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Palavras-chave

Resumo

Painéis reforcados; Ligas de aluminio; Compdsitos; Encurvadura; Pos-
encurvadura; Método dos Elementos Finitos.

Os painéis reforcados formam as estruturas basicas de construcdo de avides,
navios e outras estruturas que exijam uma elevada relacdo entre resisténcia
e peso. Deste modo, é crucial perceber o comportamento deste tipo de
painéis. Tendo em conta que a encurvadura € o modo principal de falha
deste tipo de painéis, serd o foco de estudo desta dissertac3o.

No trabalho presente, foram realizadas vérias anélises de forma a estudar
o comportamento de encurvadura e pés-encurvadura de painéis reforcados,
utilizando para isso o software de simulacdo Abaqus. Foram testados dois
painéis diferentes, sendo que o primeiro foi um painél de aluminio, com o
objectivo de perceber as metodologias envolvidas na simulacdo de placas
reforcadas, e o segundo, um painel compdésito, com o objecto de encontrar
as ferramentas adequadas para simular o seu comportamento. Para isso,
dois métodos distintos foram utilizados, sendo que foi utilizado o método de
Riks para analisar a placa de aluminio e para analisar a placa compésita foi
ultizado o método de estabiliza¢3o.

O comportamento dos painéis reforcados é influénciado por varios paramet-
ros tais como, modelo numérico, ligacdo entre placa e reforco, condi¢cdes
de fronteira, magnitude de imperfeicdes, etc. Assim, todos esses pardmet-
ros foram tidos em conta e a sua influéncia ird ser mostrada no trabalho
presente.
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Stiffened panels form the basic structural building blocks of airplanes, ves-
sels and other structures with high requirements of strength-to-weight ratio.
As a consequence it is crucial to understand the behaviour of these type of
panels. Since buckling is the primary mode of failure of stiffened panels, it
will be the focus in the present work.

In the present work it was carried out several analysis, using the simulation
software Abaqus, in order to study the buckling and postbuckling behaviour.
Two different panels were tested in this thesis, the first one an aluminium
stiffened panel, which its main goal was to understand the methodologies
involved in the analysis of the buckling behaviour, and the second one a
composite stiffened which its main goal was to find the proper tools to sim-
ulate its behaviour. Therefore, two different methods were used, the Riks
method was used to analyse the aluminium panel and the Stabilize method
to analyse the composite panel.

The behaviour of stiffened panels are influenced by several parameters such
as, the number and type of elements, the skin-stringer connection, the
boundary conditions, the magnitude of imperfections, etc. So in the present
work, those parameters were taken into account and its influence will be
shown.
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Chapter 1

Introduction

1.1 Goals and Methodologies

The main objective of this thesis is the domain of computational tools based on
the Finite Element Method (FEM) in order to analyse the behaviour of stiffened panels
subjected to compressive loading conditions. Since buckling is the primary mode of
failure of stiffened panels, it will be carried out several nonlinear analysis to study this
problem. The simulation tool used to study buckling behaviour is Abaqus, a software
created by Simulia Corp., Dassault Systmes.

Two types of panels will be analysed, the first one a flat aluminium panel and the
second one a curved composite panel. The novelty in this thesis is the composite panel
since the aluminium panel was already studied in detail by Paulo in [1]. The aluminium
panel was tested again and included in this thesis because it was used as a starting point
to learn the methods involved in the buckling and postbuckling analysis. Regarding
the composite panel two models will be studied in order to check the influence of the
geometry in the postbuckling area.

Both aluminium and composite panels will be analysed using similar methodologies.
For both models it will be first carried out an eigenvalue analysis to extract the buckling
modes in order to used them later in the nonlinear analysis as "artificial" imperfections.
Also, for both models, numerous simulations will be performed in order to check the
sensitivity of the results to certain parameters, such as the number and type of finite
elements and the magnitude of imperfections. Regarding the analysis type, the only
difference between the aluminium and composite panels is the method used to do the
nonlinear analysis. While the aluminium panels are studied using the Riks Method, the
composite panel is studied using the Stabilize Method. Both methods will be explained
in Section 2. After being analysed all the parameters, the results will be compared with
the results showed in published works in the literature being used as a guide, in order to
be validated.

