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Abstract

The design of composite structures for the aerospace industry is a multidisciplinary task, invol-
ving several coupled domains, which increases significantly the development time. Besides that,
the necessity to comply with too many requirements in order to establish the system’s performance
makes that design even more complicated. The aerospace industry has strict rules regarding the
design of those structures, mainly because they are high-responsibility applications. Therefore,
each individual design must be validated by suitable tests, which are, normally, time-consuming.
Multidisciplinary optimization procedures became an alternative over time, because they are ca-
pable of considering several domains simultaneously and the interaction between them as well,
satisfying design constraints taking into account one or more objectives.

In this report, an airplane wing representative structure provided by the Cardiff School of
Engineering is scrutinized. An evolutionary-based algorithm, genetic one, is applied in order
to maximise the fundamental natural frequency and the critical buckling load of the represen-
tative structure, under several prescribed constraints and altering only the plies’ orientations or
thicknesses. An artificial neural network is used to predict the output values necessary for the
application and development of the genetic algorithm, reducing the number of FEM simulations
needed, using Abaqus® software. The genetic procedure is used both for optimising the ANN’s
configuration and to achieve the desired maximised w; or P, value.

Firstly, the structure is optimised regarding its fundamental natural frequency, @, by chan-
ging the plies’ orientations and afterwards adding the thicknesses as design variables. The struc-
ture’s vibration amplitude may excessively increase if the excitation frequencies are close to the
important ones in the excitation spectrum, particularly for lower-damping structures, which may
damage other components or even cause human casualties. The maximisation of the first natural
frequency of vibration is a means of avoiding this issue when the first mode of vibration domi-
nates the response. For each individual optimization procedure, the relative importance of each
design variable on the variance of the output response is calculated based on the first order Sobol
indices. Moreover, an analytical approach based on the Rayleigh-Ritz method is provided in order
to predict the natural frequencies of the composite stiffened panel.

Due to the unpredictability of a certain structure pos-buckling, the airplane wing representative
structure is also optimised with regard to its critical buckling load. Therefore, the structure’s
loading spectrum can be enlarged without compromising its performance and safety. The plies’
angles and thicknesses of the composite panel are conveniently modified. Furthermore, the linear
aggregation method is used to consider the minimisation of the structure’s weight as an additional
objective. The Lévy’s method is applied to formulate an approach capable of determining the
buckling loads of a composite panel, owing to its ease of implementation.

Keywords: Composite laminate, Artificial neural network, Uniform design method, Genetic al-
gorithm, Fundamental natural frequency, Critical buckling load.
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Resumo

O projeto de estruturas compésitas para a industria aeroespacial é uma tarefa multidisciplinar,
envolvendo vdrios dominios acoplados, o que aumenta significativamente o tempo de desenvolvi-
mento. Além disso, a necessidade de cumprir com muitos requisitos para estabelecer o desem-
penho do sistema torna esse projeto ainda mais complicado. A inddstria aeroespacial possui re-
gras rigidas no que diz respeito ao projeto dessas estruturas, principamente por se tratarem de
aplicacdes de alta responsabilidade. Consequentemente, cada projeto individual deve ser validado
por testes adequados, que sdo, normalmente, demorados. Procedimentos de otimiza¢do multidis-
ciplinar tornaram-se uma alternativa ao longo do tempo, por serem capazes de considerar varios
dominios simultaneamente assim como a interagdo entre eles, satisfazendo diversas restricdes de
projeto tendo em consideragdo um ou mais objetivos.

Neste documento analisa-se uma estrutura representativa de uma asa de um avido fornecida
pela Cardiff School of Engineering. Um algoritmo baseado na evolucdo, algoritmo genético, é
aplicado com o objetivo de maximizar a frequéncia natural fundamental e a carga critica de en-
curvadura da estrutura representativa, sob vdrias restricdes pré-estabelecidas e alterando apenas as
orientagdes e espessuras das camadas de material comp6sito. Uma rede neuronal artificial € usada
para obter os valores de saida necessdrios a aplicacdo e desenvolvimento do algoritmo genético,
reduzindo o nimero de simulagdes de elementos finitos através do software Abaqus®. O procedi-
mento baseado na genética € usado quer para otimizar a estrutura da rede neuronal quer para obter
o valor maximizado desejado, w; ou P, conforme o problema.

