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Palavras-chave Painéis reforçados; Ligas de alumínio; Compósitos; Encurvadura; Pós-

encurvadura; Método dos Elementos Finitos.

Resumo Os painéis reforçados formam as estruturas básicas de construção de aviões,

navios e outras estruturas que exijam uma elevada relação entre resistência

e peso. Deste modo, é crucial perceber o comportamento deste tipo de

painéis. Tendo em conta que a encurvadura é o modo principal de falha

deste tipo de painéis, será o foco de estudo desta dissertação.

No trabalho presente, foram realizadas várias análises de forma a estudar

o comportamento de encurvadura e pós-encurvadura de painéis reforçados,

utilizando para isso o software de simulação Abaqus. Foram testados dois

painéis diferentes, sendo que o primeiro foi um painél de alumínio, com o

objectivo de perceber as metodologias envolvidas na simulação de placas

reforçadas, e o segundo, um painel compósito, 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 alumínio e para analisar a placa compósita foi

ultizado o método de estabilização.

O comportamento dos painéis reforçados é in�uênciado por vários parâmet-

ros tais como, modelo numérico, ligação entre placa e reforço, condições

de fronteira, magnitude de imperfeições, etc. Assim, todos esses parâmet-

ros foram tidos em conta e a sua in�uência irá ser mostrada no trabalho

presente.





Keywords Sti�ened panels; Aluminium alloys; Composites; Buckling; Postbuckling;

Finite Element Method.

Abstract Sti�ened 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 sti�ened 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 di�erent panels were tested in this thesis, the �rst one an aluminium

sti�ened panel, which its main goal was to understand the methodologies

involved in the analysis of the buckling behaviour, and the second one a

composite sti�ened which its main goal was to �nd the proper tools to sim-

ulate its behaviour. Therefore, two di�erent 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 sti�ened panels are in�uenced 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 in�uence 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 sti�ened panels
subjected to compressive loading conditions. Since buckling is the primary mode of
failure of sti�ened 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 �rst one a �at 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 in�uence of the
geometry in the postbuckling area.

Both aluminium and composite panels will be analysed using similar methodologies.
For both models it will be �rst carried out an eigenvalue analysis to extract the buckling
modes in order to used them later in the nonlinear analysis as "arti�cial" 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 �nite
elements and the magnitude of imperfections. Regarding the analysis type, the only
di�erence 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 Sti�ened panel de�nition

Sti�ened 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

1



2 1.Introduction

produced either in a �at or curved way. These panels are used to improve the strength
and also the stability of the structures [2; 3; 4; 5]. There are many di�erent combinations
of plates and sti�eners, depending on the types of structures and also the loads applied
to them [6]. As a consequence, for a safe design it is crucial to understand the behaviour
of the sti�ened panels under distinct loading conditions and to predict their ultimate
strength [7].

One example of a �at sti�ened panel is illustrated in Figure 1.1 a), where it is visible
that there is one plate with equally spaced longitudinal sti�eners welded on one side, and
also a number of intermediate transverse sti�eners. This is a typical con�guration for
the deck, side or bottom of a ship hull girder [8]. In this case the longitudinal sti�ener
cross-section is a L-shaped with T-shaped transverse sti�eners but there are others such
as bulb or �at bar which are the most common sti�ener cross-sections for steel and
aluminium structures [9; 10]. Also in Figure 1.1 b) it is illustrated one example of a
curved sti�ened panel.

(a) Flat sti�ened panel [8] (b) Curved sti�ened panel [11]

Figure 1.1: Distinct con�gurations 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 [12].

1.2.2 Aluminium applied to sti�ened 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; 9; 10].

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 a�ected 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 e�ciency and reduced costs [4; 9; 10; 13].

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

Inês Oliveira de Vasconcelos Ferreira Master 's Degree Thesis



1.Introduction 3

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 �nd
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
sti�ened panels applied in the marine industry.

Figure 1.2: Aluminium sti�ened panels applied in marine industry [16].

1.2.3 Composites applied to sti�ened 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 speci�city
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 �bers and also boron �bers when speci�c applications are required. The
main goal is to obtain structures with high speci�c strength and also a high lightness
combined to a freedom of product conception [17].

Composite materials have become increasingly popular due to their considerable sti�-
ness and strength to weight ratio, and because of this there has been a signi�cant increase
in the use of this material in sti�ened panels in a wide number of aeronautical applica-
tions [18; 19; 20]. In Figure 1.3 it is shown an example of a composite sti�ened panel
applied in aerospace industry.
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4 1.Introduction

Figure 1.3: Composite sti�ened panel applied in aerospace industry [21].

