostly from the difference in the cyclic timing of the protocols, since the cycles in the
D-series have a 2:1 ratio between At_ /At (instead of 1:1 for EF1-, EF2- and J-series).

0 A t_/T_H—» At /T« —»} Stn/’t_ ’4—

Figure 4.5 — Cyclic mass absorption. The variables are those described in equations
(4.7) to (4.14) in subsection 4.4.1: the saturation mass in constant (isothermal) condi-
tions is M, while M, = M, ., is the equivalent saturation mass in cyclic conditions.

4.4.2 Equivalent diffusivity and equivalent saturation mass

The reasoning behind this mathematical development is to compare the results from
both (theoretical and experimental) models for cyclic moisture absorption inside a
structure, obtained from the experimental campaigns, using isothermal and periodic
results, and more important, to see if the parametric model found in section 4.3 is
able to predict accurately the experimental results.

The fitted mathematical model can be used to predict the saturation mass Mj, al-
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4.4. Equivalent moisture absorption in cyclic ageing protocols

though few can be known about the real physical diffusivity. To overcome this diffi-
culty, it is useful to define an "equivalent” diffusivity D., for cyclic conditions.

In order to do so, let us consider the following approximation of the diffusion func-
tion O(z) = 1 — e~ 1:3112°™ 1 _ ¢~ 13181z agit is shown in the graph of figure 4.6. This
approximation has the same exponential form as the terms of the ageing mathemati-
cal model, as it is described in equation (4.3). A link between the theoretical diffusion
and the statistical experimental model can then be established. For the i*" protocol,
we have

1 — o~ L3181t/7 _ | _ ,—n/10% (4.15)

where ¢ is the time (in [s]), n is the corresponding number of cycles, 7; is the diffusion
time constant for the i** protocol (defined in equation (3.3)) and 10% is the time con-
stant in number of cycles of the i term in the mathematical model (4.3). For a single
cycle, n = 1 and ¢ = At, so the following equation can easily be deduced:

7, = 1.3181A¢t - 10% (4.16)

Time constant 7 has been defined in the context of isothermal water absorption by
equation (3.3). Thus, in the case of cyclic absorption, the equivalent diffusivity D., for
the i*" protocol can be defined as:

h2
D eq; —

= — (4.17)
Ty
There are now at our disposal two ways to determine the value of D.,: a theoreti-

cal value D, 4, obtained from a non-linear curve fitting of the recursive absorption
model described by equation (4.14), based on isothermal diffusion parameters and

Table 4.4 — Estimated mass increase for the four series subjected to humid protocols.
M; ., is the equivalent saturation mass for the cyclic protocol and M the correspond-
ing saturation mass under isothermal conditions.

Cycles Temperature Time period Thickness Mass ratio Equivalent sat. mass Saturation mass
Series K] [s] [mm] (cyclic) M5 eq (isothermal) Mg
Neye @ 17 C @ 3 a
T_ T, At_ Aty h Ms.eq/Ms
D 800 278 368 3600 1800 4.04 0.135 0.0106 0.0100 0.0101 0.079 0.074 0.075
EF1 900 318 408 2700 2700 4.23 0.110 0.0059 0.0066 0.0060 0.054 0.060 0.055
EF2 900 318 408 2700 2700 4.02 0.112 0.0064 0.0067 0.0064 0.058 0.060 0.057
] 800 278 368 2700 2700 4.29 0.124 0.0063 0.0066 0.0061 0.051 0.054 0.049

@ Predicted from the fitted model.

b Predicted from the theory.

¢ Mean residual mass, obtained by drying of the samples.
9 Predicted from the experimental result.
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an experimental value D, .., obtained from the cyclic experimental results:

h2

D S — 4.18
COETP T 13 01AE - 100 ( )

These values are compared for all four wet protocols in table 4.5.

---@ (x) =1 —exp(-1.311 x>

— 1 —exp(-1.3181 x)

_______
-
-
-
-

X

Figure 4.6 — Comparative plot show the closeness of the two exponential functions
O(z) =1- e~ 13112075 5041 _ 13181z

Table 4.5 — Comparison between theoretical and experimental estimations of the
equivalent diffusivity.

Fitted model D czp Theoretical D, 4,

Series (cyclic test) (from isothermal data) Rel. Brror %
D 1.27E-12 1.54E-12 21.5
EF1 4.45E-13 5.08E-13 14.2
EF2 4.61E-13 4.93E-13 7.1

J 4.44E-13 5.39E-13 21.5

All taken into account, the theoretical prediction of the saturation mass and diffusivity,
and their experimentally determined counter-parts, are quite close. A fair prediction
of the absorption rate can be done, starting only from theoretical considerations and
isothermal diffusion data. However, it can be observed in table 4.5 that the experimen-
tal diffusion is systematically overestimated by the model.

The graphic representations of the predicted model (in black line), along the fitted
model (red line) and the experimental results (blue dots and error bars) are shown
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4.5. Relationship between moisture concentration and loss of stiffness

in figure 4.7. The plotted results show that the model given by equation (4.14), based
on isothermal absorption data, is able to predict reasonably well the observed exper-
imental cyclic response. The advantage of this "equivalent modelling" procedure is
that the ageing problem can finally be seen freed from the influence of geometry, and
then applicable to a much wider range of composite parts.
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Figure 4.7 — Comparison between the theoretical and fitted models, for (a) D-, (b) EF1-
, (c) EF2- and (d) J-samples.

4.5 Relationship between moisture concentration and loss of
stiffness

4.5.1 Linear regression between mass and elastic properties

In figure 4.8, a certain pattern of correlation between the mass variation and the elas-
tic properties can be observed. Depending on the relative humidity, the evolution of
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the mass depends essentially on the existence/absence of moisture in the ageing en-
vironment. In the graphs, the specimens can be grouped to distinguish 4 categories,
clearly differentiated by their respective ageing conditions: (D- and J-series) with 95%
RH and low temperature, (EF1- and EF2-series) with 70% RH and high temperature,
(G1- and G2-series) with 0 % RH and low temperature, and (H1- and H2-series) with
0 % RH and high temperature. The correlation seen in figure 4.8 highlights the inher-
ent relationship between polymer ageing, water diffusion and loss of stiffness inside
a resin matrix.

More particularly, it shows that the pattern of the stiffness evolution over the time is
similar between ageing protocols that exhibit the same relative humidity, although
the intensity of the loss grows deeper when UV radiation and high temperatures are
applied. It can be deduced that two a priori independent variables are related: the
water concentration and the elastic moduli. In figure 4.8 and table 4.6, linear regres-
sion models for the aforementioned groups (D-J, EF1-EF2, G1-G2, H1-H2) have been
established, including the fitted straight lines and the corresponding Pearson correla-
tion coefficients for each category.

4.5.2 Correlation test

The corresponding Pearson’s correlation coefficients p for each series is given in table
4.6. If the absolute value |p| is close to one, the linear regression is appropriate. A cor-
relation criterion often mentioned in literature is |p| > 0.9. The Pearson’s correlation
coefficient between two statistics variables x and y is defined by the following formula

> (zi — ) (yi — 9)

p= . (4.19)
@m — D)2 (g — )2

9

where z and y symbolize the respective mean values. In this case, let z and y be the
water absorption mass rate i and the loss of stiffness rate (e, €3, 712). A hypothesis test
based on the value of a Student’s t-distribution parameter 6 is carried out to find out
if the correlation, for each series and each elastic variable, is statistically significant,
and can be formulated as follows:

{ Hy : p=0  (iethereisno correlation between variables.) (4.20)

Hy : p#0 (ie there is a correlation between variables.)

The observed parameter is defined as 6§ = p,/ %, following a Student’s t-distribution,
with ¢ — 2 DoE where ¢ is the number of observations per series. The null hypothesis
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Figure 4.8 — Correlation plots between the relative mass p and (a) €1, (b) €2 and (c) v12.
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(no correlation) is accepted if || > 0.x = t,/2(q¢—2). In table 4.6, assuming an « = 5%
probability of type I error (false positive), it can be seen that the null hypothesis is
constantly rejected for e and ~;2, while it is almost constantly accepted for ¢;. This
reinforces our past statements: the modelling of €2 and 12 is appropriate, while €, ’s is
statistically incorrect. To sum up, this shows that the ageing by water absorption and
the decrease of stiffness inside the polymer matrix are correlated.

Since, by definition, the fitted straight lines (see figure 4.8) start always at (1,1), the
regression formula takes invariably the form described in equation (4.21) or (4.22)

M=p—1=A;(y; —1) (4.21)
~—1( 1)+1—1M+1 (4.22)
y’L—AZ/’L _AZ .

where i = 1,2, 3, namely y; stands for either ¢, ¢5 or 712 and A; denotes the slope of
the lines. Physically, A4; is the magnitude of the mass absorption effect on E;, F; or
Go.

Table 4.6 — Results of hypothesis testing on the correlation between ;. and the elastic
properties. If H is accepted, there is no correlation, while if Hj is rejected, there is a
correlation.

Series Number Pearson Student’s t-distribution  Student’s crit. Decision
of meas. p 0 t-distribution
gy €1 €2 Y12 €1 €2 Y12 @ =005 €1 €2 Y12
DoF = qp — 2
D 8 -0.99 -0.99 -0.98 -17.2 -17.2 -12.1 2.31 Hy H; Hy
] 8 -0.999 -0.99 -0.999 -54.7  -17.2 -54.7 2.31 Hy Hy H,
EF1 9 -0.98 -091 -0.95 -13.0 -5.8 -8.0 2.26 Hy Hy H,
EF2 9 -0.93 -0.77 -0.87 -6.7 -3.2 -4.7 2.26 Hy H; Hy
G1 12 0.72 0.82 0.61 3.3 4.5 2.4 2.18 Hy Hy H,
G2 11 0.96 0.91 0.88 10.3 6.6 5.6 2.20 Hy H; Hy
H1 12 0.9 0.93 0.79 6.5 8.0 4.1 2.18 Hy Hy H,
H2 10 0.52 0.89 0.38 1.7 5.5 2.4 2.23 Ho H; Hy

4.5.3 Alinear model for A;

As it has been demonstrated in the previous section, there is a linear relationship be-
tween the mass absorption and the ageing of the polymer matrix, represented by a
decay of ¢z and ;2. Since the time variable is implicitly included in p = mﬂo , the
proportionality coefficient A; should depend on the weathering conditions z; (tem-
perature), zo (relative humidity) and x3 (UV radiation). Thus, a linear model for A4; is
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suggested in the following equation

A(l’l, 9, 1’3) = + Q1T + (65X )] + a3T3 + 1212 + 13713 + A23T2X3 (4.23)

where A(z1, z9, z3) represents any of the coefficients A4; in equation (4.21) or (4.22).

The coefficients A; identified by linear regression are summarized in table 4.7, along
with the corresponding Pearson’s p, computed in subsection 4.5.2. Under the hypoth-
esis that the coefficients of the linear regression follow a normal law, an analysis of
variance (ANOVA) can be then carried out, in order to check the significance of the
different factors in the ageing of the composite. This multi-factorial analysis of vari-
ance (ANOVA) can be performed as described by [Box et al., 2005] and [Montgomery,
2009]. In the context of ANOVA, as it can be seen in tables 4.8 and 4.9, the null hypoth-
esis (the factor is statistically significant) is accepted for «, a3 and a9 for both cases,
and also a9 in the case of v15. Physically, this can be interpreted as follows:

1. Since oy # 0, there is a natural ageing in "normal conditions" (no humidity
nor UV radiation, temperature is cyclic but always under the glass transition
threshold).

2. The polymer matrix is sensitive to temperature («;) and humidity (), and even-
tually a combination of both («;2) for what concerns ~;5.

3. The part of UV radiation is close to negligible, at least with the intensity of the
lamps used in the ageing processes analysed in this chapter.

Table 4.7 — Summary table of data y; = A;(x1, z2, z3) used to set up a linear model with
interactions, along with the corresponding correlation coefficients p.

. €2 Y12
Series x1 9 3 e ; s ;
J 0 1 0 -0.138 -0.99 -0.133 -0.98
D 0 1 1 -0.185 -0.99 -0.164 -0.99
EF1 1 073 1 -0.056 -0.88 -0.057 -0.96
EF2 1 073 0 -0.077 -0.95 -0.065 -0.97
Gl 0 0 0 0.023 0.82 0.024 0.77
G2 0 0 1 0.025 0.91 0.028 0.88
H1 1 0 1 0.007 0.88 0.006 0.81
H2 1 0 0 0.011 0.93 0.010 0.93

4.5.4 Conclusion about the correlation tests

Since ageing and water absorption are correlated, equations (4.21) and (4.22) show
that the time (or the number of cycles) can be replaced by the water concentration as
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Table 4.8 — ANOVA for the linear model with interactions of y, = As(x1, 22, x3), corre-
sponding to e;.

€ Effects SS DoF MS F p-value p<10%
Qg 0.0305 0.0190 1 0.0190 31.06 0.51% Yes
a -0.0294 0.0031 1 0.0031 5.15 8.58% Yes
Q9 -0.1754 0.0377 1 0.0377 61.69 0.14% Yes
Qasg -0.0127 0.0001 1 0.0001 0.18 69.67 % No
12 0.0822 0.0023 1 0.0023 384 12.16% No
13 0.0280 0.0005 1 0.0005 0.77 42.88% No
o3 -0.0200 0.0002 1 0.0002 0.25 64.20% No
Residual 0.0006 1 0.0006

Total 0.0635 8

Table 4.9 — ANOVA for the linear model with interactions of y3 = As(z1,x2,x3), corre-
sponding to ~2.

Y12 Effects SS DoF MS F p-value p<10%
Qg 0.0287 0.0154 1 0.0154 69.70 0.11% Yes
aq -0.0252 0.0024 1 0.0024 10.65 3.10% Yes
Qs -0.1663 0.0330 1 0.0330 149.05 0.03 % Yes
ag -0.0049 0.0001 1 0.0001 0.28 62.72% No
19 0.0804 0.0022 1 0.0022 10.15 3.33% Yes
13 0.0132 0.0001 1 0.0001 0.54 50.35% No
Qo3 -0.0168 0.0001 1 0.0001 049 5241% No
Residual 0.0002 1 0.0002

Total 0.0535 8

an ageing variable. The time variable is then implicitly included in the water diffusion
model, which can be predicted theoretically from the models in subsection 4.4.2.

On the other hand, the A; coefficients depend only on the material and environmen-
tal conditions of the ageing protocol (temperature 7" and relative humidity RH, UV
radiation intensity UV showed to be less harmful) and can be estimated by the linear
model in equation (4.23) with the parameter «; (ANOVA effects) in tables 4.8 and 4.9.

4.6 A prediction method for composite ageing

From a scientific point of view, the multi-factorial model presented in this chapter
can prove to be useful in two ways:

— for characterization and design of experiments, ie for the experimenter to follow a
similar method to characterize other composite materials using different combina-
tions of fibre/resin,
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— for prediction, using this ageing model to estimate the ageing of a CFRP composite
structure with variable geometries, since the effect is known.

For material characterization/design of experiments

Based on all that has been exposed in this chapter, a simple method for establishing
a statistical ageing model for a given material is proposed:

1. By isothermal tests or from material supplier’s datasheet, establish the diffusiv-
ity D and saturation moisture M, Arrhenius’ laws, as in equations (3.4) and (3.6).

2. Determine the parameters of the ageing protocol: time duration of the cycle
(At_, At , At) and the corresponding temperature and relative humidity levels,
in order to determine M, D_ and D by using the model described in section
4.4.1.

3. Build a water absorption model using the recursive equation (4.14), determining
by least squares and equation(3.3) the equivalent diffusivity D., and equivalent
saturation mass concentration M, .,.

4. Design and carry out an experimental campaign, using 2* sample series (where
k is the number of factors to be considered; in this chapter, £ = 3).

5. The parameters « of the simplified ageing model (4.23) for the elastic moduli
of the composite can be then determined by a linear regression, while the perti-
nence of the model can be statistically assessed by an ANOVA.

For prediction

If the ageing model for a material (CFRP or other) is available, the experimenter can
use it to predict the ageing of the analysed structure:

1. Simulate the evolution of water concentration x using an analytical or numeri-
cal model that takes into account the geometry of the part, since the equivalent
diffusion parameters (D, and M, .,) are known.

2. Using linear models (4.22) and (4.23), determine the level of ageing for a given
water concentration state.

4.7 Conclusions about the ageing model

Independently from the microscopic mechanisms of transformation, the hereby pre-
sented mathematical model, based on Prony series, proposed a characterization and
prediction method for a set of simultaneous physical/chemical phenomena that inter-
vene macroscopically on CFRP ageing. The parameters of that model, fitted on the ba-
sis of the non-linear least squares (NLLS) criterion, were determined from experimen-
tal results. However, the application of these results was restricted to samples with the
same geometrical dimensions and proportions. Other state variables can eventually
replace the time variable in this formulation, although keeping the same objective.
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Thus, the main contribution of this chapter is not only to suggest the form of a mathe-
matical model, but also to set this model free from the specific dimensions of the phys-
ical samples that were experimented with. In order to do so, the first step was to study
the link between the theoretical and the experimental results of water diffusion and
mass absorption. Such analysis gave as a result "equivalent" diffusivity coefficients
and saturation masses. The second step proved by statistical means that there is a
correlation between the absorbed moisture and the ageing in cyclic conditions, that
can be related to isothermal ageing properties. The water concentration works then
as a "state" variable for a multifactor ageing model. In this case, the model gets free
from the geometry of the specimen. In other words, based only on the constitutive
properties of a composite material and the features of a cyclic ageing protocol, the
ageing can be approximately predicted. Other state variables can eventually replace
the time variable.