Primeiramente, a estrutura € otimizada no que diz respeito a sua frequéncia natural fundamen-
tal, m;, através da mudanca das orientacdes das camadas e, de seguida, acrescentando as espes-
suras como varidveis de projeto. A amplitude de vibracdo da estrutura pode aumentar considera-
velmente se as frequéncias de excitagdo forem préximas de frequéncias importantes no espetro
de excitacdo, particularmente para estruturas de baixo amortecimento, o que pode danificar outras
estruturas adjacentes ou até causar falhas humanas. A importancia relativa de cada variavel de
projeto na variancia da varidvel de saida € expressa através dos indices de Sobol de primeira or-
dem para cada procedimento de otimizacao realizado. Adicionalmente, um procedimento analitico
baseado no método de Rayleigh-Ritz foi desenvolvido com o objetivo de obter as frequéncias na-
turais do painel compésito com reforcos longitudinais de aluminio.

O comportamento de uma certa estrutura pds-encurvadura é completamente imprevisivel,
sendo acompanhada por mudangas de rigidez, logo a sua otimizagdo em relagdo a carga critica
de encurvadura é também de extrema importancia. Assim, o espetro de cargas admissivel para
a estrutura pode ser alargado sem comprometer o seu desempenho e seguranca. As orientagdes
e espessuras das camadas do painel compdsito sdo convenientemente modificadas. O método da
agregacao linear é usado a fim de considerar a minimizagio do peso da estrutura como um objetivo
adicional. O método de Lévy é aplicado com o objetivo de formular um procedimento analitico
capaz de determinar as cargas de encurvadura de um painél compésito, devido a sua facilidade de

1ii
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implementacio.

Keywords: Laminado compésito, Rede neuronal artificial, Uniform Design Method, Algoritmo
genético, Frequéncia natural fundamental, Carga critica de encurvadura.
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Chapter 1

Introduction

1.1 Background and motivation

Over time, the need to develop lighter and more mechanically efficient aircraft structures led to an
evolution in the structural materials used from the metals, such as steel, aluminium and titanium to
composite and hybrid materials. Advanced composites have high-performance reinforcements of
a thin diameter embedded in a matrix material such as epoxy or ceramic [1]. Even though the costs
of composite materials may be higher, the fact that there are fewer components in an assembly and
the cost savings from fuel make them more economical than monolithic metals. Over traditional
materials, composites have a number of additional benefits, such as a better specific strength and
stiffness, fatigue resistance, impact resistance, thermal conductivity or corrosion resistance, which

make them suitable for those demanding applications [1-3].

The main disadvantages of composite materials for aircraft structures are their high cost of
fabrication, taking into account the raw material, its processing and certification; their complex
mechanical characterization in comparison with the monolithic materials, their relatively low resis-
tance to mechanical impact and through-thickness strength due to low failure strains if the matrix
is thermosetting, compared to the metal structures; they do not have neither a high combination of
strength and fracture toughness nor a high strength in the out-of-plane direction. Furthermore, the
shear stresses produced between the layers, particularly at the edges of the laminate, may cause
delamination and the repair procedures are much more complex in comparison with the metals
[1-3].

Besides that, in order to make that evolution affordable and amortisable, there is an initial
investment to pay for the manufacturing processes change, the automation of the assembling lines
and the development of the inspection departments, since the type of defects expected are now
different and, sometimes, more difficult to detect. Repair of composites is not a simple task and

critical flaws and cracks may go undetected [1, 2].
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The majority of polymer matrices used in aerospace applications are epoxy-based due to their
high strength, good wetting of fibres during processing and adhesion, low viscosity and low flow
rates, low volatility during cure, low shrink rates, and availability in more than 20 grades to meet
specific property and processing requirements [2, 3]. Limited operating temperatures, high co-
efficients of thermal and moisture expansion and low elastic properties in certain directions are
the main limitations of polymer matrix composites. Minor epoxies are often added to the main

compound in order to surpass some of those obstacles [2, 3].

Regarding the joining of composite structures, they evolved from the mechanical fastening,
such as bolts and rivets, welding or soldering to more advanced technology denominated adhesive
joints [4]. The adhesives are preferred to avoid the stress concentrations zones resulted from
drilling operations. However, these drills are also utilised for interior access or the electronic
components implementation. Their design is a very complex task, since these are often the weakest
spots and there is the necessity for the connections to be reliable, distribute the load uniformly
and, at the same time, be lighter [1, 4, 5]. Although the adhesive joints have better fatigue
properties and less stress concentration, there are still some concerns to take into account, such
as the inspection difficulties, the need for complex tools and the susceptibility to environmental

degradation, due to the inevitable contact with chemical agents [1, 4, 5].