The structural behaviour of a composite sti�ened panel is quite complex due to its
complex structural form and the anisotropic material properties of the skin and stringers
[22]. 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 [18; 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 sti�eners as well as the geometry and
the shape, are required to e�ciently design the composite sti�ened panels [24]. Also,
the ability to tailor the sti�ness 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 �ber 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 �ber orientation can
change over the plane of a ply, results in laminates with varying in-plane and out-of-plane
sti�ness in the xy-plane, which provides designers with additional degrees of freedom and
tailorability [20].

When considering design methods, it should be also taken into account the damage
and failure mechanisms such as lamina bending, local �ber buckling and crack propa-
gation [25]. Composite sti�ened 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 certi�cation and maintenance costs. Interlaminar damages (delam-
inations) can be considered the most critical CFRP (carbon �ber reinforced polymers)
failure mechanisms in composite sti�ened panels [26]. Also other modes of failure have
been studied. Adali et al. in [12] studied the in�uence of the �ber 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 �rst-ply failure and, for
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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,
sti�ened panels stability is a fundamental issue to structural designers [27]. Since sti�-
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 in�uenced 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 de�ned 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 di�cult to predict buckling initiation analytically (despite the existence of some
results available in the literature) [13; 28; 29]. In Figure 1.4 it is shown an aluminium
sti�ened panel where it is possible to see that the panel has failed due to buckling e�ects.
This is one example of how important is the need to �nd more advanced analysis tools.

Figure 1.4: Failure of aluminium sti�ened panel [7].

Buckling occurs because, in thin-walled structures, the membrane sti�ness is gener-
ally several orders of magnitude greater than the bending sti�ness 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
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6 1.Introduction

fail while the membrane energy is exchanging for bending energy [28]. 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 [28].

(a) (b)

Figure 1.5: Load-de�ection curves showing the two ways of instability [28].

The nonlinear collapse is predicted with a nonlinear analysis. It is possible to see
in Figure 1.5 a), that the sti�ness of the structure or the slope of the load-de�ection
curve, decreases with the increasing load and at the collapse load (limit point) the load-
de�ection 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 [28]. 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 [28]. The other way of instability,
the bifurcation buckling, can be predicted by an eigenvalue analysis. At the buckling
point (see Figure 1.5 b)), the deformations begin to grow in a new pattern which is quite
di�erent from the prebuckling pattern [28].

However, an analysis of buckling initiation and growth is di�cult be to performed
since small variations in the parameters can result in di�erent 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 [29]. 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 �nite element method and assuming nonlinear geometric and
material behaviours [29]. In Figure 1.6 it is shown a typical load-shortening curve for an
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aluminium sti�ened panel.

Figure 1.6: Load-shortening curve for an aluminium sti�ened panel [30].

When a sti�ened panel depends on its geometry and sti�ness, 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 sti�ened panels are highly dependent on buckling behaviour, it is possible to
�nd in literature some studies about this problem. In the �eld of aluminium sti�ened
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 sti�ened 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 sti�ened panels. He investigated local buckling behaviour of
isotropic and laminated symmetric composite bladed sti�ened plates of di�erent aspect
ratios and di�erent number of sti�eners loaded under uniaxial compression. Khedmati
et al. in [10] aimed to present reliable �nite element models in order to study the be-
haviour of axially compressed sti�ened 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 �nite 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 sti�ened panel
including damaged region. Vescovini et al. in [24] presented the buckling optimization of
composite sti�ened panels loaded in compression and shear. They compared analytical
results with �nite element analysis. Se-Hee Oh et al. in [18] proposed an e�cient and
accurate post-buckling analysis technique for a composite sti�ened structure. Coburn
et al. in [20] presented an analytical model for the pre-buckling and buckling analysis
for novel blade sti�ened VAT panels and then compared the model to a �nite element
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8 1.Introduction

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 o�er 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 di�erences 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 e�ect 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 in�uence of di�erent 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 e�ect 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 sti�ness of the plate and the buckling load capacity
decreased signi�cantly [37]. Regarding to sti�ened panels, Zarouchas et al. in [35] fo-
cused on understanding the e�ect of disbonds on stability aspects of adhesively bonded
aluminium structures. The authors presented the in�uence of di�erent size and position
of disbonds of a panel with four adhesively bonded aluminium sti�eners. 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 [35]:

� Stress-strain based methods;

� Fracture mechanics based methods;

� Cohesive zone model (CZM);

� Extended �nite element method (XFEM).
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The stress-strain methods analyse the stress-strain distributions in the adhesive joint,
which are su�cient for damage initiation prediction, using suitable failure criteria, and
for the prediction of bond's strength. It is possible to �nd a summary of this method
and existing models in [39].