These models are going to be used in chapter 8 to predict the material ageing in a
more complex demonstrator, using the same material and measurement techniques.
This part of the work has been published [Guzman et al., 2014].
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53 Survivability of integrated piezo-
electric PVDF film transducers

5.1 PVDF transducers survivability tests

Part of the continous monitoring method developed in this thesis is the ageing of
the embedded piezoelectric transducers. Indeed, this fact is to be taken into account:
integrated sensors will inevitably suffer the same constraints as the main structure,
and transducer survivability must then be validated as well.

The goal of this chapter is to show experimental results proving that PVDF sensors,
properly manufactured, handled and integrated to a composite structure, are capable
to provide accurate information about the constitutive properties of the latter, even af-
ter exposure to accelerated ageing. As mentioned in chapters 2 and 4, the monitoring
method is based on modal analysis and numerical-experimental identification. The
validation is carried out by comparison between obtained data by PVDF patch sen-
sors and by neutral non-aged sensors (accelerometers), even with the former going
through a demanding long-term accelerated ageing process.

The accelerated ageing protocols for these tests were detailed in chapter 3. Among
all the experimental series described there, four of the harshest environments were
selected in order to analyse the ageing behaviour of the embedded PVDF sensors.
The same ASTM standards (D4672, C581, D1151, D5229, G151 and G154) for polymer
structures testing were applied to all four cases. In order to reveal any loss of sensitivity
or measurement quality due to exposition to ageing factors, multi-stage experimental
campaigns take place.

It was important to carry out experiments under these circumstances, since the main
object of the whole method aims to the use of modal analysis with embedded sensor
networks. On the contrary to static methods, dynamic methods are generally much
better suited for implementation in situ. This is compatible with the purpose of SHM,
since continuous and/or real-time monitoring is aimed. Modal parameters, in partic-
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ular natural frequencies, are extracted from the frequency response functions (FRF) in
the case of experimental modal analysis. Moreover, this constitutes a base for future
development, since SHM may require the use of output-only dynamic measurements
in order to carry out an Operational Modal Analysis (OMA), much more adapted to
in situ monitoring of full-scale aeronautical structures [Ewins, 2000]. The informa-
tion provided by modal analysis is enough for the feature extraction, after what the
inverse identification method allows deducing the mechanical properties of the ma-
terials. Based on the finite element (FE) method, this method takes into account more
complex and non-linear interaction phenomena between several deformation modes
[Farrar et al., 2001, Cugnoni et al., 2007] than analytical models. This family of iden-
tification methods is possible thanks to the currently available computing power of
nowadays processors.

The selected ageing protocols were carried out on sample series C, D, E and F de-
scribed in chapter 2, in a similar way as the protocols in chapter 4 (see table 5.1). It is
important to point out the fact that the maximum temperature is under the Curie tem-
perature of PVDF (around 145 [°C]). Even though the loss of piezoelectric properties is
not necessarily expected, the objective is precisely to check that it does not affect the
quality of dynamic measurements significantly. Processed and analysed data, used
to validate statistically the survivability of PVDF transducers in this chapter, were ob-
tained by means of EMA exclusively.

Data acquired from D-, EF1- and EF2-groups were used to set up the multi-factorial
model established in chapter 4 as well. The details of experimental tests are men-
tioned in section 4.1. Concerning the samples of the C-series, the experiments were
similarly carried out, with the following distinct parameters:

1. The number of cycles between rounds of experimental tests is 98 in this case,
although the last test was carried out at 800 cycles instead of 784.

2. The lowest eight natural frequencies were monitored.

3. The only PVDF patch was located close to the middle. Since it had a reduced sen-
sitivity in the transversal direction, some modes were more difficult to detect.

Table 5.1 — Summary of ageing protocol parameters for all the series: nominal values
(T, RH and UV), the time perios At, the number of cycles N.,. and the number of
rounds.

Temperature Relative humidit UV radiation .
Group  Samples Minp Max Min Max . Min Max At(min]  Neye ¢
C CI-CV 5 95 0 95 0 0 120 800 9
D DI-DVI 5 95 0 95 0 300 90 800 8
EF1 El FI 45 135 0 70 0 300 90 900 9
EF2 EII, FII 45 135 0 70 0 0 90 900 9
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Table 5.2 - Number of sensors used simultaneously for each plate.

Group Sample Accel. Glued patch Embedded patch

C CI-II-II-1V-V 1 1 0
D DI-III-IV-V-VI 1 0 1
EF1 EI, FI 1 0 2
EF2 EII, FII 1 0 2

5.1.1 PVDF film sensors and integration techniques

The PVDF sensors used in the experimental campaign are catalogued as DT1-028K,
manufactured by Measurement Specialties© Inc (see subsection 2.2.2). The reference
sensors were all Bruel&Kjaer© ’s 4517C uniaxial accelerometers. The multi-channel
conditioning amplifier B&K 2692-C was used to amplify the PVDF sensors and ac-
celerometer signals in a frequency band of 0.1 [Hz] - 10 [kHz].

Two types of integration were adopted:

1. A PVDF sensor is considered glued if epoxy or other chemical glue was used to
patch up the PVDF sensor on the surface after the curing process (figures 2.3(a)
and 5.1(a)).

2. On the other hand, it is considered embedded if the integration took place dur-
ing the layup process between two epoxy pre-impregnated (PrePreg) layers, be-
fore the curing process (figures 2.3(b) and 5.1(b)).

In general, both cases are referred to as integrated PVDF sensors. The number of PVDF
sensors glued or embedded per plate is shown in table 5.2.

The weighing of the PVDF sensors, including the lead attachments (no cables), gives
an average value of 0.53+0.01 [g], which is in the same order of magnitude as the
accelerometers. The weight of the glue is much more important: an glued sensor adds
in average 2 [g] of glue. This is why the weighing of the sample before ageing should
be done after the sensor integration. For more details on the sensor influence, see
appendix A.

5.2 Interpretation and analysis of experimental results

5.2.1 Visual inspection of the PVDF sensors

First of all, all the PVDF survived the chosen ageing protocols and they maintained
their sensorial capability throughout the experimental campaigns. During the visual
inspection, the samples did not exhibit particular problems threatening the acqui-
sition of dynamic measurements. The dimensions were strictly measured and com-
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pared, although no significant changes in length, width or thickness were noticed
throughout time. The only noticeable change was a progressive browning of all the
exposed surfaces, including the composite panel itself, as well as the layer of epoxy
glue in the case of surface-attached PVDF sensors.

In the case of glued sensors, only a thin layer of epoxy resin (high temperature Araldite)
glue was used at first to stick the PVDF sensor to the surface. The result is shown in fig-
ure 5.1(a). A problem found in some cases was the absence of any electric signal from
the embedded sensors after the curing process. It is hypothesised this was due to the
electric-conductive nature of carbon fibers that lead to the appearance of a short cir-
cuit between the electric attachments of the PVDF sensors. If the lead attachments
are not electrically insulated, the contact with carbon fibres can establish a short cir-
cuit rendering any signal acquisition impossible. Thus, a layer of electric insulator
(e.g. epoxy) should be applied to protect the electric attachments. Before embedding,
cables should be protected as well, in order to avoid any metallic fatigue leading to
fracture. In our case, shrink sheaths were used as reinforcement in addition to the
electric cable insulator, which solved the problem.

5.2.2 Results interpretation

The relative mass and elastic moduli are noted similarly to the previous chapter: ;1 =
m/mo, €1 = E1/E1, €2 = E2/Es and 12 = G12/G120. The same observations con-
cerning the evolution of water concentration and elastic moduli can be stated from
the results shown in figures 5.2 and 5.3. These curves are constituted by the combined
datasets coming from the integrated PVDF and the accelerometers.

1. In the general case, the increase of the total mass seems regular and not scat-
tered, as shown in figure 5.2, and the shape of the graphs is approximately an
exponentially increasing asymptotic curve. For example, the samples of the D-
group absorb up to 0.3 %, while those of the EF1-group absorb 0.3%.

2. Ej changes irregularly over the weeks (figure 5.2) and exhibits a lot of scatter
(up to 2 % of standard deviation). It is difficult to safely declare that there is a
particular trend since the scattering shown by the results is quite significant.

3. The E5 and Gy, plots exhibit a clear decrease of stiffness of the resin matrix-
dominated elastic moduli. However, the extent of the loss depends on the ageing
parameters. For example, the extent of the loss is 4% for the D-group, and 8%
for the EF1-group after 5 weeks. In all cases, the decrease in relative stiffness is
much more significant than the scattering (as shown by the error bars).
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(b)

Figure 5.1 — Examples of integrated PVDF sensors: (a) Correctly glued (and aged) PVDF
sensors; (b) Correctly embedded PVDF sensors.

5.2.3 Measurement quality differences between PVDF film sensors and ac-
celerometer

Qualitatively, measured FRFs by both accelerometer and PVDF sensors are very simi-
lar after the 900-cycle ageing process as it can be verified in figures 5.4 (a) and (b). g
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Figure 5.2 — Evolution of mass m and Young’s modulus E; in (a) D- and (b) EF1-groups.
Error bars represent the standard deviation.
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Figure 5.3 — Evolution of €, €2 and 72 in (a) D- and (b) EF1-group.
subjected to UV radiation ageing.

Both series were

figure 5.4(a), the two FRF match almost perfectly. In figure 5.4(b), the position of the
peaks is the same, but the amplitude is different over the frequency band. Differences
in the measured dynamic amplitude between the FRFs can be mainly attributed to
the fact that accelerometers and PVDF measure to very different magnitudes (accel-
eration and strain), and are at very different locations on the sample. Anyhow, in both
cases the positions of resonance peaks are observed by the accelerometer and the
PVDF sensor independently of the nature of the measurement.

It is important to point out that in some cases, the pre-amplifier gain had to be ad-
justed to increase the signal-to-noise ratio, to compensate the fading signal some
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PVDF were object of. The compensation at the end of the ageing protocol could reach
a factor of 100 in some cases. This fading could be attributed to the loss of piezoelec-
tric sensitivity, specially since some of the protocols heat up the specimens close to
the Curie temperature.

Since the necessary information about the position of the resonance peaks is not dis-
turbed by changes in the signal amplification, this has no repercussions on the iden-
tification process, and the question of the piezoelectric sensitivy loss was not further
investigated. An example comparison between the parameter estimations obtained
with the accelerometer and the PVDF is shown in figures 5.4(c) and (d), for specimens
EIl and DIV. In the first case, there are differences in some points in estimations of
both ¢; and 19, although globally the measurements follow the same patterns. In the
second case, the results are even more satisfying since the estimations match almost
perfectly, just like the FRF shown in figure 5.4(b).

These results demonstrate that PVDF can perfectly keep measuring correctly the nat-
ural frequencies, even if they are subjected to accelerated (or natural) ageing condi-
tions that affect their elastic properties.

5.2.4 Statistical data analysis: ANOVA

An Analysis of Variance (ANOVA) test remains a useful statistical tool to validate the
equivalence of two stochastic variables, in this case the elastic properties as measured
by the accelerometers and by PVDF sensors. The ANOVA was carried out to demon-
strate the significance (or insignificance) of environmental factors on a PVDF sensor
measurement quality, with respect to measurements coming from a non-aged refer-
ence sensor, in this case the accelerometers. A multi-factorial model, similar to the
one detailed in chapter 4, could be established, which included as basic factors: (a)
the maximum temperature of the cycle, (b) the UV radiation intensity, (c) the integra-
tion technique and (d) the number of cycles. The inclusion of the latter as a experi-
mental factor can be exceptionally be justified in this occasion, since the only goal of
this model is to compare statistically the measurements carried out with and without
using the PVDF sensors.

The linear model with interactions is based on equation 5.1.
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Figure 5.4 — (a) FRF as measured by the accelerometer and the PVDF sensor on DIV
after a 300-cycle ageing period. (b) FRF as measured by the accelerometer and the
PVDF sensor on EII after a 600-weeks ageing period. (c) [e;; €2 ; v12] vs. Time plot as
estimated by the accelerometer and the PVDF sensor in DIV. (d) [e3;€2 ; 12] vs. Time
plot as estimated by the accelerometer and the PVDF sensor in EII.
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Table 5.3 — Equivalence table between real and non-dimensional factor after applica-
tion of equation (5.3).

T[°C] RH [%] UV [W/m?] Total cycles [-]
T T2 I3 Ty
Variable Low High Low High Low High Low  High
Absolute values [5,95] [45,135] 0 300 0 1 0 900
Normalized values -1 +1 -1 +1 -1 +1 -1 +1
4 4
Y = ap+ Z aizi + Z Z Qi+ Y Y Y ipir (5.1)
i=1 j=1 i=1 j=1 k=1

+ A1234L1X2X3T4 — A - X
A = [Ag, A1, Ag, ..., Ais] = [ag, a1, a2,a3, ..., a1234]

x = [l,z1,29,23,..., 21022374

The four independent variables x4, x2, 23 and x4 represent the normalized ageing fac-
tors (table 5.3). In this model, the relative variable ¢ is defined as

e

Yy = (y)Accel - (y>PVDF (5.2)

where the dependent variables y can be either ¢, €5 and ~,,. Physically, y¢ is defined
as the difference between two estimations of the elastic moduli: one coming from
non-aged accelerometers, and one from aged PVDF sensors.

The normalization formula is a bit different in this occasion from the one presented
in chapter 4. Indeed, the normalization operation has been carried out by applying
equation 5.3 to the absolute factors:

2(“ — fb) — Umaz T Umin

t= T;u: #;Au:umaax_umin (5.3)

where v is the absolute value and z is the normalized value between -1 and +1 (no
units). It must be noted that equations 3.10 and 5.3 are similar but not identical, since
they lead to two different normalizations.
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Table 5.4 —-ANOVA tables: S'S = sum of squares, DoF' = degrees of freedom, M S = mean
square, F' = Fischer’s quotient, p = Fischer’s probability function. For these results, the
differences y© where expressed as percentages.

€1 SS DoF MS F p-value 1-—p
Model 91.0 16 5.67 0.45 942% 5.8%
Residual 238.6 19 125

Total 329.6 35

€9 SS Dol MS F p-value 1—p
Model 2239 16 14.0 0.52 90.2% 9.8%
Residual 507.5 19 26.7

Total 7315 35

Y12 SS DoF MS p-value 1-—p 1—p
Model 1265 16 7.9 0.54 89.0% 11.0%
Residual 277.4 19 14.6

Total 4039 35

The test of hypothesis corresponding to this ANOVA can be expressed as:

Hy :0=A; =..= (ieno diff. between PVDF sensors and accel.) (5.4)
H, :dA; #£0 (ie significant diff. between PVDF sensors and accel.)

In this test, the null hypothesis states that there is no significant statistical difference
between elastic moduli as measured by the PVDF sensors and the accelerometers (the
difference between the measurements are due only to random measurement error),
while the alternative hypothesis states that there is at least one environmental factor
affecting the measurement quality of the PVDF sensors. The results are summarized
in table 5.4: the values of p correspond to the significance level of measurement ran-
domness, and 1 — p is the level of significance of a "systematic difference" between
accelerometers and PVDE

The null hypothesis can be proved with an acceptable level of significance. Indeed,
but the most representative are the values of the p-value in the three cases detailed
in table 5.4, 94%, 90% and 89%, corresponding to ¢, e2 and 75 respectively. The p-
value represents the significance level of randomness in the obtained measurements,
which is very high compared the level of significance of a "systematic" drift between
PVDF sensors and accelerometers (5% for ¢; and around 10 % e and 7,2). Thus, this
ANOVA test demonstrates that it is highly probable that the linear model with interac-
tions has little or nothing to do with the differences between estimations of the elastic
properties from both accelerometer and PVDF sensors, and that those are mostly due
to measurement randomness.
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5.2. Interpretation and analysis of experimental results

5.2.5 Conclusions on survivability of integrated PVDF sensors

It has been demonstrated in this chapter that, in principle, PVDF film sensors are able
to survive the integration process, as well as the natural ageing process within the lim-
its stipulated in the previous sections, as long as they are properly handled and inte-
grated. PVDF sensors provide reliable data about the state of the elastic properties of
a composite material widely used in the aeronautical industry such as the carbon fi-
bre/epoxy composite. This conclusion is based on comparisons strictly limited to dy-
namic measurements obtained from PVDF and standard non-aged accelerometers.
The quality of the measurements is judged satisfying and sufficient for the primary
purpose of using PVDF sensors in dynamic non-destructive structural monitoring
process. Some recommendations in future investigation of the integration of PVDF
sensors in aeronautical structures are however worth to be mentioned.

First, the survivability range of temperatures at which the sensors were tested (+5[°C]
to +135[°C]) indicate the temperatures at which the PVDF sensors can be stored for
short periods of time without suffering irreversible damage. This, combined to the
safety storage range of temperatures given by the manufacturer (-50[°C] to +100[°C])
and the known Curie temperature (+145[°C]), allows a safe temperature range span-
ning from -50[°C] to +145[°C] for the use in cyclic ageing applications. Exception
made of some spots (especially those close to the engines), this interval largely encom-
passes the range of temperatures found commonly in airframes, in all flight phases.
However, it is advised that the dynamic testing should still be carried out only with
PVDF inside the working temperatures given by the manufacturer, in this case be-
tween -5[°C] and +100[°C].