Flaws occur inevitably at composite structures, particularly between the layers and at the ad-
hesive interfaces. They can arise either from the manufacturing process, during the ply collation,
curing, adhesive bonding or machining and assembly procedures or throughout their service life.
The most common are debonds, porosities, matrix cracks as manufacturing defects, and delami-
nations, corrosion, impact damage and fatigue during their service life [3, 6, 7] . Delamination,
separation of layers resulted from loading conditions, and debond, inadvertent separation between
adherends in a adhesively bonded joint during the fabrication process, are the most commonly

observed failure modes among the several failure mechanisms [3, 6, 7].

There are several and strict regulations to the types and amount of damage allowed in struc-
tured materials without replacement or repair of the damaged component. Furthermore, the inho-
mogeneity and inherent anisotropy of composite structures make their design even further com-
plicated, particularly for damage tolerance requirements. In order to achieve the large variety
of possible defects, the aerospace industry relies on the non-destructive inspection (NDI), which
is used to determine the type, size and location of damage. The main procedures range from a
simple visual inspection for macroscopic flaws detection to more advanced technologies, such as
ultrasonics, radiography, thermography, among others [3, 6, 8].

Nevertheless, these inspection methodologies take a lot of time, which increases substantially
the total cost. Therefore, structural health monitoring techniques (SHM) are increasingly used over
the time to detect defects and damage. SHM uses in situ sensor networks and intelligent data pro-
cessing for continuous inspection with little or no human intervention. These sensors ought to be
fairly priced, lightweight, and unobtrusive so as not to increase the structure’s cost or weight or in-
terfere with its airworthiness [6, 9]. Some examples are the conventional resistance strain gauges,

which consists in the conversion between a strain change into a resistance change measured with a
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precise instrument; the fiber optic sensors whose functionality is based on their optical properties
or the piezoelectric-based sensors coupling the electric and mechanical variables, denominated by

PWAS (piezoelectric wafer active sensor) [6, 9].

In today’s engineering and, in particular, in the aerospace industry, designers have to challenge
themselves in order to comply with the endless requirements, which range from the system’s
specifications and constrained development time to the need to establish the system’s performance

accurately in the first design stages.

In the aerospace industry, manufacturers create a wide range of composite structures exhibi-
ting complex and different material behaviours as well as several designs, leading to the need
of testing each one of them for validation, which is time consuming and expensive. Optimization
procedures could constitute a solution, because they consider several domains and their own goals,
as well as the interaction between them, that is, the goal is to find practical optimal solutions sa-
tisfying a given set of design constraints and requirements [10]. The design of aerospace systems
is a multidisciplinary and complex process, which makes those procedures even more fundamen-
tal. Furthermore, composite materials offer more design variables than do metals, therefore they

allow for more refined tailoring and more extensive optimization [10].

Regarding the aircraft structures, they are usually thin shell structures, whose outer surface
or skin may be reinforced with longitudinal stiffening members and transverse frames to resist
from bending, compressive and torsional loads without buckling. These ones are known as semi-
monocoque structures. Otherwise, the monocoque structures rely exclusively in the load carrying
capacity of their skin. Therefore and regardless of their construction or complexity, an aircraft
structure is used to transmit and resist external loads, to provide an aerodynamic shape and to
protect passengers and so forth from the environmental conditions encountered during a flight
[11].

Wing structures are composed of thin skins and stiffening elements, such as stringers, spar
webs and caps, and ribs. The overall structure is comprised by many cells closely spaced, which
enables to assume a constant shear flow in the skin between adjacent stringers. Bending moments
at any section of a wing typically result in shear loads at other sections of the wing. The ribs are
transverse components which increase the column buckling stress of the longitudinal stiffeners
(stringers), due to an end constraint on their column length, and the plate buckling stress of the
skin panels. Ribs act as formers for the aerofoil shape at the outer zones of the wing, owing to low
load levels. On the other hand, they have a robust construction closer to the wing root due to the
necessity to absorb and transmit high concentrated loads derived from the undercarriage, engine
thrust or fuselage attachment points reactions. In turn, the impermeable wing skin supports the
aerodynamic pressure distribution capable of generating the lift necessary during a flight. Those
forces are then absorbed by the ribs and stringers. Despite its high performance in resisting shear
and tensile loads, wing skin generally buckles under low compressive loads, being the stiffening
elements fundamental in avoiding or delaying that issue, as referred above. Regarding the spar
webs, their main function is to develop shear stresses capable of resisting shear and torsional

loads, performing a stabilizing function in the overall structure [11, 12].