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 �eld near the
crack tip is di�cult to obtain especially for anisotropic composite laminates. SERR can
be either calculated analytically or numerically using Finite Element Analysis, where the
most common �nite element technique is the VCCT [35]. This method will be explained
in Section 2.

CZM is a �nite 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 �exible modelling technique which allows the crack to grow arbitrarily
through the element than just along a prede�ned 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 �nd 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 sti�eners, 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 sti�ened structures [40].
In Figure 1.7 is shown the adhesive failure of a composite sti�ened panel.

Figure 1.7: Adhesive failure of a composite sti�ened panel [38].

The fracture process in high performance composite laminates is quite complex, in-
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10 1.Introduction

volving not only delamination, but also intralaminar damage mechanisms, such as trans-
verse matrix cracking and �ber 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. Also the structural
e�ciency is increased by means of the optimal placement of structural material and the
elimination of fasteners [42].

FSW is a solid phase welding process in which a cylindrical shouldered tool with a
pro�led pin is rotated and plunged into the joint area between the two pieces of material.
The two pieces of material should be forced to each other to be joined correctly. The tool
is allowed to traverse along the weld line since frictional heat between the wear resistance
welding tool and the material causes the latter to soften without reaching the melting
point. The plasticised material is forged through intimate contact with the tool shoulder
and pin pro�le. After this, it is created a solid bond between the materials [43]. In �gure
1.8 it is illustrated the friction stir welding process.

Figure 1.8: The friction stir welding process [44].

This process has being used in only a limited number of �ight vehicles since there
is limited experience of process industrialisation and limited knowledge on in-service
performance. Some studies have been undertaken in order to understand the impact
of local joint material degradation and induced residual stress on the static strength of
�nal fabricated components. However these studies do not examine directly the impact
of panel weld location, nor is there experimental analysis of representative welded wing
panel structure. Thus, Murphy et al. in [45] presented the results of a study undertaken
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to assess the impact of assembly weld joint location on the collapse behaviour of sti�ened
panels. A series of simulations were carried out in order to expand the knowledge on the
impact of weld location and with a conducted experimental study to validate them.

With this study, Murphy and co-authors concluded that with an optimised friction stir
welding, the welding induced local material degradation, residual stresses and geometric
imperfections only have a modest impact on the assembled panel static strength. The
geometric imperfections have the greatest impact on the panel static strength while the
welding induced local material degradation only displays a modest in�uence on strength,
which could be decreased with the size of the assembled structure. Relatively to residual
stresses, these could increase with the increase of the assembled structure, although they
only have also a very modest strength impact on the panel performance [45].

Friction stir welds include a thermo-mechanically a�ected zone and a heat-a�ected
zone (HAZ). This is schematically shown in Figure 1.9 [44].

Figure 1.9: Schematic representation of weld transverse cross-section [44].

There are also two regions which have experienced high temperatures and extensive
plastic deformation. These regions are a nugget region (within the thermo-mechanically
a�ected zone) and a region at the top of the weld. Both regions contain much smaller
grains than the parent (base) material [44].

The parent material grains are a�ected by some deformation, however recrystalliza-
tion will not have taken place because of the lesser degree of freedom of deformation and
lower temperatures within the remaining thermo-mechanically a�ected zone.

It is useful to simplify these various thermally and mechanically a�ected zones into
one when it comes the time to analyse the static strength of welded structures. So, these
a�ected zones are commonly termed the HAZ. The HAZ material has lower strength
than the parent material for the most metals used in fabrication, with exception of steel
[44].

Besides all the advantages of friction stir welding processes, there are still major issues
to be addressed. The biggest problem of this process is the lack of information on the
linkages between welding process parameters and the resultant induced or modi�ed panel
properties, and the consequence on strength performance of the fabricated structures [42].

Inês Oliveira de Vasconcelos Ferreira Master ' Degree Thesis



12 1.Introduction

1.3 Reading Guide

This dissertation report has six chapters which are presented and described hereafter.
In Chapter 1 it is presented the literature review related to the aluminium and CFRP

sti�ened panels and also the goal and methodologies used in this work.
In Chapter 2 it is given a brief summary about what is the Finite Element Method

and how it can be applied to sti�ened panels. Some studies carried out by di�erent
authors are also mentioned as examples.