This work has been partially published in [Guzman et al., 2013].
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Establishment of a transducer
network: placement strategy

6.1 Motivation

As stated in previous chapters, the full potential of modal analysis can be used only if
an optimal placement of the sensor network is carried out.

The problem of the OSP has been studied widely in the literature. There are many
possibilities concerning the choice of an objective function, and thus the optimiza-
tion results can be very different from one method to the next.

1. Energy-based methods: the kinetic energy method (MKE) [Heo et al., 1997], the
driving-point residue method [Worden and Burrows, 2001], effective indepen-
dence (EI) method [Li et al., 2007], etc. These methods aim in general to maxi-
mize the energy transfer rates between the structure and the transducers.

2. Controllability/observability-based methods: the close-loop method [Giiney and
Eskinat, 2008], the balanced reduced models method [Nestorovi¢ and Trajkov,
2013], etc. Based mostly on space-state dynamic models of the structure, the
look to guarantee the observability/controllability of the structural vibrations.

3. Stochastic methods: the noise-to-signal method [Kirkegaard and Brincker, 1994],
the entropy method [Papadimitriou, 2004], the variance method (VM) [Meo and
Zumpano, 2005], etc. These methods aim to minimize the effect of random vari-
ables in the signal acquisition.

From the methods mentioned above, the first family of methods is very commonly
applied to structural engineering problems (civil or mechanical). Among these, the Ef-
fective Independence (EI) method was proposed by Kammer [Kammer, 1990]. Nowa-
days, this is one of the most reliable methods and used in aerospace applications. This
method was selected to design the transducer network.
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6.2 Effective Independence method for sensor placement

The formulation in this section is inspired from the one presented by [Li et al., 2007],
but is adapted to work with strain mode shapes. The more complex is the shape of
the candidate structure, the more sensors placed in strategic places are needed to
ensure the observation of all lowest frequency modes. As a general rule, the mini-
mum number of transducers needed to observe/control the vibrational behaviour of
a structure depends on the sought modes and their shape. For the dynamic model of
a given structure, OMA identifies the modal parameters: natural frequencies, damp-
ing factors and strain modes. In order to identify correctly the natural frequencies wy
of the £ order and the corresponding modal vectors ¢, (which are the solutions of
the generalized eigenproblem in equation (1.4)), the sensors must be located in the
right locations. The usefulness of a linear discrete model (for example an FE numeri-
cal model, or an experimental discrete model in the sense of EMA) to determine the
couples (wg, ¢;,) is evident, because an optimal placement can be determined before
the manufacturing of the part (with the integrated transducers).

A simple but naive way to place the transducers in the structure is to check visually the
distribution of the strain field for each deformation mode, after a dynamic simulation
of the FE model, and the transducers are placed in the spots showing the maximal
strain deformation afterwards. However, this technique becomes too complex and
resource-consuming when more complex shapes are to be modelled. Smarter and
more sophisticated techniques have been developed over the years, as reviewed by
[Meo and Zumpano, 2005]. These techniques are either energy-based or data amount-
based. Among the former, the effective independence (EI) technique was validated
[Kammer and Tinker, 2004] for aerospace structures and compared to another similar,
called the modal kinetic energy (MKE) method [Li et al., 2007]. The EI was used in this
thesis to solve the OSP problem. An in-house software applying the mathematical
principle behind EI was developed using MATLAB®©.

An index vector K is defined by
K = diag(®®") (6.1)

for the EImethod. In these expressions, @+ = [®T®|~1®T denotes the pseudo-inverse
matrix of matrix ® (®T denotes the transpose matrix), which contains the row-vectors
corresponding to the total number m¢ of eigenmodes ¢, to be observed. In this con-
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6.2. Effective Independence method for sensor placement

text, ® is given by

® = [p)...00-.. )" (6.2)

The diag() operator denotes the vector formed by the diagonal elements of a matrix.
Let us consider a structure with r possible spots, and consequently » DoF in its modal
representation, to which m sensors need to be integrated. After K is evaluated, the ele-
ment with the weakest energy (ie the lowest value of ) is tracked. The corresponding
row is deleted from ® to form a reduced matrix ® (with a rank of » — 1), which is
used to evaluate the next iteration K; of the index vector, based on formula 6.1 for
the EI technique. The procedure is sequentially repeated until the p*” iteration, where
p = r —m: K, has in that case m elements, corresponding to the m optimal spots
where the sensors should be placed.

Asithasbeen demonstrated by [Li et al., 2007] that the EI technique has the advantage
of "renormalizing" the index vector K after each iteration. This is a fundamental point
(and the main reason to have chosen the EI technique over the similar concurrent
MKE method [Heo et al., 1997]), because this renormalization is compatible with the
general case where the modal mass matrix M is not a multiple of the identity matrix
I. Indeed in that case, the index vector becomes for the EI method

K = diag(M'/2&[[M/2®)|TM/2®) 1 [M*/?®]T) = diag(®®™") (6.3)

where M'/2 is the square root of the symmetric positive definite mass matrix M. It
can be seen that K remains independent of the mass matrix in this.

An inconvenient of this approach is found when r is large, ie there are too many DoE,
a condition frequently observed when the analysed model is based on the FE formula-
tion. A simplifying additional step is to turn to a triangular-orthogonal QR decompo-
sition in order to speed up the computation. For each iteration, the (reduced) mode
shape matrix ®;) = QR is decomposed, with the unitary orthogonal matrix Q]
(p; = r — i) and the upper triangular matrix Ry, »,,,- By substituting QR in equation
(6.1), the index vector becomes then:

K = diag(QR[RTQTQR|'RTQT) = diag(QQT) (6.4)
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since QTQ = I}, xp; and can be computed directly through the row norms |Q;| of
matrix Q

K = diag(QQ") = [|Qu1]*, Q2] ..., 1Q: )" (6.5)

This last definition in (6.5) for the EI index is between 4 to 5 times faster than the
classic formulation in equation (6.1).

6.2.1 Note about optimization of PVDF transducers as actuators

Since the inverse energy transformation (electric to mechanical) is possible using the
PVDF transducers, as shown in the literature [Giurgiutiu, 2008, Park et al., 2006], it is
possible to introduce the actuation to the PVDE The optimization problem for actu-
ators shares the same mathematical base as the equivalent problem in sensing. This
means that for a given configuration of the PVDF network, all the modes that can
be discerned can also be excited, and this is due to the symmetric relationship be-
tween mechanical and electric displacement in the fundamental piezoelectric equa-
tions [Tichy et al., 2010]. If for example an EI-optimized PVDF network is considered,
the transmission of the modal kinetic energy is optimized for the whole set of consid-
ered modes. Those can be sensed and excited at the same time.

6.3 Transformation to strain mode shapes

In modal analysis, the framework is generally based on the hypothesis that the dis-
placement (or the acceleration) signals are the available output from the transducer
network. The notions of modal orthogonality and linear independence may be lost if
the modal analysis procedures are indiscriminately used replacing the displacement
mode shapes by the strain shapes. In order to validate the latter instead, a theoreti-
cal derivation (for an FE model) was carried out by Yam et al [Yam et al., 1996], who
showed that a strain mode is an energy equilibrium state as a displacement mode is,
and therefore a modal parameter of the structure.

In an attempt to justify the use of strain mode shapes in the EI formulation, a transfor-
mation function between strain and displacement is suggested. This geometric trans-
formation was detailed by [Foss and Haugse, 1995]: let us consider an FE model with r
DoF (which can be equal to the number of elements) and m°® mode shapes. The modal
strain matrix s and displacement matrix d can be expressed in modal coordinates ¢
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6.3. Transformation to strain mode shapes

through the corresponding modal 3-order tensors &5 and ®4:

Siexr] = Ps[6xrxme]me] (6.6)

di3xr] = Pd[3xrxme]qme] (6.7)

&, and ®4 contain the 6 strain and respectively 3 displacement modal » x m© matrices.
Since in general m® << r, a least-square approach leads to the determination of the
nodal coordinates:

§=®Ts = [®, D 1B s (6.8)

d=®d4P., s =Ts (6.9)

where T3, is the displacement-strain transformation matrix (which is basically a
coordinate transformation matrix). Theoretically, this linear transformation allows a
direct safe-passage between modal strain analysis and modal displacement analysis.
Indeed, let us consider a vibrational response of the candidate structure at the k"
frequency, at a given point, first expressed as a displacement:

d=— ¢)g€jwkt (6.10)

and then as strain:

s = et (6.11)

From these two equations and equation (6.9), it can be deduced that qbﬁ = T¢;, and
consequently 4 = T'®,. Experimentally, the results of modal reconstruction from
strain and displacement data has been demonstrated to be equal [Ewins, 2000, Foss
and Haugse, 1995, Yam et al., 1996] for flat specimens. Concerning the mathematical
development in the previous section, a displacement sub-matrix of ®4 can be safely
replaced by a strain sub-matrix of ®5 (both can be estimated using an FE simulated
vibrational model).

To clarify the notation used in this section, let us consider the strain s;; in the longi-
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tudinal direction. Its modal matrix, in the sense of the EI optimization algorithm, is
noted:

P =& (6.12)

$11 [rxme] 8,11 xrxme]

As it can be seen,®;,, is 2-order tensor (in other words, an r x m matrix), while & is a
3-order tensor. Similarly,

D), = Py o (6.13)
P, = Ps3 (6.14)
P, = Psy (6.15)
Dy, = Py 5 (6.16)
P,y = Ps (6.17)

Concerning the displacements, the notation is equivalent:

Py =Pq, (6.18)
Dy, = Pg (6.19)
P4, = Pq3 (6.20)

6.4 Example: transducer placement on rectangular compos-
ite plates

As an example, the EI method is applied to the case of UD-layup, 300 x 100 x 4 [mm?],
rectangular composite plates, with nominal elastic properties as in table 2.1.

Two optimized configurations were considered in the manufacturing of the samples:
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6.4. Example: transducer placement on rectangular composite plates

1. A "naive" method, which uses the principle of overlapping modes to locate three
locations where the whole set of 8 vibrational modes shows a deformation. Math-
ematically, the optimization vector can be approximated as S, which is given by
the following equation:

S = diag(®s,, ®,,, " + Py, ®s,,”) (6.21)

where S is a vector (similar to ), each component of which is the squared norm
of the total strain on a given location in an FE model (an element for example).
®,,, and ®,,, are sub-matrices of the strain mode shape tensor ®s. The three
locations with the highest coefficients are taken into account. This approach is
based on the Gram matrix theory and is not iterative. Graphically, the same three
regions can be visually estimated by observing the vibration modes, as in figure
6.1. The incovenient of this method is that orientation of the PVDF patches is
not selected rigorously following the maximal strain directions, but rather intu-
itively. In this case, the PVDF patches were oriented "along the border" of the
specimen. The version of the OSP for the accelerometers is,

S = diag(® 4, ®4,7) (6.22)

where 3 denotes the normal direction.

2. Amore sophisticated method, based on the El method and its result in equation
(6.5), where the three spots with the highest coefficients in K are taken into ac-
count. The method is applied to both ®5 and ®4. As for the naive case, K will
focus only on in-plane deformation, ie only the s1; and s23 components of s are
taken into account. Mathematically,

K = diag(®s®") (6.23)

where ®; is given by:

P
P

S11

(6.24)

522

In this case, the longitudinal and transverse directions are decoupled, ie the al-
gorithm will search a optimal configuration by selecting columns of matrix ®..
Depending on the final selection, the column will have to be included in either
®,,, or ®,,,, which is what is going to give it the preferred direction to the PVDF
patch sensor. The version of the EI for the accelerometers is given by

K = diag(®4,®4,") (6.25)

103



Chapter 6. Establishment of a transducer network: placement strategy

where 3 denotes the normal direction.

On an initial approximation, the efficiency of the optimization methods can be the-
oretically evaluated by its ability to discern close vibration modes. For each optimal
placement, the modal assurance criterion (MAC) is computed between each pair of
modes, from the set of evaluated "reduced" FE mode shapes. These reduced modes
can be represented as short vectors ¢, the components of which are only the "observ-
able" components by the sensor network. This reduced mode shapes are often called
operational deflection shapes (ODS) in modal analysis.

To illustrate this, a CFRP plate with the nominal geometry 300 x 100 x 4 [mm?] and
nominal elastic properties in table 2.1 was modelled by FE. The model is discretised in
~ 2 x 2 x 2 [mm?] size elements. Each element corresponds to a single DoF (ABAQUS
computes the interpolated displacements and strains at the center of the element).
The results of both optimization models are shown graphically in figures 6.2 and 6.3.

As it can be seen, three consecutive modes (4, 5 and 6) would eventually have some
modal extraction issues with the naive S-based method, while these apparent issues
are solved remarkably well with the EI £-based method. Concerning a placement op-
timization based on displacement (or acceleration), both methods give indifferently
as the optimal points the corners of the plate under free-free boundary conditions, as
shown in figure 6.4. It should be noted that the MAC matrix for the accelerometers is
more decoupled than the MAC matrix for PVDF sensors, which can be attributed to
the non-orthogonality of strain mode shapes.

Concerning the practical aspects of sensor integration, it is important to point out two
aspects. First, while the punctuality assumption is reasonable for charge accelerom-
eters, the PVDF area is not negligible and by its size it will certainly cover more than
one element. This problem was solved by matching the position of the PVDF sensor
with the selected location. Second, the opposite problem appears if two or more (very)
close elements are selected in the final optimization. In this case, it may be impracti-
cal or even impossible to place the PVDF very close to each other. This is why it is of-
ten preferable to used vibration models with a lower number of candidate locations:
if an FE model is used for the optimization, it would be preferred to preselect a cer-
tain number of candidate locations uniformly distributed, with an average distance
between them that is of the same order of magnitude than the strain sensors. In the
case of the subject plates mentioned above, only 45 candidate locations (9 x 5) were
considered.

Experimental validation of the optimization is detailed in chapter 7.
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6.4. Example: transducer placement on rectangular composite plates

Figure 6.1 - Strain modes and strain levels for each of the 8 evaluated vibration modes.
The regions with higher strain (in red) for each mode are superposed, and three of
them are chosen.
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Figure 6.2 — Configuration 1: S-optimized placement, for 3 strain transducers.
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Figure 6.3 — Configuration 2: K-optimized placement, for 3 strain transducers.
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Figure 6.4 — Optimal placement of a 3-accelerometer network.
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fd Implementation of Operational
Modal Analysis using strain trans-
ducers

7.1 Approach of the problem

The use of OMA based on information provided by a PVDF sensor network is one
of the core topics of this thesis. In this chapter, several aspects and hypotheses men-
tioned in the previous chapters are tested. After a short review on the mathematical
principle of the OMA algorithm used in this thesis, the results of an OMA modal ex-
traction method are compared to those obtained using classic EMA.

Another approached aspect is the robustness of the method with respect to the quality
of the excitation source. Since the theoretical formulation developed by OMA authors
(see section 7.2) assumes a white noise excitation, it would be interesting to check
how the method works out when this assumption is not strictly required any more.
Furthermore, and this is one of the most interesting contributions of this work, the
capacity to compensate a bad structural excitation by transducer actuation is demon-
strated as well. This is a strong point to highlight, since it shows the worthiness of the
method and opens to completely new possibilities for the future on modal analysis.

Additionally, the choice to include an optimal sensor strategy, as the one developed
in chapter 6, in the design process becomes a critical step.

7.2 Operational Modal Analysis: a robust monitoring method

The first proposals of output-only modal analysis came as a response to needs in the
civil engineering domain and the limitations of EMA. Indeed, EMA is a classic modal
analysis method, of which the use is certainly limited to laboratory applications since
careful measurement of the excitation signal is necessary to complete the analysis.
Such a method is revealed to be difficult and often impossible to work out in most
cases when full-scale structures are the study subject.
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In an effort to solve this problem, several methods have been proposed over the years
[Zhang and Brincker, 2005]. Basically, two kinds of approaches can be mentioned:

1. The time-domain approaches, which would be parametric auto-regressive mod-
els [Box and Pierce, 1970], like for example the Extended Ibrahim Time-Domain
(EITD) method [Ibrahim, 1977], the Single-Station Time-Domain (SSTD) method
[Zaghlool, 1980], etc. Among the non-parametric methods, can be mentioned
the Stochastic Subspace Identification (SSI) [van Overschee and de Moor, 1996]
and the Natural Excitation Technique (NExT)[James et al., 1992].

2. The frequency-domain based approaches include the Frequency Domain De-
composition (FDD) method, that has been suggested in the late 1990s and early
2000s [Brincker et al., 2000, Ventura and Horyna, 1997]. They are often preferred
to time-domain methods because of their simplicity and speed [Zhang et al.,
2010]. Considerable improvement has been achieved to increase the accuracy,
passing by several peak-picking (PP) algorithm generations to estimate the natu-
ral frequencies and mode shapes. The Least-Square Complex Frequency-domain
(LSCF) methods have a similar approach as FDD, although modal extraction in
this case seems to be better adapted to FRFs than to PSDs [Peeters et al., 2004].

All of these approaches qualify as candidates for OMA. In the context of this thesis,
the chosen OMA approach is based on FDD and its subsequent updates. It will be
seen in the next paragraphs that, similarly to the experimental modal analysis (EMA)
with the frequency response function (FRF), OMA uses the notion of power spectral
density (PSD) to extract the modal parameters of a dynamic system.