1.2 State of the art

1.2.1 Stiffened panel definition

Stiffened panels form the basic structural building blocks of airplanes, vessels and
other structures with high requirements of strength-to-weight ratio, and they can be
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produced either in a flat or curved way. These panels are used to improve the strength
and also the stability of the structures [7; %; 4; 5]. There are many different combinations
of plates and stiffeners, depending on the types of structures and also the loads applied
to them []. As a consequence, for a safe design it is crucial to understand the behaviour
of the stiffened panels under distinct loading conditions and to predict their ultimate
strength [/].

One example of a flat stiffened panel is illustrated in Figure 1 1 a), where it is visible
that there is one plate with equally spaced longitudinal stiffeners welded on one side, and
also a number of intermediate transverse stiffeners. This is a typical configuration for
the deck, side or bottom of a ship hull girder [%]. In this case the longitudinal stiffener
cross-section is a L-shaped with T-shaped transverse stiffeners but there are others such
as bulb or flat bar which are the most common stiffener cross-sections for steel and
aluminium structures [4; 11]. Also in Figure 1 1 b) it is illustrated one example of a
curved stiffened panel.

Longitudinal girder

Transverse girder

7 —Stiffener

(a) Flat stiffened panel [¥] (b) Curved stiffened panel [11]
Figure 1.1: Distinct configurations of reinforced panels

Curved panels are extensively used in several branches of engineering, particularly in
marine and aerospace engineering, mostly working under compressive loads. Failure of
these components by buckling or excessive stress is an important design consideration to
be taken into account [17].

1.2.2 Aluminium applied to stiffened panels

Since there is a big concern about strength-to-weight ratio, in the marine industry
developments have been made to replace steel by aluminium. However, and compared
to steel there is limited accumulated experience from aluminium structures and the ex-
isting design recommendations for aluminium panels are based on experience from steel
structures [4; 4; 111].

When compared to steel panels, the ultimate strength of aluminium structures is much
more sensitive to residual stresses, initial deformations and deterioration of mechanical
strength in heat affected zone (HAZ). However, due to new improvements in extrusion
technology, and welding methods (such as friction stir welding), opportunities for new
designs in aluminium appeared, which have led to improvements in geometric tolerances,
increased structural efficiency and reduced costs [4; Y; 10; 13].

It is worth mentioning that the panels fabricated from the new extrusion technology,
known as integrally stiffened panels (ISP), can be joined either together or to other
components. With this, in the aircraft industry, it was easier to obtain complex reinforced

Inés Oliveira de Vasconcelos Ferreira Master’s Degree Thesis
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structures such as fuselage or cover wing walls. Other advantage was the improvement
on the corrosion resistance due to the non existence of free gaps, crevices and rivet holes,
since the panels can be also mainly built-up structures, where the skin and stringer are
linked by riveting operations [13; 14].

In the marine industry, aluminium has been applied for the construction of high
speed commercial and military vessels since 1990. In the literature it is possible to find
references to a construction of an aluminium trimaran ferry over 120 m in length for
service in the Canary Islands and the construction of a 140 m aluminium SES ferry as
part of the Japanese Techno Super Liner project. Also the militaries use these vessels for
both logistic and combat roles [15]. In Figure 1 2 it is shown one example of aluminium
stiffened panels applied in the marine industry.

Figure 1.2: Aluminium stiffened panels applied in marine industry [16].

1.2.3 Composites applied to stiffened panels

Composite materials are used in a variety of activity areas which includes industries
with higher requirements and technological visibility such as aeronautics, spacial and
defence industries or others such as transport ones [17].

In aeronautics industry, the technological challenges are permanent and its specificity
results in a production of small scale where the high manufacturing costs can be com-
pensated by lower operating costs. Composites with high mechanical performance are
used in this industry and they are fundamentally composed by carbon, aramid, hybrid
carbon-aramid fibers and also boron fibers when specific applications are required. The
main goal is to obtain structures with high specific strength and also a high lightness
combined to a freedom of product conception [17].

Composite materials have become increasingly popular due to their considerable stiff-
ness and strength to weight ratio, and because of this there has been a significant increase
in the use of this material in stiffened panels in a wide number of aeronautical applica-
tions [18; 19; 20]. In Figure 1 3 it is shown an example of a composite stiffened panel
applied in aerospace industry.

Inés Oliveira de Vasconcelos Ferreira Master’ Degree Thesis
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Figure 1.3: Composite stiffened panel applied in aerospace industry [21].