In Chapter 3 it is given a brief summary about the composite materials. The �bers
and matrices related to the material used in Chapter 5 will be explained as well as the
constitutive laws of the layer.

In Chapter 4 it is presented the results obtained by the simulations and then compared
to the results obtained in [30] in order to validate the method used in the present work.

In Chapter 5 it is presented in detail the analysis of a curved sti�ened composite
panel and its results.

In Chapter 6 the conclusions of this thesis are presented and some suggestions for
future works are given.
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Chapter 2

Finite Element Method

2.1 Introduction

The Finite Element Method, (FEM), consists in the modeling of a generic problem,
which involves continuous means, in order to obtain a mathematical description of its
behaviour through the analysis of its discrete parts. To each discrete element, or in other
words, to each �nite element, and its laws which commands its behaviour, lead to the
analysis and to the knowledge of the global problem.

It should be reminded that the FEM is an approximate method and so every numerical
simulation gives an approximate solution. That is why this method should only be
employed when there is no other approach or an analytical solution to solve the problem.

The FEM can be applied to several problems such as, the study of vibrating systems,
the analysis of material's behaviour, determination of problems related to heat transfer
and �uid mechanics, sizing of large scale structures, metallic and non metallic structures,
etc. [46].

Relatively to sti�ened panels, the FEM has been typically applied since it is a pow-
erfull tool which can reproduce almost all type of problems. In order to obtain accurate
results, some parameters such as, the type and number of elements, geometry and mag-
nitude of imperfections and boundary conditions, should be carefully chosen.

There are some software such as Abaqus, MSC, ANSYS and LS-DYNA which are
used to simulate these problems. In the present work, the software chosen to model and
simulate the panels was Abaqus [47]. This is a software marketed by Simulia, a company
which belongs to the Dassault Systems SA. group.

2.2 Type of elements and mesh convergence

As it was mentioned before the type and number of elements chosen for the simula-
tions is a determining factor in order to have an accurate result.

Abaqus has an extensive element library to provide a powerful set of tools for solving
many di�erent problems. The elements have speci�c names in order to identify the
aspects that characterizes its behaviour. There are �ve aspects to be considered: family,
degrees of freedom, number of nodes, formulation and integration. In Figure 2.1 it is
illustrated the element families that are most commonly used [47].

13



14 2.Finite Element Method

Figure 2.1: Representative element families [47].

The �rst letter of an element identi�es to which family the element belongs. For
instance, the code S8R corresponds to a shell element while C3D8I corresponds to a
continuum element.

In the present work all the simulations were carried out using shell elements (in the
modelling of the skin and stringers of the sti�ened panels) from Abaqus library. However
there are studies made by di�erent authors that compare di�erent type of elements and
uses di�erent softwares. For instance, Yoon et al. in [29] compares three di�erent type of
continuum elements from Abaqus library: C3D8 (conventional, displacement-based solid
element, eight nodes, fully integrated), C3D8I (enhanced continuum-shell element, eight
nodes, fully integrated, 13 internal parameters) and C3D8R (reduced integrated solid
element, eight nodes, hourglass control). After an analysis of a quarter of a plate using
this type of elements, Yoon concluded the best choice was C3D8I since it only has a
0.113% of desviation from the analytical solution while C3D8 has a 1665% of desviation
and C3D8R has a 2364% of desviation from the analytical solution.

In Lynch and co-authors work [33], a mesh convergence study was undertaken in
order to enable element selection. They considered �ve di�erent shell elements which
were assessed based on the convergence, with increasing mesh density, of the predicted
buckling stresses and load-de�ection curves to the corresponding theoretical behaviour.
After the analysis, it was concluded that S8R5-type element (shell element with eight
nodes and reduced numerical integration, with �ve degrees-of-freedom per node) provides
optimum buckling and postbuckling solutions.

In other study [54] following on fracture prediction, the in�uence of shell elements and
solid elements on fracture is carried out. It is mentioned that one problem with the �nite
element method is the sensitivity to mesh sizes which is apparent in zones with large
strain gradients and shell elements are especially sensitive to this, due to the plane stress
formulation. While the through-thickness stress stabilizes solid elements subjected to
thinning, shell elements are only restrained by neighbouring elements. This means that
shells elements are free to deform in the thickness direction and consequently they may
strain excessively. This problem happens with small elements and once large elements
are applied, the strain concentrations remain uncaptured.