7.2.1 Power spectral density (PSD) and singular value decomposition (SVD)

The fundamental difference of OMA with respect to EMA is the absence of knowl-
edge about the excitation signal x(¢). For the transducer network, the integrated PVDF
patches have been used to acquire multiple signals in order to set up a PSD matrix,
which is necessary to the extraction of the structural resonance frequencies (and the
corresponding mode shapes) of the specimen.

Let us consider the discrete Fourier transform X (w) of the signal x(¢), with a PSD
defined as

2

(At>2 al —iWwEn 2 *
G (wi) = == D wne = (At)? Xg(wi) X5 (wr) (7.1)
n=1

where 7' = NAt is the register time duration (/V is the white noise register length
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and the At is the sampling time) and w;, = 27k/N denotes the k™ frequency line.
The working hypothesis over z(¢) is to assume it as white noise. As it will be seen,
this requirement can be somehow be less strict if some conditions are gathered. By
definition, white noise is statistically uncorrelated. This means that G, (w) is constant
for the given frequency band.

Now let us consider multiple input signals. In this case, a function similar to PSD can
be defined:

Gy (wi) = (A1) X, (i) X3, (wr) (7.2)

Gz, is a cross spectral density (CSD) function, for the input signals z;(¢) and x;(t)
(excitation signal at spots ¢ and 7). If H(wy) is the matrix of EMA FRE a similar PSD
matrix for the output signals can be computed:

ny(wk) = H* (wk)Gm(wk)H(wk) (73)

where y(t) is the measured output signal and G, (wy) is the corresponding output
PSD, H(wy,) is the FRF matrix, and G, (wy) is the PSD matrix of the input signals. The
symbol * stands for hermitian matrix. In the particular case of OMA, G, (w;) = D
becomes a diagonal matrix because of the nature of z(¢) (white noise). The PSD matrix
G, carries all the necessary information about the modal parameters of the structure.
The Single Value Decomposition (SVD) is a mathematical tool that can be be applied
to G, in this case, given its symmetry:

Gyy(wr) = U (wr)S+ (wi) U(wy) (7.4)

where S, is the diagonal matrix of singular values, and the orthogonal matrix U con-
tains the mode shapes. If done correctly, the SVD decomposition gives a diagonal ma-
trix with the diagonal functions ordered in a decreasing order (see figure 7.1). As it
can be stated visually, the natural frequencies are associated to the existence of "reso-
nance" peaks, as for EMA.

Concerning the mode shapes, the question is to know which of the column vectors are
those representing the physical mode shapes. According to [Rainieri and Fabbrocino,
2010], it can be demonstrated that, at the frequency line wy, it is the first column of
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Figure 7.1 — Example of diagonal spectra from a S resulting of a SVD. The vertical
lines are the values of the specimen’s natural frequencies obtained by EMA.

U(wy) that contains most of the frequency domain information (column associated
with the first singular value). This column vector will be denoted u; (wy,) from now on.
This statement could be hinted beforehand by visual inspection of figure 7.1, given
that the first singular value shows most of the frequency domain information as well
(the resonance peaks are clearer).

From the point of view of the modal domain, the singular values can be interpreted
as scaling factors indicating the strength of the associated singular vectors, which are
an estimation of the observed mode shapes. Thus, if two orthogonal modes are very
close, the singular values will rank them in order of strength. This will be reflected in
the frequency domain by the presence of resonance peak in the second singular value
plot. This is one of the most interesting aspects of SVD: it allows discerning very close
modes as long as they are orthogonal (or nearly orthogonal).

7.2.2 Modal Extraction: AutoMAC, the peak-picking algorithm and the in-
fluence zones

An accurate modal extraction requires the definition of the "influence zones" around
resonance peaks.

Let us assume the SDoF hypothesis in this case. This hypothesis can be reasonably
assumed since even in the event of very close modes, those are supposed to be sep-
arated by SVD. In the frequency band around a resonance peak, the influence of a
single mode is much more important than the influence of the others. So, somehow
this influence zone can be defined as the frequency band where the colinearity with
the local mode shape remains above a relatively high value. However, this implies that
the mode shape is known before hand, which is not necessarily the case since the goal
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of modal extraction is exactly that: to find the natural frequencies, the modal damping
and the mode shapes.

Consider a region in the SVD sprectrum where there is a resonance peak. Let us as-
sume that there are results available from an FE simulation, in particular a matrix of
mode shapes Upp.

Mathematically, the modal assurance criterion (MAC) between the numerically sim-
ulated column vectors of Upg, upg(w,), and the experimentally obtained (by SVD)
u; (wy,) lead to the definition of the "influence zone" (m denotes the estimated res-
onance frequency line), which in the sense of the single degree of freedom (SDOF)
hypothesis can be defined by

T
MAC (uy,upg) = W Ure

= > MAC, it (7.5)
lus|[urg|

The threshold value M AC.,;; is usually above 0.9 for fairly discernible modes, although
it should be adopted higher if the modal density increases.

However, as long as a numerical-experimental identification is not pulled out, the FE
model will most probably carry inaccuracies and therefore have a poor contribution
to the modal extraction process. Moreover, if the numerical-experimental identifica-
tion was necessary to calibrate the finite element model every time a change in the
inner structures occurs (pertinently due to ageing or damage), the monitoring pro-
cess would be time-consuming and the OMA would lose its purpose.

For the sake of simplicity, robustness and operational efficiency, OMA has to be as
"self-sustaining" as possible, ie in absence of an accurate FE model or EMA model, or
any other external support, OMA should be capable of estimating the modal parame-
ters accurately by itself.

This problem has been mentioned and analysed by several authors in recent years
[Farrar et al., 2001, Sohn et al., 2004], and proposed solutions are at the root of what is
called the AutoMAC [aes et al., 2008, Rainieri and Fabbrocino, 2010] (see figure 7.3).

As implemented in this case, AutoMAC follows a statistical approach [aes et al., 2008,
Rainieri and Fabbrocino, 2010], which is able to provide an estimation of the natural
frequencies and mode shapes of the most recent state of a structure. It can be de-
scribed by the following steps:

— Arelatively long time signal (from 2-10 min depending on the structure and the exci-
tation level) is first divided in shorter sub-signals. In order to avoid the "leakage" ef-
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Figure 7.2 — Graphic representation of time signal division in sub-signals: local Han-
ning windows are applied to avoid the "leakage" effect.

fect of the Fourier transformation, a conditioning window is applied to every signal,
as represented in figure 7.2. As an example, the Hanning windowing demonstrates
suitable.

— Each sub-signal is subject to an FDD process as described in subsection 7.2.1. The
matrix of singular vectors U,, (wy) is saved, where n is the number of the sub-signal.

— All the U, (wy) vectors are paired to each other, and their respective MAC is com-
puted. Out of all the possible combinations, the mean MAC (M AC),q) and the
standard deviation of the MAC (M AC;,) is computed.

— At the end of this algorithm, a mean value and a standard deviation are at disposal
for each line of frequency i. The frequency bands where M AC,,,q,, is high enough
(>0.8) and M ACj,, is low enough (<0.2) are judged as candidates for the "influence
zones".

The parameters of this algorithm are the total number of sub-signals and the crite-
ria on (M AC),eqn, M AC4). While designing the monitoring process, it is necessary
to think about having long enough time sub-signals (to have accurate SVDs) while
having as many sub-signals as possible (to have a good statistical estimation). In ref-
erence [Rainieri and Fabbrocino, 2010], time signals have typically around 100000-
200000 time samples, measured over ~ 1000 [s]. The choice of the sampling rate will
depend principally on the frequency bandwitdh the user wants to monitor, which in
turn depends essentially on the number of the vibration modes of interest. For exam-
ple, if the upper limit of the frequency band is 2000 [Hz], the minimum sampling rate
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Figure 7.3 — Principle behind AutoMAC: (a) The influence zone is statistically deter-
mined as a continous frequency interval where M AC,cq,, is high and M ACy;, is low.
(b) A resonance peak is isolated and the modal parameters identified, assuming the
SDoF hypothesis (see subsection 7.2.3).
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is given by the Nyquist theorem, ie 4000 [Hz].

Concerning the MAC criteria, they should be calibrated depending on the case. In this
thesis, the calibration of these three statistical parameters is carried out at the "initial-
ization step" (ie before the ageing). In this first step, the OMA signal is compared with
an accurate initial estimation of the vibration model. This vibration model could be
either a previously identified FE model or an EMA model. The minimum M AC},can
and the maximum M acgy can be then fixed for the rest of the monitoring.

Since ageing changes are expected to be slow and gradual, the calibration of the statis-
tical criteria does not need to be recalculated. For the next monitoring iterations, the
previously identified modal parameters can be used as a more accurate initial estima-
tions. Eventually, if two modes are spectrally close, the MAC criterion used to define
the influence zone can be increased depending of the degree of separation. Moreover,
if the resonance peaks are very close, a second resonance peak (corresponding to the
second singular value) will appear.

The statistical nature of the "influence zone" delimitation aims to reduce the influ-
ence of random experimental error on the modal parameters estimation and carries
some inherent advantages. Indeed, the signal-to-noise ratio happens often to be very
low, as much in civil engineering as in aerospace applications. Additionally, the com-
putational effort is reduced because of the reduced size of matrix G, ,; the SVD is
much faster to compute for a shorter time signal.

A few lines are necessary to speak about the possibility of having to face electromag-
netic parasite spectra. As for all piezo-electric materials, PVDF is sensible to this phe-
nomenon. The electromagnetic shielding described in chapter 2 would generally suf-
fice to solve this problem, but sometimes the power transmitted by natural excitation
is somehow still low. In those cases, numerical or analogical filters can be very useful.

7.2.3 Modal Extraction: FDD upgrades

Once the influence zones are delimited, the FDD modal extraction method is applied
(combined with simple peak-picking algorithms). It is important to note that its appli-
cation as described below assumes the SDoF hypothesis for each influence zone. As it
will be seen later, the FDD approach shows a major advantage when multiple modes
appear for one natural frequency, often found in symmetric structures.

The first peak-picking algorithm is almost trivial, since the maximum singular value
of the influence zone is chosen as the natural frequency estimation. A more elabo-
rated scheme comes with the second generation of FDD modal extraction algorithm.
The Enhanced FDD (EFDD) redefines the influence zone delimited inside the SVD
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spectrum. The new local PSD can be defined by the following formula:

Gzy (wi) = u(wm)Gyy(wp)u* (W) (7.6)

where u(w,,) is the singular vector corresponding to the m'* natural frequency, and
wy is the k" frequency line. It can be noted that this expression is close to the one of
the first singular value S 1(w), except that the enhanced PSD Gy, (wy.) depends on a
fixed u(w;,) and not on u(wy). It should be pointed out that Gy, (wy) is not written in
bold letters since it is a scalar discrete function in this context.

Gy, (wy) can be assimilated to a SDoF frequency peak. In that case, applying an in-
verse FFT (IFFT) to Gy, (wi) would give a decay signal or an impulse response function
(IRF), ie the time response of an impulse excitation if this was a fundamental oscilla-
tor [Zhang et al., 2010]. Under this approximation, the common logarithm decrement
technique can then be applied to compute natural frequency w,, (by the count of os-
cillations) and damping ratio 7,, (by the estimation of the decrease rate).

A third generation of the FDD was proposed by [Zhang et al., 2010], called frequency-
spatial domain decomposition (FSDD). It takes full advantage of the SDoF assump-
tion inside a modal domain. It has been demonstrated that locally, the modal zone of
influence can be expressed algebraically by:

(7.7)

2

. 2cm, 2¢mNm
Gy (W) = u(wn)Gyy(w)u  (Wm) Rosw, R < ) =

W= Am _777271+(w—wm)

where )\, is the pole of the function and c¢,, is a proportionality coefficient. The pole
Am contains the necessary modal information, given that \,, = —n,, + jw.,. The de-
termination of these three real constants (¢;,, 7., wy,) is carried out by curve fitting. A
simple estimation error is defined by the following formula:

elwr) = [Gyy(wr) = Goy (@) + (W — win)?) (7.8)
= n?nG;y(wk) + w,%GZy (Wk) — 2wpwm Gy, (W) + wiG;y(wk) — 2CmMm

As before, 7, is the damping ratio and w,, is the natural frequency. In the literature, the
FSDD has shown an excellent performance in damping estimation when compared to
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Figure 7.4 — Application of EFDD to a SDoF peak: (a) local peak, (b) IFFT representing
the IRE
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other frequency-domain (EFDD, pLSCF) and time-domain (NExT, SSI) methods. The
use of the damping factor as a ageing monitoring feature leaves an open question for
future work, although it should be approached cautiously since damping measure-
ments exhibit in general more significant uncertainty than eigenfrequency measure-
ments. From now on, the FSDD is the main approach adopted in the modal extraction
of natural frequencies and mode shapes.

In the case of close frequency modes up to a 65% degree (ie 65% of the influence zone
is estimated to be inside the influence zone of the other peak), the separation per-
formance of FSDD has been evaluated satisfactory [Rainieri and Fabbrocino, 2011] if
only one singular value is taken into account. In the case of coupled/multiple modes,
the second (and eventually third, fourth, fifth,...) singular value is necessary to detect
the presence of the second-order pole. This is one of the strengths of FDD: the SVD de-
composition decouples automatically the mode spaces between them, as well as from
the noise space. The rank of the singular value matrix S, increases with the number
of separate modes.

In order to test the performance of the FDD algorithm described in this chapter, a se-
ries of experimental tests were carried out, of which the results are reproduced in sec-
tion 7.3. Each manufactured sample has a different configuration of integrated sensor
network, based on the optimization process on chapter 6. The number of minimum
sensing transducers was fixed to three, justified by a sensitivity analysis on the vibra-
tion modes in the 0-2000 [Hz] band. The optimization of the sensor placement was
discussed in detail in chapter 6. This frequency band is judged to be wide enough to
contain natural frequencies which allow the correct identification of as many mechan-
ical properties as it is possible using the mixed numerical-experimental identification
algorithm. For the selected samples A to D, the number of these modes is eight.

7.3 Experimental campaign

7.3.1 Placement strategy and specimens manufacturing

To carry out qualitative (visual inspection of SVD curves) and quantitative (error in
the extracted natural frequencies) comparisons between standard (impact hammer,
loud-speaker, accelerometers) and alternative (fan, PVDF transducers) hardware for
modal analysis, progressive evaluation of the OMA method have been tested.

The subject specimens are four different rectangular UD CFRP plates with similar
nominal dimensions as those used for the ageing modelling in the precedent chap-
ters. Each specimen is manufactured in order to validate certain hypotheses such as
the use of a standing fan and PVDF patches as actuators for OMA and the improve-
ment of the placement strategy described in chapter 6:
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1. Sample A using an S-optimized configuration.
2. Sample B using a K-optimized configuration (EI method).

3. Sample C using two configurations: an S-optimized one and a K-optimized one.
The main idea is to compare and experimentally confirm the advantage of the
latter over the former in discerning close mode shapes.

4. Sample D using a double K-optimized network, for simultaneous actuation/sens-
ing. The same configuration has been integrated on both faces.

The placements for all test specimens are shown in figure 7.5.
L=

="
e
‘ _

Figure 7.5 — Transducer placement on the surface of the manufactured samples (the
dotted lines represent the PVDF patches on the no visible side of the plate).

7.3.2 Experimental planning
The specimens are subject to free-free boundary conditions.

The sequence of OMA experiments is summarized in table 7.1. Sample A is used as
a reference to test if OMA is well implemented. Except for the fan, the actuators are
excited using a white noise generator (HP33120A). Sample B is tested to check the va-
lidity of the use of strain sensors to carry out OMA. Sample C is tested to compare the
accuracy of a K-optimized network with respect to a S-optimized one. Finally, sam-
ple D is used to show the usefulness of using PVDF transducers as actuators as well,
as a complement for frequency ranges where the structure is not sufficiently excited
naturally.

The electric signals from the sensors are acquired simultaneously by the PC, which
is equipped by the PCI-MIO-16 card. Concerning the PVDF patches when used as
actuators, they were excited simultaneously, used the same white noise generator and
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the piezo amplifier SQV 1/500. Although this ignores the non-correlation hypothesis
imposed to the input signals z(¢) in the FDD formulation, this worked out surprisingly
well. This reinforces the robustness qualities of this particular OMA method.

Table 7.1 — Test plan: EMA extracted natural frequencies are the reference, while OMA
extracted natural frequencies are tested: IH = impact hammer, Sp =loud-speaker, Acc
= accelerometer, PVDF = PVDF film transducers and Fan.

Sample Test Actuator/Sensor  Optimized configuration
EMA  IH/Acc -
OMA1 Sp/Acc -

A OMA2 Fan/Acc -
OMA3 PVDF/Acc S-optimized
EMA  IH/Acc -

B OMA1 Sp/PVDF K-optimized
OMA2 Fan/PVDF K-optimized
EMA  IH/Acc -

C OMA1 Fan/PVDF K-optimized
OMA2 Fan/PVDF S-optimized
EMA  IH/Acc -

D OMA1 PVDF/PVDF K-optimized

OMA2 PVDF+Fan/PVDF K-optimized

7.3.3 Validation of a standing fan as actuator

A fan produces an airflow that can emulate wind around an air foil, and it is possible
that small vortex of turbulence can work a random sources for excitation. Even if intu-
itively such a flow can be considered as a random source, an experimental validation
is necessary to justify this decision. Thus, a first approach is the direct measurement
of the pressure wave field produced by a spinning fan when compared to known, con-
trolled white noise source.