4 Introduction

Due to their flexibility, aircraft structures are extremely susceptible to distortion under load,
which influences the aerodynamic forces and, consequently, further structural distortion is deve-
loped. Aircraft vibration may be generated by aerodynamics, mechanical issues or outside sources
such as atmospheric turbulence. Every airplane has a characteristic normal vibration signature.
This is a result of vibration modes at particular frequencies triggered by mass distribution and
structural stiffness. Very low-level vibrations occur when the airplane is subjected to typical air-
flow over its surfaces. However, the airplane’s response to turbulent air is more evident and the
vibration’s magnitude may be greater and audibly detectable [13, 14].

Therefore, the main objectives of this work are to implement and develop an optimization
framework, particularly embedded in a genetic algorithm, in an airplane wing representative struc-
ture composed of aluminium and composite materials assembled with hybrid joints, in order to
achieve optimal configurations regarding the fundamental natural frequency of the structure, with
the aim of avoiding an undesirable amplitude of vibration, and the maximum critical buckling
load, aiming to assure the structure’s safety, varying the stacking sequence, fibres’ orientations

and layers’ thicknesses.

1.2 Optimising design for inspection

The European Cooperation in Science and Technology (COST) develops several actions, named
COST actions, whose main goal is to create research networks between european scientists and,
therefore, to contribute to research development and advancement. The present thesis is developed
within the EU COST action CA18203, “Optimising Design for Inspection”. The goal is to support
the development of an integrated framework for optimised self-sensing structures capable of di-
agnosis and prognosis, together with demonstrators and educational activities, including training
programs, which ultimately lead to cleaner and safer skies [15].

This work integrates the group responsible for establishing the design criteria based on in-
dustry needs and to analyse the requirements for integrating structural health monitoring systems
(SHM) at the beginning of the design. The structure that represents the airplane wing was made
available by the Cardiff School of Engineering in cooperation with the company Airbus and it is
represented below, Figure 1.1.

The airplane wing representative structure is composed by two composite plates reinforced
by aluminium longitudinal and transverse stiffeners. For assembling the several components, me-

chanical fasteners and adhesive joints are used.
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Figure 1.1 — Airplane wing representative structure. Adapted from [15].

1.3 Objectives

The main objective of this work is to implement and develop an optimization framework based on a
genetic algorithm capable of predicting fibres’ orientations and layers’ thicknesses that maximise
the fundamental natural frequency of vibration, as well as the critical buckling load due to in-
plane loads. The mechanical responses are obtained using an artificial neural network (ANN)
arrangement in order to reduce the computational time. Abaqus® software is used to provide the
necessary data to train and validate the ANN.

The work plan is constituted by the following tasks:

» Understand the finite element model already implemented for the wing representative struc-

ture;
* Decompose the original optimization problem into smaller problems (substructures);
* Carry out analysis in order to maximise the first natural frequency of vibration;
* Carry out analyses in order to maximise the critical buckling load due to in-plane loads;

» Carry out a multi-objective optimization regarding the critical buckling load and weight of

the structure due to in-plane loads;

* Development of an analytical first approach to validate the FEM model used to obtain the

fundamental natural frequency of a stiffened composite panel;

* Compare the diverse optimum designs.
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Thesis layout

The work developed is divided into the following chapters:

Chapter 1: "Introduction”, in which the main motivations for the realization of this disserta-

tion are presented coupled with its applicability on the aerospace industry nowadays;

Chapter 2: "State of the art", wherein the principal optimization procedures are reviewed and
assessed upon their possible application in this concrete problem. The genetic algorithm ca-
pable of optimising the ANN arrangement and the mechanical variables under consideration

is deeply analysed;

Chapter 3: "Mathematical model". In this section, the main equations regarding the compo-
site laminates behaviour are formulated, particularly their performance under free conditions

and in-plane loads;

Chapter 4: "Wing representative structure’s description”, in which the complete description
of the structure under analysis is performed, including its main parts and the respective
mechanical properties. Besides that, the peculiarities of the implemented FEM models are

discussed (e.g. type of elements);

Chapter 5: "Optimization of the airplane wing representative structure for vibration". In this
chapter, the simplified structure is optimised regarding its fundamental natural frequency,
under certain prescribed constraints and altering only the layers’ orientations and/or thick-

nesses. The thorough description of the optimization algorithm is provided;

Chapter 6: "Optimization of the airplane wing representative structure for buckling". The
same procedure described in the previous chapter is implemented to maximise the structure’s
critical buckling load due to in-plane loads, considering the plies’ orientations and layers’
thicknesses as design variables. The aggregation method is used to take into account the

minimisation of the structure’s weight as an additional goal;

Chapter 7: "Conclusions and future work", wherein the main conclusions about the deve-
loped work are synthesised and a perspective of future work regarding possible improve-

ments on the optimization procedure are drawn.