The aim of Rigo and co-authors work [4] was to validate a non-linear �nite element
model for calculation of the ultimate compressive strength of aluminium sti�ened panels.
So, a calibration assessment was done comparing the results of contributors that per-
formed an identical analysis with di�erent codes. Hereafter, it is presented the results
obtained by the contributors of the Committee III.1 "Ultimate Strength" of ISSC'2003,
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in order to compare di�erent codes and di�erent number of elements. In Figure 2.2 is
shown a table which summarizes the di�erent codes and di�erent meshes used by the
contributors.

Figure 2.2: Software and meshes used by the contributors [4].

In Figure 2.3 is shown the results obtained by the contributors and it is possible
to see that there are slight di�erences. Although the di�erent softwares used by the
participates, it is possible to compare those who used the same software but di�erent
number of elements, for instance Philippe-Radu. With the same software and the same
type of elements, Philippe-Radu obtained di�erent results.

Figure 2.3: Results obtained by the contributors [4].

With this stydy, Rigo et al. [4] concluded that, for their model, it is necessary a
minimum of 8000 elements to get the ultimate strength and about 12000 elements to
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assess the post collapse behaviour.

Shell elements are used most commonly in sti�ened panels since this type of elements
are used to model structures in which the thickness is signi�cantly smaller than the other
dimensions which is the case of sti�ened panels. Besides, shell elements are in advantage
in terms of implementation and computational e�ort when compared to solid elements.

The shell elements available in Abaqus Standard library are:

� S3: A 3-node triangular general-purpose shell, �nite membrane strains.

� STRI3: A 3-node triangular facet thin shell.

� S4: A 4-node doubly curved general-purpose shell, �nite membrane strains.

� S4R: A 4-node doubly curved thin or thick shell, reduced integration, hourglass
control, �nite membrane strains.

� S4R5: A 4-node doubly curved thin shell, reduced integration, hourglass control,
using �ve degrees of freedom per node.

� STRI65: A 6-node triangular thin shell, using �ve degrees of freedom per node.

� S8R: A 8-node doubly curved thick shell, reduced integration.

� S8R5: A 8-node doubly curved thin shell, reduced integration, using �ve degrees
of freedom per node.

2.3 Eigenvalue analysis

An eigenvalue analysis is used to estimate the critical buckling loads of sti� struc-
tures. This type of analysis is a linear perturbation procedure and buckling loads are
calculated relative to the base state of the structure. The base state is formed by the
initial conditions when the eigenvalue buckling procedure is the �rst step in an analysis.
Otherwise, it can be the current state of the model at the end of the last general analysis
step. The base state can also include preloads, which are often zero in classical eigenvalue
analysis [47].

What matters in an eigenvalue buckling problem is to �nd the loads for which the
model sti�ness matrix becomes singular and for that it is necessary that

KMNυM = 0, (2.1)

has nontrivial solutions. KMN is the tangent sti�ness matrix when the loads are applied,
and the υM are nontrivial displacement solutions.

To calculate the critical buckling loads is necessary to de�ne an incremental loading
pattern QN in the eigenvalue buckling prediction step. The magnitude of this load is not
important because it will be scaled by the load multipliers, λi found in the eigenvalue
problem

(KNM
0 + λiK

NM
∆ )υMi = 0, (2.2)

where:
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� KNM
0 is the sti�ness matrix corresponding to the base state, which includes the

e�ect of the preloads if they exist;

� KNM
∆ is the di�erential initial stress and load sti�ness matrix due to the incremental

loading pattern, QN ;

� λi are the eigenvalues;

� υMi are the buckling modes shapes;

� M and N refer to degrees of freedom of the whole model;

� i refers to the ith buckling mode.

Usually the lowest value of λi is the one that interests and corresponds to the lowest
critical buckling load.

The buckling mode shapes, υMi , are normalized vectors and so the maximum displace-
ment component is 1.0. These buckling mode shapes are often the most useful outcome
of the eigenvalue analysis, since they predict the likely failure mode of the structure.

In Abaqus/Standard there are two eigenvalue extraction methods. One of them is
the Lanczos method which is generaly faster when a large number of eigenmodes are
required for a system with many degrees of freedom. The other one is the subspace
interaction method which may be faster when only a few (less than twenty) eigenmodes
are needed. The Lanczos eigensolver cannot be used for buckling analysis in which the
sti�ness matrix is inde�nite.