As stated in chapter 2, a microphone is used to measure the air pressure. The experi-
mental settings are the following:

1. Both sources (TS-1750 loud-speaker and Tristar fan) are located at 60 [cm] of the
M30BX microphone. They work at their nominal power.

2. A band-pass filter for frequencies inside the 0-2000 [Hz] band is implemented
on the LAB1 preamp (40 [dB] of amplification). The sampling rate was fixed to
4000 [Hz].

3. The acquisition time is 20 [s] in both cases.

4. The corresponding PSD for each signal is then computed using an FFT.
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The results are shown in figure 7.6: the graphs show both the time signals and the
corresponding PSD. Several observations can be stated:

— The RMS voltage is comparable for both excitations, and far higher than the ambi-
ent noise level.

— The fan’s PSD spectrum exhibits however a decreasing tend of the energy with the
increasing frequencies: 0 dB at the lower frequencies, while around -90 dB at 2000
[Hz]. The white noise produced by the loud-speaker, as expected, remains almost
constant around -50 dB. The ambient noise level is evaluated at -110 dB at the lower
frequencies, and decreases to -150 dB at 2000 [Hz].

From this, the use of a fan can be validated for application at low frequencies (until
1000 [Hz]). The quality of the excitation for higher frequencies is still acceptable but
the support of a complementary excitation source could be useful. This is were the
PVDF actuators play an important role in the OMA acquisition process.

7.4 Results

7.4.1 EMA results and identification

The extracted frequencies using the FSDD method are summarized in table 7.2. Those
values are used as references to compare the quality of OMA. To carry out EMA, an
experimental mesh of 15 points uniformly distributed on the plate is used (see figure
7.7).

Table 7.2 — Natural frequencies (in [Hz]) identified by an EMA, using an impact ham-
mer and an accelerometer. Several measurements were carried out on each sample,
in order to reduce the scattering (less than 0.1% of standard deviation for each mode).

Sample 1 2 3 4 5 6 7 8
A 237.1 397 600.7 1030.2 1059.1 1147.4 1261.4 1448.8
B 270.1 4472 6834 1162 1199 1322 1414 1677
C 247.1 409.2 6304 1072.6 1097.2 1176.5 1342 1500
D 295.1 433 680.4 1148.2 11924 1246.2 1445 1631.6

In the following subsections, a bias with respect to the EMA frequencies is defined as:

e .
ne JEMA;

1 n® 1 n® L .
= =3¢ = ¥ Z Joma,i — fEMA,: 79)
=1

where ¢; = (foma — femai)/feMas foma: and feuma; are the " order extracted

122



7.4. Results

Noise excitation signals

=

Voltage [V]

|
v

~ environment V= 0.44 [V]
rms

-10r ~ FanV_ =3.67[V]
LSV =354[V]
rms
- 1 5 ! ! ! ! ]
44 4.42 4.44 4.46 4.48 4.5
Time [s]
(a)
Noise excitation spectra
50r
——environment
— —Fan
g 0 l —1LS
= F\W\M
/M ”({ﬂ( |
E wa
4? _50 “ ‘\\
g M’ lf e
;; W \ “M 7' Jﬁ‘.m .w il )
£ -100 Wl ﬂ Hik i thy PN
&
5
2 ~150
[a¥
_200 | | | ]
0 500 1000 1500 2000
Frequency [Hz]
(b)

Figure 7.6 — Random excitation signals coming from the Tristar fan and the TS-
1750 loud-speaker, and compared to the environmental white noise: (a) time signals
(zoomed in) and (b) PSD spectra.

123



Chapter 7. Implementation of Operational Modal Analysis using strain
transducers

1 ®4 @7 @® 10 13 @
®2 @5 ®s Qo 14 Q@
®3 ®s ®o o2 15Q@
L ¥y

Figure 7.7 — Experimental mesh where the nodes are the location of the moving im-
pact point. Accelerometers are located optimally as described in chapter 6.

natural frequencies after an OMA or an EMA, and »¢ is the number of extracted modes.
The normalization is justified by the increasing value of the frequencies and in order
to weigh correctly the measurement scattering. In table 7.3, a hypothesis testis carried
out, where the null hypothesis H is accepted if the bias is not statistically significant,
and is rejected otherwise. The testing variable is defined by

€l

Ue/\/ﬁ

t= (7.10)

where o, is the estimated standard deviation of the bias, and n® = 8. Under the null hy-
pothesis, ¢ follows a t-Student probability law 7'(v), where v = n® — 1 is the number of
degrees of freedom (DoF). The critical threshold ¢.,;; is evaluated with a significance
level of & = 5%, and the null hypothesis is accepted if ¢ < t.,;;. As it can be seen in
the last column of table 7.3, the global results are satisfying since the null hypothe-
sis is accepted in all cases. This means that there is no statistical difference between
EMA/OMA. Moreover, excepting two cases, the standard deviation o, is lower than 1
%, which confirms a satisfying statistical coherence between the two methods.

Table 7.3 - Summary table of the extracted natural frequencies from EMA and OMA,
with the corresponding errors, with o = 5% and v = 7.

Specimen  Test E%] o.[%] t= o 3 NG terit = To(v) Decision
OMAl1 0.359 0.582 1.746 2.365 Hy

A OMA2 0.048 0.359 0.375 2.365 Hy
OMA3 -0.632 1.512 1.183 2.365 Hy

B OMAl1l 0.319 0.421 2.143 2.365 Hy
OMA2 -0.357 0.464 2.180 2.365 Hy

C OMAl1 -0.402 0.721 1.575 2.365 Hy
OMA?2 -0.309 2.003 0.436 2.365 Hy

D OMA1 0.305 0.781 1.103 2.365 Hy
OMA2 0.214 0.451 1.340 2.365 Hy

The graphs in the following subsections represent the SVD spectra corresponding to
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the OMA tests. For clarity, the original SVD have been slightly smoothed to show the
position of the resonance peaks (this was carried out using the smooth function in
MATLAB). The extracted natural frequencies by FSDD are highlighted along with the
previously extracted natural frequencies by EMA.

7.4.2 Reference case: Sp/Acc and Fan/Acc

A reference example is set up in order to verify that the OMA algorithm implemented
agrees with theory and the natural frequencies are correctly identified by the charge
accelerometers and to validate the use of a Intertronic 40CM stand fan as a white
noise excitation source. Three accelerometers were deployed as in figure 6.4. The fan
has a 40 [cm]-diameter propeller, placed at 0.5 [m] in front of the specimen, turning
at ~1000 [rpm]. No 50 [Hz] electromagnetic harmonics are visible in the SVD spectra.
The idea behind the use of a fan is the similarity of this reduced scale excitation source
with the excitation of a plane in a turbulent airflow, a boat in a stream, or a race car
on a track. According to what has been demonstrated in the previous section, the ran-
domness of the air flow and the excitation bandwidth of the fan should be reasonably
acceptable as a random pressure field.

Since the frequencies are more accurate for the fan than for the loud-speaker, its use
can be validated. Moreover, the quality of the graphs in figure 7.8 shows that the OMA
has been well implemented as all resonance frequencies could be determined with
moderate standard deviations (less than 1% in all cases).

7.4.3 PVDF as actuators: PVDF/Acc

This constitutes the first series of OMA with PVDF patches as actuators, while three ac-
celerometers were employed for sensing. As stated in the introduction, PVDF patches
can theoretically excite the structure as strain actuators. As for the loud-speakers, a
white noise generator was used to excite the PVDF transducers.

As it can be seen in figure 7.9, the PVDF patches work well as actuators, giving an ac-
curate SVD plot. However, the modal extraction gives a standard deviation of about
1.51%, which is higher than the error given by the other accelerometer-sensed combi-
nations. As it is investigated in the following sections, this is most probably due to the
"naive" placement of the PVDF sensors, since the network is S-optimized rather than
K-optimized, and is then suboptimal for excitation.
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Figure 7.8 — SVD plot for Sp/Acc and Fan/Acc OMA combination.
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Figure 7.9 — SVD plot for PVDF/accelerometers OMA combinations.

7.4.4 PVDF as sensors: Loud-speaker/PVDF and Fan/PVDF

The second sample uses the PVDF transducers as sensors, with the K-optimized place-
ment for 8 modes. As for sample A, the center line of the fan and the loud-speaker
were placed as close as possible in front of a corner in order to excite as many vibra-
tion modes as possible. The main idea is to show if the PVDF transducer network can
measure signals leading to a modal extraction as accurate as with an accelerometer
network, using the OMA method.

Asit can be seenin table 7.3, the standard deviation of the bias is the same (about 0.45
%) for both excitations, and the same percentage as for the accelerometers networks
(0.58% for Sp/Acc and 0.36% for Fan/Acc). Thus, optimally placed, PVDF transducers
represent then an as accurate option as accelerometers (see figure 7.10).

7.4.5 PVDF as sensors: Fan/PVDF in different configurations

The second feature to be explored is the comparison between the two optimization
methods: based on the norm of strain modes or on the EI method. The C OMAL1 test
is carried out with the PVDF network’s C-optimized configuration for sensing, while
the C OMA2 test uses the S-optimized one for actuation. The idea is to check the
differences between these two methods, using the exact same sample.
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Figure 7.10 — SVD plot for Loud-speaker/PVDF and Fan/PVDF OMA combinations.
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Visually (see figure 7.11), the quality of the SVD plots is the same. However, as it can
be stated in table 7.3, the standard deviation is much higher, in the case of the S-
optimized network (around 2.0%), with respect to the natural frequencies extracted
from EMA, than in the case of the £-optimized one (around 0.72%), making conclu-
sive the improvement provided by the EI method.

7.4.6 PVDF as sensors/actuators: PVDF/PVDF

The experimentation with samples A, B and C have shown that PVDF actuation and
sensing are possible. As final stage of experimentation, it is logic to try one last sample
equipped only with PVDF sensors and actuators. The fourth sample, named D, has
two K-optimized integrated networks of PVDE As it can be seen in figure 7.12, the
signal quality is satisfying.

The D OMAL1 test shows an error level of 0.78%, slightly higher than the aforemen-
tioned results. The second test, D OMA 2, shows a supplementary test which com-
bines PVDF transducers and fan excitation to achieve higher excitation in both lower
and higher frequencies. The inspiration for this test is based on the possibility to use
both natural and artificial actuators (as it would be possible in full-scale structures
and in situ tests): the natural excitation would be the principal source of energy, but
in absence of this, the PVDF complementary network would excite the structure to
continue the OMA analysis. The final result shows a slight decrease of the error to
0.45%, for a PVDF excited band between 1000 [Hz] and 2000 [Hz].

7.4.7 Discussion of the results

A summary of the standard deviation percentages is summarized in table 7.3 and
ranked in decreasing order in figure 7.13.

The first statement about the scattering levels for the OMA tests involving the PVDF
patches is the consistency around approximatively the same values, included in the
interval between 0.42-0.78%, with two notable exceptions: the A OMA3 test (PVD-
F/Acc, 0. = 1.5%) and the C OMA2 test (Fan/PVDE o, = 2.0%). These last two tests
have in common the involvement of a S-optimized PVDF network in actuation/sens-
ing, which could be associated with a lower performance with respect to £-optimized
PVDF network.

Statistically, OMA and EMA can be considered statistically equivalent since the bias
between both is proved insignificant. Concerning the usefulness of these measure-
ments, the accuracy of the measured natural frequencies affects directly the accuracy
of the material characterization, since these are related to the mechanical properties
identification (by a factor of 2). Thus, the difference of the moduli estimation would
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Figure 7.11 — SVD plot for the Fan/PVDF combination, test on two different configu-
rations: S-optimized and K-optimized.
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Figure 7.13 — OMA methods ranked by their performance, in terms of standard de-
viation with respect to the reference method (EMA). Red bars are the cases where
S-optimized networks are involved for sensing or actuation, and green bars are the
cases where KC-optimized are involved for sensing and actuation. The latter show a
better performance from this point of view.

be in the 0.21-0.39% interval. As an example, this would be very small, knowing that
the natural ageing degradation of operational CFRP panels can reach a 10% loss of
the local elastic properties. The efficiency of the technique suggested in this chapter
is suitable for a SHM application.

7.5 Conclusions about OMA with PVDF

From the results stated in the previous section, several statements can be made. The
placement strategy proposed by [Li et al., 2007], introducing the EI technique, im-
proves significantly the accuracy of the natural frequencies extraction from OMA.

As actuators, the PVDF transducers show to be appropriate and suitable for SHM
based on OMA, as long as they are optimally placed inside the composite structure.
About the a priori concern about low stiffness and block force, PVDF film transducers
were capable of producing enough force to bend correctly a CFRP sample and provide
enough power for the sensors to acquire, an ability that increases with the frequency.
As sensors, PVDF provide remarkably accurate results with respect to accelerometers,

132



7.5. Conclusions about OMA with PVDF

confirming with this the results of previous chapters.

The eventual association of PVDF actuation with a natural excitation source (in this
case represented by a fan) shows to be a powerful complementary tool to natural exci-
tation, and is strongly suggested to be explored further and used in SHM applications
using OMA. The results of this chapter have been submitted and are currently under
review [Guzman et al., 2014].
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Application of the SHM method:
Section of a plane wing

8.1 Motivation

The development and validation of the tools proposed in the previous chapters were
carried out with rectangular plate specimens as study subjects. This has been very
useful given the simplicity of the geometry, which is somehow an advantage to prove
the feasibility of the monitoring protocol and the ageing modelling, because of the
inherent simplifications of working with two-dimensional samples.

However, from the operational point of view, composite lay-ups in the industry fre-
quently show more complex shapes and larger geometrical dimensions. This leads
to the increase of the modal mass and modal density in the spectral domain, and
therefore the problem of modal extraction can be a source of inaccuracy. Other prob-
lems include: the increase of necessary computational means to perform numerical
simulations, the design process of sensor networks, the problem of actuation when
structures become larger, etc.

For all of these reasons, it was decided that the SHM tool would be tested on a three-
dimensional demonstrator as a first step to the adaptation of the tool to "real-life"
structures (in the technology readiness level scale, this would be the equivalent to
pass from TRL4 to TRL5). This chapter is a description of the implementation and
consequent results of the application of all the tools constituting the SHM system on
three demonstrators named K, L and M.

The base demonstrator is an open NACA-profile skin (upper surface only), supported
by three symmetric ribs made of CFRP, which are attached using high temperature
epoxy resin glue. Two types of glue were used:

— Araldite©, which was already used for the sensor integration on plates, was used on
demonstrator K.
— EPH573, provided by Suter-Kunststoffe.
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8.2 Monitoring protocol

The suggested protocol for monitoring a structure can be summarized as follows:

1. The specimen is designed with the assistance of computer aided engineering
software, for building the corresponding FE model afterwards: an estimation

from material’s datasheet is used as a first approximation.

2. The FE model is used to simulate the vibrational behaviour of the structure, and

allows designing an optimized sensor network,as shown in chapter 6.

3. Once the position of the sensors is determined, the manufacturing can start.
The sensors are integrated on the structure. Eventual corrections (like local de-

fects or special features) are added to the FE model.

4. Using an EMA technique, the first OMA is validated, and a reference modal
state is acquired. Eventually, if the measured frequencies are very different from
those predicted by the FE model, this one should be updated (by a numerical-

experimental identification or by changing/updating the geometry).

5. The specimen is subjected to ageing.

6. During the ageing, several rounds of measurement take place in order to moni-
tor the degradation process. For each iteration, the following features are to be

extracted:

— Modal parameters: natural frequencies (and mode shapes if possible), using

the OMA method described in chapter 7.

— Mass: in full-scale structures this may be impractical or even impossible. If
the ageing conditions are known, an estimation could be computed from the
diffusion model using the diffusion modelling method described in chapter

4.

7. After each iteration, the experimental data is used to identify the elastic moduli,
which will be used as ageing indicators, using the procedure describe in chapter

2.

8. The user can decide on the base of this information if operating the structure is

still safe enough, or how long the structure can still operate.

The demonstrators described in the following sections are monitored following these
steps. In addition, but only for validation purposes, EMA is carried out at each round
in order to validate the use of OMA in these three-dimensional structures. Also, the

mathematical ageing model developed in chapter 4 is validated.
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8.3 Design

8.3.1 NACA profile and structure choice

The NACA 2412 profile shown in figure 8.1 has been chosen given its frequent use
in the aeronautical industry. The demonstrator is designed to be close to a full-scale
structure, similar for example to the one represented in upper figure 8.2. It represents
the internal structure of a common wing, featuring longitudinal (spars) and transver-
sal (ribs) reinforcing parts. The demonstrator specimens include only the latter, in or-
der to simplify the analysis and manufacturing. Thus, the demonstrators exhibit the
following features:

The demonstrator is straight all along, with no dihedral angle nor sweep.
Only the upper skin is included.
No spars are included.

The ribs are symmetric. This is, the camber line is a horizontal straight line.

ok L=

The ribs are located asymmetrically along the extrusion, at 3%, 75% and 97% of
the length.

The limiting factor on the size is the size of the climatic chamber. The adopted dimen-
sions are:

— Length: 580 [mm]
— Chord: 250 [mm]
— Thickness(average): 3 [mm], for both skin and ribs.

These dimensions are represented in figure 8.1.