The structural behaviour of a composite stiffened panel is quite complex due to its
complex structural form and the anisotropic material properties of the skin and stringers
[27]. Despite the advantages of the anisotropy behaviour (the main characteristic of
composite materials) from the perspective of structural design, it is also the main cause
of complicated failure mechanisms. So a large amount of research has been dedicated
to solve structural problems of composite materials. However, there has not been in-
tensively investigated the postbuckling behaviour of composite structures compared to
current metal aircraft design practise that allows the skin panels to be designed to have
postbuckling strength [1¥; 23].

That is why the strength limits and failure characteristics must be well understood
prior to designing a composite structural component with similar postbuckling response
of the metallic structures [23]|. Besides, the choice of a large number of design variables,
such as the stacking sequences of the skin and the stiffeners as well as the geometry and
the shape, are required to efficiently design the composite stiffened panels [24]. Also,
the ability to tailor the stiffness and strength of a composite structure has increased, in
the recent decades, in the aerospace applications. The tailorability, i.e., the ability to
adapt for a particular end or purpose, consists in treating the fiber orientation of each
ply as a variable and optimising the stacking sequence for laminate performance. The
possibility of having variable angle tow (VAT) laminates, where the fiber orientation can
change over the plane of a ply, results in laminates with varying in-plane and out-of-plane
stiffness in the xy-plane, which provides designers with additional degrees of freedom and
tailorability [21].

When considering design methods, it should be also taken into account the damage
and failure mechanisms such as lamina bending, local fiber buckling and crack propa-
gation [25]. Composite stiffened panels are often subjected to manufacturing defects or
severe damages and adding to the lack of knowledge in predicting these damages, leads
to the increase of the certification and maintenance costs. Interlaminar damages (delam-
inations) can be considered the most critical CFRP (carbon fiber reinforced polymers)
failure mechanisms in composite stiffened panels [26]. Also other modes of failure have
been studied. Adali et al. in [17] studied the influence of the fiber orientation on the
failure load of a laminated curved panel subjected to uniaxial compression. They con-
cluded that, for thick panels, the failure mode is mostly due to first-ply failure and, for

Inés Oliveira de Vasconcelos Ferreira Master’s Degree Thesis
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thin panels, buckling is the dominant failure mode. They also obtained optimal stacking
sequences for selected laminations.

1.2.4 Buckling

When thin-walled structures are under compressive loads, they tend to fail by in-
stability at stresses far bellow the material yielding compressive stress. Because of this,
stiffened panels stability is a fundamental issue to structural designers [27]. Since stiff-
ened panels may be considered as thin-walled structures, its stability is highly dependent
on the buckling strength of the structure as a whole and also of each structural member.
Buckling is highly influenced by how the structure is loaded as well as by the mechanical
properties of the material, the geometry and the contact conditions of the structure. This
type of failure can be defined as a sudden change of shape of a deformable structure, due
to increasing external loads (typically compressive ones). When buckling occurs, often is
catastrophic and compromises the structural functionality of the design. Even when the
experiments are carefully monitored, the beginning of failure could not be predicted with
precision. Also, when dealing with thin-walled shell structures, the discrepancy between
the theoretical loads and the failure loads of an actual structure can be very large and
so it is difficult to predict buckling initiation analytically (despite the existence of some
results available in the literature) [13; »%; 24]. In Figure 1 4 it is shown an aluminium
stiffened panel where it is possible to see that the panel has failed due to buckling effects.
This is one example of how important is the need to find more advanced analysis tools.

1

b2

il]

Figure 1.4: Failure of aluminium stiffened panel [/].

e —  —

Buckling occurs because, in thin-walled structures, the membrane stiffness is gener-
ally several orders of magnitude greater than the bending stiffness and these structures
can absorb a great amount of membrane strain energy without deforming too much.
Therefore, in order to absorb an equivalent amount of bending strain, the structures
must deform much more. As a consequence, if the structures are loaded in a way that
most of its strain energy is in the form of membrane compression and if there is a way
that this stored-up membrane energy can be converted in bending energy, the shell may

Inés Oliveira de Vasconcelos Ferreira Master’ Degree Thesis
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fail while the membrane energy is exchanging for bending energy [?X]. When there is a
reasonably large percentage of bending energy being stored in the structure throughout
the loading history, the prebuckling process is often nonlinear. According to this per-
centage of bending energy there are two ways in which a conservative elastic system may
lose its stability: nonlinear collapse (snap-through or over-the-hump) and bifurcation
buckling, and these two ways of instability are shown in Figure 1 5 [2¥].

Load

Limit point Bifurcation point

I: Prc-buckling state
II: Post-buckling state

—_——— Si—
Average deflection Average deflection

(a) (b)

Figure 1.5: Load-deflection curves showing the two ways of instability [2¥].