After the eigenvalue analysis if there is any concern about material nonlinearity, geo-
metric nonlinearity prior to buckling or unstable postbuckling response, a load-de�ection
(Riks) analysis must be performed [47].

2.4 Riks method

The Riks method is generally used to predict unstable, geometrically nonlinear col-
lapse of a structure. It can include nonlinear materials and boundary conditions, and
often follows an eigenvalue buckling analysis to provide complete information about a
structure's failure. It also can be used to speed the convergence of ill-conditioned or
snap-through problems that do not exhibit instability [47]. The Riks method is brie�y
summarized hereafter.

For a conservative system, the change of the total potential energy ∆Π due to an
admissible variation δu of the displacement �eld u can be written as

∆Π(u, δu) =
∂Π

∂ui
+

1

2

∂2Π

∂ui∂uj
δuiδuj + .... (2.3)

To have a stable system, the second variation term must be positive de�nite which leads
to

∂2Π

∂ui∂uj
δuiδuj = Kijδuiδuj > 0, (2.4)
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where Kij represents the component of the tangent sti�ness matrix K. So, when the
matrix K ceases to be positive de�nite, the stability limit is reached. This is described
for

det[K] = 0. (2.5)

With only one incremental step in implicit analysis, the determinant in Eq. 2.5 can
change abruptly. When each value of the diagonal terms of a triangular form of the
sti�ness matrix is checked, it is possible to �nd the bifurcation point [29].

The �nite element solution past the bifurcation point should not be the primary path,
but the secondary or bifurcated path. In most bifurcation problems, the eigenvector is
orthogonal to the primary path and so the increment of the nodal displacement �eld
along the secondary path ∆us can be taken as

∆us = χv, (2.6)

where χ is a positive scalar and v is an eigenvector at a singular point calculated from

Kv = 0. (2.7)

The trial increment ∆us = v, in Eq. 2.6, is used as an initial estimate for the Newton-
type solution scheme and is updated during the iteration and therefore the magnitude of
χ is eliminated [29].

Summarized, the Riks method is a searching technique of equilibrium condition at
unstable states. It is a good method to be used with global buckling problems [18]. In
the case of local buckling problems, the Stabilize Method should be used and it will be
described in the section below.

2.5 Stabilize method

Nonlinear static problems can be unstable and such instabilities can be of a material
nature or of a geometrical nature, such as buckling, which is the case of sti�ened panels
[47]. If these instabilities operates itself in a global load-displacement response, the
problem can be treated using Riks method, described in the section above. However,
if the instability is localized there will be a local transfer of strain energy from one
part of the model to neighbouring parts, and Riks method may not operate normally
[18; 47]. Besides, the Riks method conserves the structural strain energy during the
analysis processes, but it is not conserved at the moment of buckling mode change [18].
In this case the Stabilize method should be used.

The Stabilize method �nds the equilibrium condition by importing an arti�cial damp-
ing factor that decreases the strain energy and transfers the concentrated energy to other
sections. Thus, the strain energy level of the system changes to a low and unique con-
dition which results in an improved convergence and in the possibility of stable results
[18].

Abaqus/Standard o�ers an automatic mechanism for stabilizing unstable quasi-static
problems through the automatic addiction of volume proportional damping to the model.
The applied damping factors can be constant over the duration of a step, or they can
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vary with time to account for changes over the course of a step. The latter, adaptive
approach is typically preferred [47].

When it is used the automatic stabilization with a constant damping factor, the
stabilization is triggered by including automatic stabilization in any nonlinear quasi-
static procedure. This means that viscous forces of the form,

Fυ = cM∗υ, (2.8)

are added to the equilibrium equations,

P − I − Fυ = 0, (2.9)

whereM∗ is an arti�cial mass matrix calculated with unity density, c is a damping factor,
υ = ∆u/∆t is the vector of nodal velocities, and ∆t is the increment of time (which may
or may not have a physical meaning in the context of the problem being solved). The
damping factor can be speci�ed directly but generally it is quite di�cult to make a
reasonable estimate for the damping factor, unless a value is known from the output of
previous runs. The damping factor depends not only on the amount of damping but also
on mesh size and material behaviour [47].

The approach mentioned above, typically works well to subside instabilities and to
eliminate rigid body modes without having a major e�ect on the solution. However there
is no guarantee that the value of the damping factor is optimal or even suitable in some
cases. This is particularly true for thin shell models, in which the damping factor may
be too high when a poor estimation of the extrapolated strain energy is made during
the �rst increment. For such models it is necessary to increase the damping factor if
the convergence behaviour is problematic or to decrease the damping factor if it distorts
the solutions. Therefore, obtaining an optimal value for the damping factor is a manual
process requiring trial and error until a converged solution is obtained and the dissipated
stabilization energy is su�ciently small.