8.3.2 Finite element model

The main difference with respect to the plates is the use of more adapted solid and
shell elements. The adopted element types depend on the region, and they were cho-
sen following the distribution shown in figure 8.3:

1. In the light blue zone, C3D20R (hexahedral) and C3D15 (triangular prism) ele-
ments make part of a unstructured mesh.

2. In the light gray zones, C3D20R elements make part of a unstructured mesh
(extra-dos skin) or a structured mesh (ribs) .

3. In the green zones, only C3D15 elements.

4. In the red rib-skin interfaces, shell S4R elements to simulate the glue. It is impor-
tant that these elements are given a thickness (in this case, 0.5 [mm)]), in order

137



Chapter 8. Application of the SHM method: Section of a plane wing

— 0.03
€ 0.02 =
50.01 /\
>_ O L L L L L L L L
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
X [mm]

N\
————
o~
S NTTTON

Figure 8.1 — NACA 2412 profile.

to include transverse shear in the formulation, as in the Reissner-Mindlin plate
theory [Reddy, 1984].

5. The reduced integration is used to avoid locking, and hourglass control is in-
cluded.

6. The simulation is run under fully free conditions.

7. In total, the FE mesh consist of 79379 nodes and 11427 elements, of which:
— 10656 C3D20R (=~3[mm)] sides, 1 element across the thickness),
- 576 C3D15 and
— 195 S4R.

8. In this case, the elements are in general more degenerated than in the plate case,
but a preliminary analysis with ABAQUS shows no zero or negative volume ele-
ments.

The identified elastic properties using the numerical-experimental identification al-
gorithm, before starting the ageing process, are shown in table 8.1. These values are
slightly different from the nominal values given in table 2.1 for the plate samples, most
probably due to the geometry imperfection. However, this does not constitute a real
problem, since the ageing is always monitored with respect to the initial identified
value.

An isotropic material model is adopted for the glue. Since no accurate information
of the mechanical properties is provided by the manufacturer, it is assumed that the
elastic moduli of the glue can be approximated by those dominated by the epoxy resin
in the composite material, namely the transversal Young’s and shear moduli. The ad-
vantage of this approach is that the ageing characterization will take into account the
ageing of the glue as well.
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Figure 8.2 — Above: example of the internal structure of a wing (photo source: Wikime-
dia). Below: numerical model of the NACA 2412 profile demonstrator, with the ribs
integrated to the upper skin.

The use of unstructured meshes and glue modelling were introduced after errors in
the numerical-experimental identification were detected in preliminary simulations.
This shows the importance of the accuracy of the FE model before the ageing mon-
itoring starts. It is advised to run several simulations, in order to make sure of the
robustness of the identification loop:

— Verify the FE model is correctly meshed: no aberrant elements, absence of hour-
glass modes/membrane locking, correct number of natural frequencies computed.

— Verify the inverse method: verify that the convergence of the optimization is inde-
pendent from the initial conditions, select correctly the sensitive elastic properties
that can be identified by the algorithm, select an appropriate objective function.

The simulated vibration modes are shown in figure 8.4. It can be seen that they are
similar to plate modes, since the ribs show little deformation. It can be deduced that
the optimal place of the sensors is exclusively on the skin. The seven lowest-frequency
vibration modes are considered.
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Table 8.1 — Identified elastic properties before the ageing process. It can be noticed
that the directions 2 and 3 have been interchanged. For further details, see subsection
8.3.6

Specimen K L M  Estimation
p kg/ m3] 1402 1400 1400 Defined (*)
E, [GPa] 93.2 96.6 98.7 Identified
E> [GPa] 8.7 8.7 8.7  Estimated
E5 [GPa] 751 7.40 7.36 Identified

V12 0.3 0.3 0.3  Estimated
" 113 0.38 0.38 0.38 Estimated
V93 0.03 0.03 0.03 Estimated

G2 [GPa] 3.8 3.8 3.8 Estimated
Gi13[GPa] 3.86 3.63 3.48 Identified
Ga3 [GPa] 2.25 2.25 2.25 Estimated
(*) Mass density fixed by the experimenter.

Figure 8.3 — Coloured regions by element type.

8.3.3 Ageing protocols

The three demonstrators were subjected to similar ageing protocols as the rectangu-
lar plates. One of the purposes of the demonstrators was to validate the statements
made at the end of chapter 4, concerning the possibility to generalise the CFRP ageing
model to other geometries via the estimation of water mass absorption. The adopted
protocols are summarized in table 8.2.

1. All three protocols include humidity as a factor, and none of them includes UV
radiation.

2. The water mass absorption and the consequent degradation are predicted by
the multifactorial model described in section 4.5.3.

3. Demonstrator L was subjected to an ageing protocol already used in the past.
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33.250 [Hz] 100.54 [Hz]

177.53 [Hz] 228.81 [Hz]

267.90 [Hz] 332.32 [Hz]

381.38 [Hz]

Figure 8.4 — Simulated numerical vibration modes of the demonstrator.
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4. Demonstrator K was subjected to an ageing protocol close to one already used
in the past. The reason behind subjecting it to such low humidity (15%) was to
check if the prediction ability of the multifactor model would work even under
very low humidity.

5. Demonstrator M was subjected to a completely new protocol, which is in the
mid-point between two protocols already used.

6. The monitoring rounds occured every 100 cycles.

The results of the protocols, if accurate, would allow validating several hypothesis and
statements from the previous chapters, in particular the diffusion model (chapters 3
and 4), the multifactor ageing model (chapter 4) and the survivability of the PVDF
sensors (chapter 5). Furthermore, the validation would imply that the multifactorial
is adapted even in cases with different ageing protocols to those carried out in the
past.

Table 8.2 — Summary of ageing protocols for the demonstrators. Monitoring rounds
were carried out every 100 cycles. For all protocols, At = At_.

Temperature Relative humidity
Series T [°C] RH [%] Neye At [min] ¢
Min Max Min Max 2
45 135 1 0 15 0.16 1000 60 11
L 5 95 0 0 95 1 1000 90 11
M 25 115 0.5 0 50 0.53 900 90 10

8.3.4 EMA with impact hammer and Polytec interferometer

As in the case of CFRP plates analysed in the previous chapters, EMA is used as a refer-
ence modal analysis method in order to accurately measure the natural frequencies.
Given the complexity of the geometry and the high modal density, it was decided to
use two different EMA techniques: the impact hammer-based technique which was
used in previous chapters, and the Polytec interferometer-based technique. The rea-
son is that the Polytec offers the advantage to be semi-automatic, and allows measur-
ing the displacement of a large number of points, and consequently giving an accu-
rate overview of the vibration modes. These experimental modes can be easily com-
pared to their numerical counter-parts.

As an example, the first seven modes that are shown in figure 8.5 were measured on
the L demonstrator. It can be seen that they correspond to the observed modes in the
FE simulation. The same modes were observed using the impact hammer, as seen in
figure 8.6.

The corresponding measured FRF plots are shown together in figure 8.7, including
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the extracted natural frequencies (the first plot shows the eighth natural frequency as
well, which is not taken into account in further analysis). It can be verified that the
differences between the extracted frequencies are not significant (the relative error
is less than 0.7% in all cases). Consequently, during the ageing process, only the im-
pact hammer technique is used to perform EMA, which results are compared to OMA
results.

A A

33.44 [Hz] 100.00 [Hz]
185.00 [Hz] 228.75 [Hz]
272.81 [Hz] 331.88 [Hz]

385.19 [Hz]

Figure 8.5 — Example: Experimentally observed vibration modes of the demonstrator
L, using the Polytec interferometer.
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33.42 [Hz] 99.31 [Hz]

183.7 [Hz] 229.0 [Hz]

269.9 [Hz] 334.6 [Hz]

387.1 [Hz]

Figure 8.6 — Example: Experimentally observed vibration modes of the demonstrator
L, using the impact hammer.
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Figure 8.7 — Example: Experimentally measured FRE for demonstrator L, using (a) the
Polytec interferometer and (b) the impact hammer setup.

8.3.5 Numerical-experimental identification using vibration modes

The geometrical complexity and the high modal density (many vibration modes with
close natural frequencies) make it difficult to rely only on the simulation of natural
frequencies to identify accurately the elastic properties of the composite. The main
reason: changes due to the ageing can cause natural frequencies to get to close to
each other, to the point they are no longer accurately discerned. It can even happen
that the order of the vibration modes is permuted during the ageing.
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These (likely to happen in full-scale structures) eventualities considered, a new iden-
tification strategy has been proposed, that includes the comparison between the nu-
merical and experimental frequencies, and adds an extra element to the objective
function: a comparison between the numerical and experimental mode shapes via
the MAC, which measures the colinearity between mode shapes. The objective of this
criterion is then the mode pairing, to associate the FE simulated and the experimen-
tally measured modes. The new objective function is given by the norm of the error
matrix e:

€ = [arer,apmacemac] (8.1)
i = fi,FE — fi,Exp
’ fi,Eap
emac = 1—MAC(¢; pg, Pipap)

where f; and ¢; denote the i** natural resonance frequency (in [Hz]) and its corre-
sponding ODS (as measured by the sensors or simulated in the location of the sensors
in the FE model). The error vectors € and e, 2¢ are the frequency and MAC error vec-
tors respectively. The weighing coefficients oy and ajrac depend on the incertitude
level of each norm. In this case, the incertitude (given by the standard deviation) on
the relative frequency has been estimated to around 1%, while the one for the MAC
quotient is around 10%. As specified by [Cugnoni et al., 2007], the higher the incerti-
tude, the lower the value of this coefficient must be. In the same reference, are advised
ay = 1 and aprac = 0.05. Exaggerated high values can lead to a numerical instability
of the optimization algorithm. The low value adopted for a;4¢ reduces the role of
MAC in the identification process to simple mode pairing, in order to gain some ac-
curacy in the material identification. More over, the error propagation due to MAC is
estimated to be low (10% x 0.05 = 0.5%).

8.3.6 Local orientation of elastic properties

The material orientation is another fundamental aspect that has a particular approach
in this case. In order to be coherent with which has been said in previous chapters and
consequently use the conclusions about ageing modelling, it is necessary to adapt the
conventions established earlier.

As in the case of plates, the thin shells manufactured for the demonstrators are uni-
directional, with the fibres in the longitudinal direction for both upper skin and ribs
(axis 1). The main difference with respect to the rectangular plates is that (for techni-
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cal reasons) the transversal direction is tagged with number 3 this time, and normal
axis is tagged with number 2. This change in the orientation implies that indexes 2
and 3 are interchanged: F, and G2 moduli are replaced by F3 and G13 for the demon-
strator. As it can be expected, F5 and (13, along with E, are the elastic moduli that
have the most influence on the dynamic behaviour of the structure. This is confirmed
in subsection 8.3.7. Concerning the ageing evolution of the composite, F; is domi-
nated by the ageing of the carbon fibres and the carbon fibre/epoxy interfaces, while
E5 and G135 are dominated by the ageing of the epoxy resin.

Since the upper surface of the demonstrator is curved, local reference frames need to
be included in the computation of the optimal placement locations. Indeed, the PVDF
sensors are chosen to be fixed on this surface. The orientation is defined in figure 8.8.
This local material orientation is also used to define the material properties in the FE
model of the demonstrator.

Figure 8.8 — Local orientation frames on the upper surface: red = 1, green = 2, blue = 3.

8.3.7 Sensitivity analysis

Another consequence of the geometrical complexity is the influence of orthotropic
elastic moduli on the natural frequencies and vibration modes. The curved shape and
the presence of transversal (asymmetrically disposed) ribs may change considerably
the order (and shape) of the vibration modes with respect to rectangular plate sam-
ples with similar dimensions. The vibration modes are also very asymmetrical, as it
can be observed in figures 8.4, 8.5 and 8.6. In such conditions, bending and torsion
stiffness cannot be attributed so easily to a given set of elastic properties. Thus, a sen-
sitivity analysis is necessary, and has been carried out for the demonstrators with the
method described in subsection 2.3.3.

Furthermore, a sensitivity analysis is particularly important for another reason. By
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means of the statistical study of error propagation, a sensitivity matrix becomes a
tool to estimate the uncertainty in the identification of elastic properties, based on
the natural frequencies dispersion measurements (standard deviation for example).
Thus, sensitivity works as a proportionality coefficient between standard deviation of
the independent variables (natural frequencies in this case) and dependent variables
(elastic properties), as referred to in equation (2.12).

For demonstrators K, L and M, the sensitivity matrix elements are represented in fig-
ure 8.9 using a bar diagram. It can be seen in this case, that only four elastic moduli
have a significant influence in the vibrational behaviour of the structure: F1, E3, G12
and Gi3. For the sake of simplification, influence by G is neglected since even it is
significant (for the first vibration mode), its influence is much smaller than the others.

In further sections, only F;, E5 and G153 are considered. This was somehow expected,
since the whole geometry of the demonstrators is constituted by thin parts.

Sensitivity plot

Normalized sensitivity

Modes Engineering constants

Figure 8.9 — Sensitivity coefficients for the demonstrators.
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8.3.8 Optimal placement

The El-based OSP tool developed in chapter 6 is adapted to the demonstrator:

1. The interchange between indexes 2 and 3 is included in the computation.

2. For technical reasons (number of channels in the HP35670A dynamic analyser),
it was preferable to find a network configuration using only three accelerome-
ters. As it can be observed in figure 8.10 (a), the vibration modes are satisfyingly
discerned. Indeed MAC coefficients between all consecutive modes are lower
than 0.5, which is acceptable in these circumstances (spectral separation is at
least 40 [Hz]). This configuration was successfully applied to the demonstrator,
consequently with the results shown in figures 8.6 and 8.7(b).

3. Similarly, for the number of PVDF patches, a minimal configuration allowing
a MAC coefficient lower than 0.5 for two consecutive modes was aimed. Direc-
tion 1 (longitudinal) was preferred since the demostrator was most likely to be
bended in this direction at the lowest frequencies (the ribs make the demon-
strator stiffer in the transversal direction). Thus, in this case, the EI algorithm
described in section 6.2 is applied using ®,, as modal matrix. The result of the
optimisation process is a network of five sensors, which are located as shown in
figure 8.10(b). The quality of spectral separation is satisfying, as it will be shown
in subsection 8.5.4. Indeed, the optimisation is applied to the demonstrators (K,
L and M), in sensing as well as in actuation (only M).

8.3.9 Manufacture

For the demonstrators, the manufacturing of the demonstrators included the use of
a high temperature epoxy resin glue. The PVDF patches are integrated following the
optimised locations mapping presented in subsection 8.3.8.

As for the rectangular plates, the center of the patches corresponds to the points lo-
cated by the optimisation algorithm. The integration is carried out on the inner sur-
face of the skin, mainly because it makes easier the handling of the axial cables, but
also because it would be more likely to adopt that configuration in a full-scale struc-
ture. As an example, photos of the manufactured specimen are shown in figure 8.11.

In the case of demonstrator M, one additional PVDF patch per location is integrated.
These additional patch is part of the actuator network. The actuators are oriented in
direction 1 as well.
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Modes number

Modes number

Modes numbsr

1 2 3 4 5 8 7
Modes number

(b)

Figure 8.10 — Optimal placements, as computed for the demonstrators, using (a) 3
accelerometers and (b) 5 PVDF sensors.
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‘

(@

(b)

Figure 8.11 — Photos of a manufactured demonstrator (L).
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8.4 Experimental monitoring

As explained in section 8.3.7, the ageing monitoring is focused on the evolution of
three elastic moduli, as it was in the case of the rectangular plates. For the sake of
coherence with which has been told previously, the results are going to be expressed
as the ratio between current values and initial values.

= € = — (8'2)
Y1 1 Euwo
Ej
= ey = —2 (8.3)
Y2 3 Eso
G13
Y3 Y13 G1so

The evolution of these three dimensionless magnitudes is surveyed and subsequently
compared with the ageing model, in order to verify its validity. Simultaneously, the
performance of the OMA method developed in this thesis is compared with and vali-
dated by the parallel measurements using the impact hammer EMA.

8.4.1 Online monitoring

The online monitoring is carried out in a similar way as for the previous chapters:

1. Monitoring frequency: as stated previously, the modal parameters are measured
and recorded every 100 cycles, with the ageing protocol ending after 1000 cycles
(900 cycles for M). The tests were carried out at room temperature, after a cool-
ing down period of some minutes for the demonstrator.

2. Performed analyses: EMA is carried out with 3 accelerometers optimally placed
as in figure 8.10(a). OMA is carried out with 5 PVDF sensors optimally placed as
in figure 8.10(b). The mass is measured using a Mettler-Toledo weighing balance
which has a resolution of 1 [g]. For weights over 200 [g], it was not possible to
have a better resolution.

3. Sample sizes: for EMA, n = 15 average FRFs were experimentally acquired, which
gave 15 independent estimations of the natural frequencies. For OMA, n = 15
because every signal is divided in 15 sub-signals (see chapter 7), which allows
obtaining 15 estimations for each natural frequency.
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8.5 Results

8.5.1 Moisture absorption

The absorption is measured by change of mass in the specimen. The results of the
monitoring are plotted in figure 8.12, along with the predicted curves using the ab-
sorption model described in chapter 3. The "infinite" plate approximation is better
suited in this case since the thickness (3 [mm)]) is even smaller than in the previous
cases, and a larger surface (skin and ribs) is exposed to the humidity absorption. It
was expected to obtain a more accurate prediction.