The nonlinear collapse is predicted with a nonlinear analysis. It is possible to see
in Figure 1 5 a), that the stiffness of the structure or the slope of the load-deflection
curve, decreases with the increasing load and at the collapse load (limit point) the load-
deflection curve has zero slope. If the load is maintained as the structure deforms, the
failure of the structure will be dramatic and almost instantaneous. This type of failure is
often called "snap-through" since its name derived from the many tests and theoretical
models of shallow arches, caps and cones [?%]. This type of failure initially deforms
slowly with increasing load and when the load approaches the maximum value the rate
of deformation increase until the average curvature is almost zero. Subsequently, these
structures "snap-through" to a post-buckled state [2%]. The other way of instability,
the bifurcation buckling, can be predicted by an eigenvalue analysis. At the buckling
point (see Figure I 5 b)), the deformations begin to grow in a new pattern which is quite
different from the prebuckling pattern [2x].

However, an analysis of buckling initiation and growth is difficult be to performed
since small variations in the parameters can result in different buckling behaviours.
Therefore, the buckling analysis has been carried out case by case, by several authors,
and before the use of numerical simulation, the study of the buckling behaviour was
carried out through experimental and analytical studies [24]. With an analytical bifur-
cation analysis it is possible to estimate the elasto-plastic buckling of a simple plate
however it cannot be employed in general buckling processes. Nowadays, buckling is
being studied using the finite element method and assuming nonlinear geometric and
material behaviours [24]. In Figure 1 6 it is shown a typical load-shortening curve for an
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aluminium stiffened panel.
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Figure 1.6: Load-shortening curve for an aluminium stiffened panel [3U].

When a stiffened panel depends on its geometry and stiffness, can exhibit buckling
modes which can be divided in global and local. However, the structures are usually
designed such that the skin or stringers buckles prior to the global panel collapse, and so
the structures enters the postbuckling regime which can still carry enough load through
stress redistribution towards the unbuckled members [31].

Since stiffened panels are highly dependent on buckling behaviour, it is possible to
find in literature some studies about this problem. In the field of aluminium stiffened
panels, Murphy et al. in [32] developed a non-linear model in order to study the buckling
behaviour of fuselage panels. The strategy used in this paper was based on representing a
typical fuselage stiffened panel with a single non-linear element. The other results showed
great potential in increasing global model accuracy. In [31], Stamatelos et al. studied
the buckling behaviour of stiffened panels. He investigated local buckling behaviour of
isotropic and laminated symmetric composite bladed stiffened plates of different aspect
ratios and different number of stiffeners loaded under uniaxial compression. Khedmati
et al. in [10] aimed to present reliable finite element models in order to study the be-
haviour of axially compressed stiffened aluminium plates. He considered the same model
used by Rigo et al. in [4]. The main objectives of their work, were to compare codes
and models and to perform quantitative sensitivity analysis of the ultimate strength of a
welded aluminium plate. Other authors that contributed to the development of finite ele-
ment methods for the accurate prediction of the post-buckling behaviour of conventional
aircraft fuselage panels were Lynch et al. in [33]. Relatively to composite materials,
Degenhardt et al. in [34] studied the behaviour of a compressed CFRP stiffened panel
including damaged region. Vescovini et al. in [24] presented the buckling optimization of
composite stiffened panels loaded in compression and shear. They compared analytical
results with finite element analysis. Se-Hee Oh et al. in [18] proposed an efficient and
accurate post-buckling analysis technique for a composite stiffened structure. Coburn
et al. in [20] presented an analytical model for the pre-buckling and buckling analysis
for novel blade stiffened VAT panels and then compared the model to a finite element
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analysis.

1.2.5 Adhesive bonding

Structural adhesives has been adopted by the aerospace industry as a bonding tech-
nique of primary and secondary structural elements due to the increasing use of polymer
composites. Structural adhesives offer much more advantages than the traditional tech-
niques, such as mechanical fastening, and thus the engineers tend to replace mechanical
fastenings with adhesive bonding also in metallic parts [35].