An e�ective alternative approach is provided by the automatic stabilization scheme,
in which the damping factor can vary spatially and with time. In this case the damping
factor is controlled by the convergence history and the ratio of the energy dissipated by
viscous damping to the total strain energy. If the convergence behaviour is problematic
because of instabilities or rigid body modes, Abaqus/Standard automatically increases
the damping factor. The ratio of the energy dissipated by viscous damping to the total
strain energy is limited by an accuracy tolerance speci�ed in Abaqus. Such an accuracy
tolerance is imposed on the global level for the whole model. If the ratio of the energy
dissipated by viscous damping to the total strain energy for the whole model exceeds the
accuracy tolerance, the damping factor at each individual element is adjusted to ensure
that the ratio of the stabilization energy to the strain energy is less than the accuracy
tolerance on both the global and local element level. The stabilization energy always
increases, while the strain energy may decrease. Therefore, Abaqus/Standard restricts
the ratio of the incremental value of the stabilization energy to the incremental value
of the strain energy for each increment to ensure that this value has not exceeded the
accuracy tolerance if the ratio of the total stabilization energy to the total strain energy
exceeds the accuracy tolerance. The accuracy tolerance is a targeted value and can be
exceeded in some situations, such as when there is rigid body motion or when signi�cant
non-local instability occurs.
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Some authors such as A. Blzquez et al. in [19], R. Degenhardt et al. in [48] and
A.C. Ori�ci et al. in [49] are some examples of authors who used the Stabilize method
to study the buckling and postbuckling behaviour of sti�ened panels.

2.6 Imperfections

The geometric imperfections are generally introduced in a model for a postbuckling
load-displacement analysis. As it was mentioned before, the Riks method is used to solve
postbuckling problems but sometimes the exact problem cannot be analysed directly due
to the discontinuous response at the point of buckling. Therefore, it is necessary to
introduce a geometric imperfection in order to get some response in the buckling mode
before the critical load is reached.

Imperfections are usually introduced by perturbations in the geometry. In Abaqus
there are three ways to introduce an imperfection. They can be [47]:

� de�ned as a linear superposition of buckling eigenmodes obtained from a previous
eigenvalue buckling prediction;

� de�ned from the displacements of a static analysis;

� de�ned by specifying the node number and displacement values directly.

Unless the precise shape of an imperfection is known, an imperfection consisting of
multiple superimposed buckling modes can be introduced. Usually, the approach involves
two analysis runs with the same model de�nition, the �rst one using Abaqus/Standard to
establish the probable collapse modes and the second one using either Abaqus/Standard
or Abaqus/Explicit to perform the postbuckling analysis. The lowest buckling modes
are frequently assumed to provide the most critical imperfections, and so usually these
are scaled and added to the perfect geometry to create the perturbed mesh [47]. The
imperfection has the form,

∆xi =
M∑
i=1

wiϕi, (2.10)

where ϕi is the ith mode shape and wi is the associated scale factor.

In the literature it is possible to �nd some examples about how to introduce the
imperfections. For example, Caseiro et al. in [13] introduced the imperfections directly
into the model. The imperfections were applied to the nodes in the middle of the panel
with a magnitude of l/1000, where l is the length of the panel. Thus, the imperfections
have an e�ect on the coordinates of the nodes with an o�set along the normal direction
to the skin plate. It is shown in Figure 2.4 the details of the imperfection.
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Figure 2.4: Details of the imperfection [13].

Other way to introduce the imperfections was presented by Rigo et al. in [4], and it
consists in applying a uniform lateral pressure on the overall structure. It is shown in
Figure 2.5 the procedure to de�ne the initial imperfections.

Figure 2.5: Procedure to de�ne the imperfections [4].

Rigo et al. [4] calibrated the pressure in order to obtain a linear elastic de�ection of 2
mm at the central point of the central panel. It is assumed that the shape and amplitude
of the initial imperfections are identical to the de�ections induced by the uniform lateral
pressure and therefore they were captured and used to de�ne the geometry of the FEM
model. These imperfections do not induce stresses.

In [33], Lynch et al. used the eigenvalue analysis to determine the �rst buckling mode
and use it as an initial imperfection in the postbuckling analysis. In the present work
the imperfections were de�ned as a linear superposition of buckling eigenmodes obtained
from a previous eigenvalue buckling prediction.