The error bars represent in this context the uncertainty related to the minimal resolu-
tion of the weighing balance (1 [g]), expressed as a percentage of the total weight of
the sample. It can be seen that the prediction curve passes consistently inside the un-
certainty intervals. There are two exceptions to this rule: some of the last weightings
of demonstrator L et M. This slight underestimation can probably be explained by the
error induced by infinite plate approximation. Despite this, very satisfactory results
are obtained by the prediction model. This allows to validate the cyclic diffusivity D,
estimation method developed in section 4.4.

8.5.2 Statistical comparison between EMA and OMA

The results of the ageing monitoring are shown in figure 8.13. Each marker repre-
sents the mean estimated value for €3 and 7,3, separetely by EMA and OMA. The error
bars represented the corresponding standard deviations (over 15 independent esti-
mations).

In a similar way that it was approached in chapter 5, it is necessary to compare sys-
tematically all data provided by accelerometers and sensors. However, the presence
of two additional factors (sensors and modal analysis type) increases the complexity
of an eventual ANOVA.

The analysis proposed here is more simple from the computational point of view and
is justified by its objective: globally only a comparison between two methods: a ref-
erence method EMA carried out with non-aged sensors, and a subject method OMA
carried out with integrated aged sensors PVDE without any attempt to analyse the
factors of the difference.

This simplified approach allows using a simple hypothesis test adapted to this case.
The objective is then to compare, at each data acquisition round, that EMA and OMA
data are statistically equivalent in terms of the identified y;. In order to do so, a Welch’s
t-test is carried out. The test of hypothesis is formulated as follows:
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Figure 8.12 — Water mass absorption prediction, and measured using separately EMA
and OMA, for demonstrators (a) K, (b) L and (c) M.
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Figure 8.13 — Ageing of (a) K, (b) L and (c) M as predicted by the ageing model, and
measured using separately EMA and OMA.
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Ho :vyipma=vyioma (ieOMAand EMA yield equivalent results.) (8.5)
Hy :yiema# viioma (ie OMAand EMA do not yield equivalent results.)

where y; a4 and y; oara denote indifferently yo = €3 or y3 = ;3 as evaluated after
EMA and OMA respectively, at the i measurement round. The test estimator ¢; is
given by:

~ yiEma — yiomal

ti= 2 2
9 EMA + 9 0MA
N, EMA N, OMA

(8.6)

where the y; _, 0, — and n; _ are the mean values, the standard deviations and num-
ber of measurements for EMA and OMA. This stochastic variable follows a two-tailed
t-Student distribution. To approximate the number of DoF for this distribution, the
Welch-Satterthwaite equation is used:

2 2 2

(o (o
LEMA  TioMA

i, EMA ni,0MA

4 4
9, EMA + 9, 0MA
2 2
n; paa(mieMa—l)  niopa(nioma—1)

v, &

(8.7

This value is rounded up to the closest integer. For this given v, the critical value is
estimated by the inverse t-Student distribution function t..; = T~ !(v|a), where a-
value is the probability of refusing the equivalence between EMA and OMA data if
this is true. Thus, for o = 1%, if t < ¢+, Hp is accepted. The results are summarized
in tables 8.3 to 8.8.

It can be seen that the null hypothesis is generally accepted, except for a few tests. In
those cases, the statistic ¢t does not exhibit an extremely distorted value. The differ-
ences between OMA and EMA can be attributed to minor factors like differences in
the experimental setup (eg different testing supports on some occasions).

As a conclusion, EMA and OMA can be judged equivalent from the statistic point of
view, which confirms the statement of the visual inspections of the plot graphs: the
EMA and OMA are not significantly different. Both series of results are considered in
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the following section as part of the global experimental results.

Table 8.3 — Welch'’s t-test for E5 of demonstrator K.

Cycles Nb. of meas. Mean €3 Std. Dev. Tests
Neye  MEMA  MOMA YEMA  YOoMA OEMA OOMA t v terse  Dec.
0 15 15 0.00 0.00 0.89 0.61 0.00 25 2.79 Hy
100 15 15 -8.48 -8.13 0.90 0.71 1.18 27 277 Ho
200 15 15 -10.36 -10.49 0.71 0.67 0.52 28 2.76 Hy
300 15 15 -10.69 -11.04 0.81 0.57 1.38 25 2.79 Hy
400 15 15 -11.00 -11.30 0.82 0.63 1.12 26 2.78 Hy
500 15 15 -11.34  -10.90 0.57 0.77 1.75 26 2.78 Hy
600 15 15 -11.71  -11.21 1.06 0.75 1.51 25 2.79 Hy
700 15 15 -11.18 -11.81 0.79 0.77 221 28 276 Hy
800 15 15 -11.77  -12.01 0.74 0.62 097 27 277 Hy
900 15 15 -11.40 -11.83 0.72 0.77 1.56 28 2.76 Hy
1000 15 15 -11.72  -11.38 0.73 0.61 1.36 27 277 Hyp
Table 8.4 — Welch'’s t-test for G153 of demonstrator K.
Cycles Nb. of meas. Mean 713 Std. Dev. Tests
Neye  MEMA  MOMA YEMA YOMA OEMA OOMA t v teie Dec.
0 15 15 0.00 0.00 1.14 0.76 0.00 24 2.80 Hy
100 15 15 -12.05 -12.20 1.18 0.79 041 24 2.80 Hy
200 15 15 -14.78 -14.70 1.43 1.03 0.18 25 2.79 Hyp
300 15 15 -15.48 -16.39 1.17 1.17 213 28 2.76 Hy
400 15 15 -16.23 -15.84 1.21 1.03 095 27 277 Hy
500 15 15 -16.55 -15.33 1.03 1.07 3.17 28 2.76 H
600 15 15 -15.64 -16.67 1.22 0.97 257 27 2777 Hy
700 15 15 -15.94 -16.79 0.95 0.88 255 28 2.76 Hy
800 15 15 -16.74 -16.42 1.18 0.91 084 26 2.78 Hyp
900 15 15 -17.25 -15.78 1.43 0.93 333 24 2.80 Hi
1000 15 15 -16.86 -16.48 1.68 0.88 077 21 2.83 Hy
Table 8.5 — Welch’s t-test for E5 of demonstrator L.
Cycles Nb. of meas. Mean €3 Std. Dew. Tests
Neye  MEMA  MOMA YEMA YOMA OEMA OOMA t v terit Dec.
0 15 15 0.00 0.00 0.40 0.95 0.00 19 2.86 Hyp
100 15 15 -4.40 -4.32 0.48 0.81 0.34 23 281 Ho
200 15 15 -5.47 -5.04 0.40 0.74 2.02 22 282 Hy
300 15 15 -5.15 -5.24 0.46 0.75 043 23 2381 Ho
400 15 15 -5.63 -5.47 0.51 0.78 0.66 24 2.80 Ho
500 15 15 -5.40 -5.82 0.26 0.51 2.84 21 2.83 H:
600 15 15 -5.68 -5.31 0.48 0.86 1.47 22 2.82 Ho
700 15 15 -5.42 -5.56 0.46 0.59 0.70 26 2.78 Hyp
800 15 15 -5.50 -5.36 0.55 0.73 0.60 26 2.78 Hy
900 15 15 -5.48 -5.22 0.40 0.89 1.04 19 2.86 Ho
1000 15 15 -5.76 -5.58 0.55 0.73 0.78 26 2.78 Ho
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Table 8.6 — Welch’s t-test for G135 of demonstrator L.

Cycles Nb. of meas. Mean 3 Std. Dev. Tests
Neye NEMA NOMA YEMA YOMA OEMA OOMA t v terie  Dec.
0 15 15 0.00 0.00 0.72 1.23 0.00 23 2381 Hy
100 15 15 -4.70 -4.87 1.07 1.37 038 26 278 Hp
200 15 15 -5.57 -5.38 0.60 1.66 0.43 18 2.88 Hp
300 15 15 -5.87 -5.48 0.89 1.30 096 25 279 Hp
400 15 15 -6.14 -5.92 0.94 1.33 054 25 279 Hp
500 15 15 -5.81 -5.22 0.83 1.00 1.75 27 277 Hp
600 15 15 -6.14 -5.38 0.86 1.22 196 25 279 Hp
700 15 15 -5.78 -5.75 0.62 0.92 0.09 25 279 Hy
800 15 15 -6.28 -6.06 0.76 1.18 059 24 280 Hp
900 15 15 -5.58 -5.81 0.74 1.46 054 21 283 Hy
1000 15 15 -7.17 -6.23 0.88 1.99 1.67 19 286 Hp

Table 8.7 — Welch’s t-test for E5 of demonstrator M.

Cycles Nb. of meas. Mean €3 Std. Dev. Tests
Neye NEMA NOMA YEMA YOMA OEMA OOMA t v terie  Dec.
0 15 15 0.00 0.00 0.56 0.65 0.00 28 276 Hp
100 15 15 -7.63 -7.00 0.59 0.56 296 28 276 H;
200 15 15 -8.58 -8.97 0.90 0.85 1.23 28 2.76 Hp
300 15 15 -9.00 -9.38 0.85 0.87 1.19 28 2.76 Hp
400 15 15 -9.50 -9.67 0.90 1.04 050 27 277 Hp
500 15 15 -9.20 -9.65 0.95 1.03 1.24 28 2.76 Hp
600 15 15 -9.65 -9.21 0.89 0.96 131 28 2.76 Hp
700 15 15 -9.29 -9.86 1.05 1.04 1.50 28 2.76 Hp
800 15 15 -9.81 -9.52 1.13 1.02 0.75 28 276 Hp
900 15 15 -9.47 -9.34 1.21 1.02 030 27 277 Hp

Table 8.8 — Welch'’s t-test for G153 of demonstrator M.

Cycles Nb. of meas. Mean 713 Std. Dev. Tests
Neye  MEMA  NOMA YEMA YOMA OEMA OOMA t v terir  Dec.
0 15 15 0.00 0.00 1.09 1.00 0.00 28 276 Hp
100 15 15 -8.26 -7.56 1.37 1.48 1.34 28 276 Hp
200 15 15 -9.22 -9.86 1.92 2.07 0.88 28 276 Hp
300 15 15 -9.26  -10.27 2.19 2.17 1.27 28 276 Hp
400 15 15 -9.28 -9.62 2.73 2.06 038 26 278 Hp
500 15 15 -10.15 -10.22 2.06 2.26 0.09 28 276 Hp
600 15 15 -10.77  -10.50 1.88 1.48 0.43 27 277 Hy
700 15 15 -11.15 -10.58 2.35 2.36 0.66 28 276 Hp
800 15 15 -11.08 -10.75 1.85 1.54 053 27 277 Hp
900 15 15 -12.04 -11.59 1.34 1.54 0.85 27 277 Hy
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8.5.3 Ageing prediction based on the multifactorial model

The multifactor ageing model proposed at the end of chapter 4 has been used to
predict the evolution of the elastic moduli as a mean to characterize ageing due to
weathering agents. As a reminder, this model is based on the correlation between
degradation and moisture absorption in the CFRP sample. The water concentration
becomes a "state" variable, and thus the ageing is characterised by a moisture absorp-
tion model (equation 4.14) combined to a linear multifactor model with interactions
(equation 4.23).

The global experimental results can be seen in figure 8.14 for ¢35 and ~;3. This time,
the experimental uncertainty is given by the standard deviation (error bars). At first
glance, the same statement as for the water mass absorption prediction can be re-
peated here: the prediction is in all cases inside the uncertainty interval defined by
the error bars.

However, in this case, the uncertainty comes from a dispersion of the measurement.
The standard deviation allows running a hypothesis test to validate more objectively
the fitting of data into the ageing model, a statistical problem for which a goodness-
of-fit test would be the most appropriate. Although this hypothesis test is based on a
linear model assumption, it is for example mentioned by [O’Brien et al., 2009], that it
is possible to adapt this test to the simple exponential model case.

The test of hypothesis can be expressed as follows:

Hy : The new data fit into model. (8.8)
H,; : Thenew data do not fit into model.

The goodness-of-fit test statistic to evaluate this type of hypothesis is the Fisher F-
test, similar as the one carried out in section 4.3.2. The Fisher statistic is given by the
following equation:

. SSpe/yl

F =
SSlof/V2

(8.9

where vy, = Q —p =9and v, = N — @ = 319 (except for demonstrator M, for which
v =Q—p=8andw, = N — @Q = 290) are the DoF of the lack-of-fit and the pure error

159



Chapter 8. Application of the SHM method: Section of a plane wing

sum of squares respectively. ) = 11 is the number of monitoring rounds, N = 330
is the total number of measurements. The number of parameters of the model p = 2
(one asymptotic value A and one time constant b). The sum of squares are given by:

Z Z(yij 92 =Y (i —w)’ + Z &G — i) (8.10)

iJ

Stot = SSpe + SSlOf

The statistic F' is assumed to follow an F-distribution. Assuming a confidence level of
98% (ie there is a 2% probability to make a type I error, which means to refuse the null
hypothesis even if the dataset fits into the model), F.,;; = Fj.02(9,319) = 2.23.

The results of the test are summarized in tables 8.9 to 8.11. The null hypothesis is
accepted in most cases. However, in the cases where the null hypothesis is rejected,
the F-value does not exhibit a totally divergent value. This goodness-of-fit could be
hinted by visual inspection of figures 8.14(a),(b) and (c), since the drift between mean
measured values and predicted values at each round is significantly lower than the
standard deviation. Although the data measurements do not fit exactly in the ageing
model, it can be stated that at least there is agreement in the trend and there is no
excessive difference.

Table 8.9 — F-test for demonstrator K.

Variable SSj,;  SSpe F  F.; Dec.
€3 27.85 289.75 2.52 223 H;
Y13 54.84 636.37 2.21 2.23 Hj

Table 8.10 — F-test for demonstrator L.

Variable SSj,;  SSpe Fr  F.,; Dec.
€3 3.85 195.99 0.51 223 Hj
Y13 25.38 620.42 1.07 223 H,

Table 8.11 — F-test for demonstrator M.

Variable 55),; SSpe F  F.; Dec.
€3 30.00 406.09 1.96 2.23 Hj
Y13 149.30 1704.83 2.23 2.23 Hy

8.5.4 Sensing and actuation with PVDF transducers

This subsection focuses essentially on demonstrator M, which is the only equipped
with two sets of PVDF transducers in order to perform sensing and actuation simulta-

160



8.5. Results

K (Goo%ne?s—of]—fit test)

ycles [—
9 200 400 600 800 1000 s
E3 (EMA+OMA) |~
L > G1 3 (EMA+OMA)
__E, (prediction) !
—GH (prediction)
& 10.95T
g \_’D
g z
2 >~
& 109 L
[a]
% E E E % } —10.85
-2 0.5 1 1.5 2 2.5 3 35 08
Time [s] < 10°
(a)
L (Goodness—of—fit test)
Cycles [-]
200 400 600 800 1000
2(‘) ‘ ‘ ‘ 'E, (EMA+OMA) |
> G]3 (EMA+OMA)7
7E2 (prediction)
_G] 3 (prediction)
_ b ; 40.98
g T
g | oo
E 4 B N ) _ ) 0.962
5 \j r It
j*)
[a) 3

|
%
> »®
\
= E
o
]

_ | . | | .
1% 1 3 4 5 P
Time [s] <10°
(b)
M (Goodness—of—fit test)
Cycles [-]
20 IQO ZQO 3Q0 490 SQO 6Q0 7Q0 SQO 9QO 1.02
F E, (EMA+OMA) |~
> G]3 (EMA+OMA){1
__E, (prediction) 0.08
_G] 3 (prediction)
_ : 10.96
R —
= I
g 0.94—
=} =
E f . <
g - - 10.927,
g" >
3 7 10.9
> p -
10.88
I 0.86

. . . . .
2.5 3 35 4 45 50‘84
Time [s] 6

()

Figure 8.14 — Plot of ageing prediction curves corresponding to (a) K, (b)L and (c) M,
and overall measured data (includes EMA and OMA).
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neously.

It is important to check the performances of PVDF transducer networks as valid ac-
tuators. The discussion in section 6.2.1 concluded that the optimal actuator network
has an optimal placement identical to that established from the sensing point of view.
This statement was experimentally validated in chapter 7, for the case of a rectangu-
lar plate. Among the drawn conclusions in the same chapter, it was stated that the
"natural" excitation sources (as the fan) started to show a decreasing ability to ex-
cite high-frequency modes, even if the implementation was successful for the plates
anyway. On the other hand, PVDF actuators were expected to show good excitation
performances rather in the high-frequency part of the spectrum, since their blocking
force is very limited due to their high compliance.

In the case of rectangular plates, it was determined that both excitation sources (PVDF
patches and fan) provided enough energy to the plate for the natural frequencies to
be sensed. However, given the size and weight of the demonstrator, it is possible that
each of these two excitation forces exhibits lower performances due to higher modal
masses. In order to answer to this question, it was proposed to evaluate the perfor-
mances of each actuator separately and combined. Indeed, a synergistic cooperation
between the two actuators (PVDF patches and fan) can eventually improve the modal
extraction accuracy.

In order to do so, an experimental campaign was designed as follows:

1. Three rounds of signal acquisition by the PVDF sensor network take place.
2. At each round, non-aged demonstrator M is excited during 5 minutes.

3. For the first round, the demonstrator is excited only by airstream of the fan. In
the second, only the PVDF actuator network is the source of excitation. Each
patch receives an uncorrelated white noise signal. The third round is a combi-
nation of both.

4. The experimental conditions are identical to those mentioned in chapter 7, ex-
cept that the acquisition frequency band is reduced to 1 [kHz], which still en-
globes the frequencies of interest.