Although airworthiness regulations require the use of damage tolerance philosophy
for the design of the structure, several interpretations of damage tolerance concept exist,
mainly related to differences in structural behaviour of metallic and polymer composite
structures. While in the metallic structures the tolerance concept is well established
and allows damage, in the form of cracks, to exist and grow up to a critical size, in
the polymer composite structures no-growth policy is adopted, although damage may
exists [35]. There is a limited number of studies that investigate the effect of defects
on the buckling behaviour of structures and most of them deal with defects in form of
delaminations or disbonds in polymer composite plates [35]. One example is the work
made by Hu et al. in [36] where they performed a buckling analysis of a composite panel
with an embedded delamination at the mid-plane of the structure. The authors developed
a method to deal with contact problems between the debonded plies of the composite
panel and they investigated the influence of different size, shapes and positions of the
delaminations. They concluded that the buckling load decreased as the delamination
size increased and the buckling mode varied from a global mode, when the delamination
was located close to the mid-plane, to a local mode, when the delamination was located
close to the surface of the plane.

Arman et al. investigated the effect of a circular delamination around a circular hole
on buckling load of a woven fabric laminate composite plate identifying a critical size
of the delamination at which the stiffness of the plate and the buckling load capacity
decreased significantly [#7]. Regarding to stiffened panels, Zarouchas et al. in [35] fo-
cused on understanding the effect of disbonds on stability aspects of adhesively bonded
aluminium structures. The authors presented the influence of different size and position
of disbonds of a panel with four adhesively bonded aluminium stiffeners. The numerical
methodology developed by the authors consisted in coupling non-linear buckling analysis
and calculation of the disbond growth onset using the Virtual Crack Closure Technique
(VCCT). Other study was conducted by A. Riccio et al. in [26] where they proposed
a novel numerical methodology, alternative to the standard VCCT-based approach and
able to overcome mesh and time step sensitivity problems.

There are four main methods for structural and damage analysis of adhesively bonded
structures subjected to quasi-static and fatigue loadings in order to predict delamination
growth [3a]:

e Stress-strain based methods;

e Fracture mechanics based methods;

e Cohesive zone model (CZM);

e Extended finite element method (XFEM).
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The stress-strain methods analyse the stress-strain distributions in the adhesive joint,
which are sufficient for damage initiation prediction, using suitable failure criteria, and
for the prediction of bond’s strength. It is possible to find a summary of this method
and existing models in [3Y].

The fracture mechanics based methods link the progression of damage, i.e. cracks
in metals, delaminations in composites, adhesive and cohesive debonds in bonded joints,
with the fatigue life of the structure by determining the parameters Stress Intensity
Factor(SIF) and/or Strain Energy Release Rate(SERR). Although both parameters are
equivalent in providing information, SERR is preferable because local stress field near the
crack tip is difficult to obtain especially for anisotropic composite laminates. SERR can
be either calculated analytically or numerically using Finite Element Analysis, where the
most common finite element technique is the VCCT [25]. This method will be explained
in Section 2.

CZM is a finite element method in which the interface between two elements is mod-
elled using cohesive zone elements. It consists of a constitutive relation between the
traction acting on the interface and the interfacial displacement. This relation depends
on the type of element and material used [35]. Also this method will be explained in
Section 2.

XFEM is a flexible modelling technique which allows the crack to grow arbitrarily
through the element than just along a predefined crack path or crack plane. This method
uses enrichment functions which are added to certain nodes of the elements, and potential
lies on the fact that it can be coupled with other techniques, such as VCCT, where XFEM
can be used to find the delamination growth direction and VCCT can be used to calculate
the SERR values [35].

Delamination is the most common form of interlaminar damage and occurs due to
high through-thickness stresses overcoming the interlaminar bond strength between two
plies. The skin and stiffeners, for the composite aerospace structure, are either co-cured
as a complete laminate or manufactured separately and adhesively bonded. So, for
aerospace structures, the interlaminar damage is most commonly encountered as skin-
stringer debonding, either as delaminations at or around the skin-stringer interface in
co-cured laminates, or as adhesive failure in secondary bonded structures. Skin-stringer
debonding is a common, and often explosive, form of failure, which has occurred in a
large number of experimental investigations into postbuckling stiffened structures [4].
In Figure 1 7 is shown the adhesive failure of a composite stiffened panel.

Figure 1.7: Adhesive failure of a composite stiffened panel [3X].

The fracture process in high performance composite laminates is quite complex, in-
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volving not only delamination, but also intralaminar damage mechanisms, such as trans-
verse matrix cracking and fiber fracture. Usually the simulation of delaminations in
composites is divided into delamination initiation and delamination propagation [41].

1.2.6 Friction Stir Welding (FSW)

Friction stir welding (FSW) is a process used to join parts without reaching their
melting point. The main advantage of this process is the decreasing of the assembly time
which leads to lower manufacturing costs and higher productivity. A