Like for the rectangular samples in chapter 7, the average biais between OMA and
EMA results is statistically tested. It is assumed that the decision statistic ¢ is defined
by equation (7.10), and follows a t-Student distribution, with v = 6 DoE The adopted
level of significance is & = 5%.
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Results

The results are summarized in table 8.12. The SVD plots and extracted frequencies are
shown in figures 8.15 to 8.17. As it can be seen, the corresponding extracted frequen-
cies are relatively close. Visually, some observations can be stated:

— Natural frequencies are satisfyingly extracted from the SVD represented graphically
in the figures, in all cases. The hypothesis tests accept in all cases the null hypothe-
sis, ie the extracted frequencies by OMA and EMA are statistically equal.

— As expected, the higher natural frequencies are less excited by the fan, while the low
frequencies by the PVDF actuators. For the latter, the lowest natural frequency (=33
[Hz]) shows a weak amplification.

— In spite of the acceptation of the null hypothesis in all cases, the accuracy of the
three excitation methods can be evaluated by comparing the mean relative differ-
ence with the reference, and the standard deviation. OMAS3 exhibits a lower mean
difference with EMA and a lower standard deviation (more accuracy).

From these statements, it can be concluded that a combined OMA including PVDF
integrated actuators and external excitation forces represent an improvement with
respect to an individual excitation from the point of view of the accuracy.

Table 8.12 — Statistical ¢-tests comparing EMA with OMA. The null hypothesis is ac-
cepted in all cases.

Test el%l o [%] t=_ 3 7 terit(a,v)  Decision
M OMA1 2139 2.752 2.057 2.447 Hy
M OMA2 -1.728 5.101 0.896 2.447 Hy
M OMA3 0.764 1.167 1.731 2.447 Hy

8.6 Conclusions about SHM method applied to the wing sec-
tion

In most aspects, the application of the SHM method on the demonstrators has shown
very satisfying results. The transition between the rectangular plates and the NACA-
profiled demonstrator has brought under the spotlight some elements to be taken
into account in future developments. Can be emphasized:

1. The need to use a numerical model of the structure as accurate as possible.
For example, the inclusion of glue as a thin film layer contributed to improve
enough the accuracy of the elastic properties identification.

2. Increasing geometric complexity has shown also that the natural frequencies
may not be sufficient to constitute a satisfying objective function for the identi-
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Figure 8.15 — SVD for demonstrator M, where the excitation is given by the fan.
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Figure 8.16 — SVD for demonstrator M, where the excitation is given by the PVDF ac-
tuator network.
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fication algorithm. The closer the modes, the more difficult it becomes to spec-
trally discern one mode from another during the identification process. It is rec-
ommended in the case of (even slightly) complex geometries to include an ad-
ditional comparison term, such as in equation 8.1, between mode shapes. MAC
has shown to be an appropriate criterion.
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Figure 8.17 — SVD for demonstrator M, where the excitation is given by the fan/PVDF
actuators combination.

3. The excitation provided by the PVDF transducers shows some difficulty to ex-
cite correctly the low frequencies. Indeed, the SVD plot in figure 8.16 shows less
discernible resonance peaks. Although the statistical validation has shown an
equivalence between EMA and PVDF actuators-only OMA, it is important to
highlight that the extraction of lower frequencies may be inaccurate. This could
turn out to be problematic since it is expected that full-scale structures show
lower natural frequencies (often less than 20 [Hz] for the most representative
in aircraft [Smith and Shust, 2004]). In spite of this, PVDF transducers can work
as outstanding actuators at higher frequencies. It is then recommended to use
a PVDF actuator network rather as complementary source of excitation. Even-
tually, other alternatives can be considered, like the use of several piled PVDF
patches or thicker one layer PVDF patches in order to increase the block force.
Depending on the application, other actuators (for example PZT patches) could
carry out this task.

Globally, the SHM method has been successfully applied to the demonstrators K, L
and M, and leads the way to an in situ validation in the future.
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Conclusions

9.1 Synthesis

Several aspects of weathering, composite ageing and structural monitoring of com-
posite were addressed in this thesis. The state-of-the art concerning the monitoring
methods for aeronautical structures shows that there is room for potential improve-
ment from the economic and safety points of view.

The method developed in this thesis is composed by several tools which are combined
synergistically to constitute a monitoring system in its own right. These tools were de-
signed taking into account the damage-tolerant design approach in the aeronautical
industry, were proposed as original solutions to the particular problem of survey of
CFRP structures using PVDF film networks, and were validated individually and then
as part of the global method.

A standard method for artificial weathering has been developed. The artificial ageing
protocols were inspired from results published in the literature, in particular about
the ageing on real operational airframe, and artificially aged specimens as well. Con-
cerning this matter, this thesis has focused on the influence of three factors on the
ageing of CFRP specimens: exposure temperature, relative humidity and UV radiation.
Most importantly, the problem this thesis has originally dealt with, is the influence of
these factors simultaneously, which is an innovation with respect to most of what has
been done until now.

The goal of artificial ageing is to subject the specimens to controlled ageing protocols,
in order to observe changes in some of their macroscopic properties. A systematic
study of the ageing process from the macroscopic point of view has been thus carried
out on the rectangular specimens. Its main goal has been the establishment of a para-
metric mathematical model to express the evolution of elastic moduli (in particular
those dominated by the epoxy resin) as a mean to monitor the ageing state and the
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structural health. The mathematical model is established by means of the DoE statisti-
cal methods (specially ANOVA). This formulation includes the actions of the different
ageing factors and more importantly, their interaction. From this point of view, an
important and novel contribution is the use of the correlation between water concen-
tration and degradation. A consequence of this has been the substitution of time by a
state variable (water concentration) to characterise the ageing state of a structure. The
purpose of this operation was to generalise the Prony series ageing model (dependent
on the geometry), to a multifactor ageing model (which can be applied independently
from the geometry).

The PVDF technology is a relatively new technology for strain measuring, and rep-
resents an interesting alternative to other dynamic sensors currently in use. Proving
the survivability to the ageing conditions was essential to justify their integration in a
composite structure, given that the solution of an integrated transducer network was
most suitable to fulfil the robustness and rapidity requirements of SHM. Although the
sensitivity and the piezoelectric constants were not specifically monitored, it was im-
portant to make sure that they could provide valid electric signals nevertheless. The
validation has been carried out by comparing the ability of PVDF sensors to provide
quality signals, which can prove to be as accurate as those from non-aged sensors
and can open the possibility of a massive use of low-cost integrated PVDF sensor net-
works for structural monitoring applications. The statistical approach is used for this
comparison, giving satisfying results about the survivability of the sensors within the
frame of the designed ageing protocols.

In order to measure the elastic properties while following a line of thought compati-
ble with SHM, it was suggested and inspired from literature, that the vibrational be-
haviour of the structures could provide information about its internal properties. In-
deed, the physical fundamentals at the core of vibrational behaviour are given by
the wave propagation theory, which proves that structural stiffness can be indirectly
measured by the measurement of the vibrational features, with the mass distribution
as an intermediary. However, the orthotropic nature of CFRP makes more complex
this problem, and an identification algorithm intervenes to solve it. The method em-
ployed here was adapted from a numerical-experimental identification algorithm pre-
viously developed by several authors, which minimizes the difference between exper-
imental and FE simulation results in order to identify the best estimation of the elas-
tic properties. The objective function involves the natural frequencies and the corre-
sponding vibration mode shapes, which constitute the "features" mentioned in the
SHM axioms as information vehicles about the internal health of the structure. More-
over, the complexity of the vibration mode shapes is consequent with geometrical
complexity of the specimen, and a sensitivity analysis was included in the identifica-
tion process in order to determine quantitatively how the elastic properties are related
to the natural modal parameters (natural frequencies and vibration modes).
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Concerning the acquisition of structural data and extraction of these features, in this
case the modal parameters, an output-only modal analysis (OMA) was privileged,
since it carries inherently the attributes of robustness and rapidity. Moreover, the inte-
gration of low-cost sensors implies the possibility to carry out real-time (or real-near
time) monitoring, which is an important step improving the monitoring capabilities
on full-scale structures, especially for operational and safety reasons. In recent years,
the use of output-only analyses has been justified by the difficulty (or even impossibil-
ity) to perform classic static or dynamic tests (like EMA) to extract information about
the state of the structures. Among the proposed solutions, the frequency domain de-
composition (FDD) technique was chosen because of the simplicity of its formulation
and the remarkable results reported in the literature. This method uses the notion of
singular value decomposition (SVD) to extract the necessary information exclusively
from the output sensors. As an original contribution, this method was successfully
applied to the rectangular specimens as well as to NACA-profiled demonstrators, and
this using several sensor/actuator combinations. Again, besides the visual inspection
of the results (exposed as plot graphs of the SVD), the success of the implementation
has been evaluated by statistical means.

Another aspect of the transducer network implementation is obviously the problem
of the spatial distribution of the sensors, as well as other design parameters like the
number of sensors and the design criteria. The optimal placement problem has been
extensively treated in the current state-of-the-art, including formulations based on
the use of strain sensors. Among the different approaches, a simple energy-based
method was chosen: the effective independence (EI) method, which was adapted to
the specific case of strain patches, which has been a relatively few investigated prob-
lem. The success of the implementation has been proved and validated through the
experimental tests carried out on the rectangular plates and the demonstrators. The
latter showed that the method was applicable to more complex geometries than a
simple flat plate.

Finally, the surveillance technique of a global SHM method has been proposed, which
regroups all the elements mentioned above: the design of ageing protocols, the estab-
lishment of a multifactorial model, the verification of transducers survivability, the
optimal placement of a transducer network design and optimization and feature ex-
traction by OMA. By its constitution, the solutions it proposes and its systematic ap-
proach, this method can be presented as original.

9.2 Concluding statements
Let us recall the main objective of the current thesis as stated in the introduction.

To develop a novel SHM system to be applied on full-scale composite struc-
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tures, primarily destined to aeropace applications, in order to monitor in
real-time (or nearly real-time) the health of the structure and detect ageing-
induced damage, using a transducer network and a robust, non-destructive,
fast and reliable feature extraction testing technique.

From the comments and conclusions in the previous chapter, the method developed
here has been successfully implemented and validated for a reduced-scale demon-
strator in a laboratory controlled environment. Furthermore, the observations made
throughout the different chapters point out that it should be possible to extend this
method to further more complex cases, notably to be tested around in situ situa-
tions. It is however expected to meet problems that will require questioning previous
choices in order to overcome them and ensure for the method to keep the attributes
of robustness, reliability, fastness and ease of use.

9.3 Recommendations

The topics addressed in this thesis have been successfully implemented and showed
satisfying results when applied to more or less complex geometry structures in a con-
trolled lab environment. However, some recommendations can be addressed to fu-
ture users, if further development is considered.

First of all, it has been observed that the numerical model should be as accurate as
possible to represent the real structure. As it has been seen in the case of demonstra-
tors, some details that could be considered as negligible at first sight, proved to have
areal impact in the identification process.

Weighing should not be neglected in any case since the mass is necessary to link the
elastic properties to the natural frequencies in the identification algorithm. It has
been shown all along that a non negligible amount of water mass can easily be ab-
sorbed by CFRP structures. If for practical reasons the weighing of the full scale struc-
ture is impossible, it is suggested that one (or several) "master part" would be installed
close to the full scale structure. This master part would be use as a "witness" since it
would suffer for the same moisture absorption, and would consequently help to the
estimation of mass absorption.

The identification algorithm should include the natural frequencies and the vibration
mode shapes in the formulations, in order to identify the elastic properties as accu-
rately as possible. Indeed, with increasing size and geometrical complexity, vibration
modes can come spectrally close to each other (increasing modal density). In such
cases, complementary modal criteria like MAC can be useful to improve modal dis-
cerning within the identification algorithm run.
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In the same optic, close modes can be separated if a sufficient number of sensors
optimally placed are integrated. The user has the possibility to visualize, through the
optimal sensor placement tool, if the solution found by the algorithm leads to a satis-
fying separation between modes.

Another tool to detect narrowly close modes is given by OMA itself. As mentioned in
chapter 7, when two (or more) modes are spectrally close, the second (third, fourth,...)
order singular values can give additional information.

Concerning the prediction use of the mathematical model, its application frame is
for now limited to CFRP specimens manufactured from the same raw materials and
following the same curing cycles. Even if it could be adopted as a first approach to es-
timate degradation of similar materials, it is recommended to run some experimental
campaigns in order to validate its use, eventually update the model or simply start a
new ageing characterization procedure, as suggested in chapter 4.

It has also been pointed out that the actuation ability of PVDF patch networks showed
some limitations due to its weak block force, which is a consequence of its high me-
chanical compliance. Indeed, as showed in chapter 8, the excitation by PVDF patches
showed a lack of efficiency to excite the lowest natural frequencies. In order to over-
come these limitations, it has been suggested to employ thicker PVDF films, or piled
PVDF patch sensors, or even consider the possibility to use other actuators (such as
PZT patches). In any case, the role of PVDF patches as actuators is rather supportive
and would help to complete the natural excitation sources in the high frequencies.
This synergy proved to add a non-negligible improvement in the feature extraction
accuracy.
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.Y Influence of sensors in the dy-
namic behaviour

The method presented in this thesis has the quality of being non-destructive, which
is highly appreciated. Since the monitoring is based on the extraction of natural fre-
quencies, it is legitimate to question if the integration of sensors is intrusive or not. In
this appendix, a summary of the results obtained to validly assume the non-intrusion
hypothesis is explained.

A.1 Experimental tests

From the experimental point of view, adding sensors would essentially shift the value
of the natural frequencies. In order to measure this change, one of the rectangular
samples of the G-series before ageing was used to study the influence of sensors. It
is expected to observe a very small decrease of the natural frequencies due to mass
increase.

The experimental procedure can be summarized as follows:

1. It starts with the sample with only one integrated PVDF sensor on the surface
(low left corner). This is used to perform an EMA with impact hammer, and these
results are used as reference.

2. An accelerometer is attached on the surface using mounting wax, and the mea-
surements are still carried out using the PVDF patch (low right corner).

3. The accelerometer is removed and a second PVDF patch is mounted using glue,
in the same location. The first PVDF patch still serves as the output.

Results are summarized in table A.1. It can be stated that the influence of the ac-
celerometer is really negligible: under 0.2% for each frequency, which implies an es-
timation error of less than 0.4% of the mechanical properties after identification. On
the other hand, the estimation error would be higher in the case of the integrated
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PVDF sensors (above 1.2% for frequencies).

Table A.1 — Experimental comparison between measurements with differently
equipped samples.

Mode 1 PVDF 1 PVDF + 1 Accel 2 PVDF
Freq. [Hz] Freq. [Hz] Rel. Shift [%] Freq. [Hz] Rel. Shift [%]

1 224.67 224.62 -0.02 222.44 -0.99
2 362.92 362.49 -0.12 360.35 -0.71
3 564.35 564.55 0.04 557.64 -1.19
4 952.49 952.4 -0.01 948.28 -0.44
5 1053.6 1052.5 -0.10 1045.6 -0.76
6 1109.4 1108.6 -0.07 1099.3 -0.91
7 1142.9 1142.6 -0.02 1132.9 -0.87

A.2 Numerical tests

From the simulation point of view, it is important to evaluate the error level if a PVDF
sensor is included in the FE model, which is one of the heart of the identification algo-
rithm. The question in this case is approached as follows: it is verified if the geometry
of the integrated sensor needs to be included in the model. In order to do so, two FE
models of the same sample plate mentioned in the previous section are compared.

Table A.2 — Numerical comparison between samples when the glue is modelled and
when it is not using an FE model of the sample.

Mode No glue model Glue model
Freq. [Hz] Freq. [Hz] Rel. Shift [%]

1 223.02 223.38 0.16
2 364.40 365.65 0.34
3 573.72 573.81 0.02
4 975.72 977.34 0.17
5 1068.31 1071.29 0.28
6 1124.11 1125.44 0.12
7 1182.52 1184.40 0.16

As it can be seen, the influence on the frequencies is low (less than 0.4%) when com-
pared to the experimental measurement error of the natural frequencies (around 1%).
The corresponding error propagated to the elastic moduli estimation is even negligi-
ble when compared to the degradation after ageing (around 5 %).

The inclusion of the PVDF sensors and the glue to integrate them to the structure
shows to have a negligible influential. However, the low error level can be explained
by the low influence that surface PVDF sensors have on the global stiffness of the
structure. As it has been mentioned in chapter 8, the inclusion of glue or other "mi-
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nor" geometric/manufacturing details can become relevant according to the circum-
stances. It is therefore recommended that the extent of the influence of these details
be estimated, using simulation results and/or experimental measurements, as it has
been the case in this appendix.
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Useful abbreviations

ANOVA = ANalysis Of VAriance

CFRP = Carbon Fibre Reinforced Plastics
DFT = Discrete Fourier Transform
DoE = Design of Experiments

DoF = Degree of Freedom

EMA = Experimental Modal Analysis
FFT = Fast Fourier Transform

FRF = Frequency Response Function
FRP = Fibre Reinforced Plastics

IFFT = Inverse Fast Fourier Transform
IRF = Impulse Response Function
MDoF = Multiple Degree-of-Freedom
ODS = Optimal Deflection Shapes
OMA = Operational Modal Analysis
PVDF = PolyVynilidene (Di)Fluoride
SDoF = Single Degree-of-Freedom

SHM = Structural Health Monitoring
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EMI = Electromagnetic Interference
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