2.7 Cohesive Zone Method (CZM) and Virtual Crack Clo-
sure Technique (VCCT)

As it was mentioned before, in the aerospace industry, the skin and stringer can be
manufactured separately and adhesively bonded. As a result, interlaminar damage is
most commonly encountered as skin-stringer debonding as delaminations. Two di�erent
ways of modelling the behaviour of interlaminar damage in Abaqus is using CZM and
VCCT models.
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The cohesive zone method implements interfacial constitutive laws de�ned in terms
of damage variables and a damage evolution law. Cohesive elements are usually inserted
between solid elements or beam/shell elements. The virtual crack closure technique uses
a fracture mechanics approach, where the propagation of an existing delamination is
analysed by comparing the amount of energy release rate with the fracture toughness of
the interface. When mixed modes conditions are involved, the decomposition of the total
energy release rate into mode I, mode II, and mode III components becomes necessary
due to the mixed-mode dependency of interface toughness [51]. Since a delamination
crack propagates with its advancing tip in mixed mode condition, the analyses requires
a fracture criterion including all three mode components.

The elastic strain energy per unit volume (in ( J
m3 )) is de�ned as

U0 =
1

2σijϵij
. (2.11)

The strain energy (in Joules) is de�ned as the volume integral

U =

∫
V
U0dV. (2.12)

The energy required to form, or propagate, a crack is equal to the elastic energy released
by the solid during the crack formation. The energy released is the di�erence between
the elastic strain available before and after the crack is formed, i.e.,

−∆U = Uafter − Ubefore. (2.13)

The rate of energy released per unit of crack area A (in ( J
m2 )) is given by

G = −∆U

∆A
, (2.14)

where A is one half the surface area created. The theory of crack growth may be developed
by using Gri�th or Irwin approach. The Gri�th approach uses, in one hand, the concept
of energy release rate, G, as the energy available for fracture and in the other hand, the
material property, Gc as the energy necessary for fracture. A crack grows when

G > Gc, (2.15)

where Gc = 2γc, with γc being the critical fracture energy per unit surface of crack area.
The Irwin approach is based on the concept of stress intensity factor, which represents the
energy stress �eld in the neighbourhood of the crack tip. Both approaches are equivalent
and, therefore, the energy criterion may be rewritten in terms of stress intensity factors
[51].

The elastic strain energy released ∆U during crack propagation, and therefore used
to create the new surface area, can be calculated as the work required to close the crack,
this means,

∆U = Wclosure. (2.16)

The crack closure method provides the base for the virtual crack closure technique which
it is described hereafter.
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As it was mentioned before, the VCCT can be used to analyse delaminations in
laminated materials using a fracture mechanics approach, where the linear elastic fracture
mechanics (LEFM) is implemented and only brittle crack propagation is modeled. The
condition for crack propagation is based on Gri�th's principle (2.15). For the case of
single mode deformation under mode I conditions, the crack grows when

GI

GIc
≥ 1, (2.17)

where GI is the energy release rate for mode I crack formation and GIc is a material
property representing the critical energy release rate for mode I crack formation.

With the VCCT model, the Irwin approach is used to calculate the change in strain
energy ∆U , which is considered to be equal to the work required for crack closure,
Wclosure, as it was seen in 2.16. By substituting 2.14 and 2.16 into 2.17, the condition of
crack propagation becomes,

Wclosure/∆A

GIc
≥ 1. (2.18)

Abaqus calculates Wclosure from the FE nodal displacements and forces as illustrated
in Figure 2.6.

Figure 2.6: VCCT model [47].

where nodes 2 and 5 will start to release when [47],

1

2

(
v1,6Fv,2,5

bd

)
1

GIc
≥ 1. (2.19)

VCCT has been used for many authors in research and industry to predict interlam-
inar crack growth in composite structures. For instance, in [50], Lauterbach et al. used
this method to simulate the progress of delamination of initial debonded areas. Their
study consisted in using a FE model generated with nominally coincident shell layers
of skin and stringers which were connected by MPC's (multi-point constraints). The
VCCT was used to determine the strain energy release rate of all MPC's at the crack
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front. Also, Riccio in [26] used the VCCT to study the skin-stringer debonding growth in
composite sti�ened panels. They proposed a novel numerical methodology, alternative to
the standard VCCT-based approach and able to overcome mesh and time step sensitivity
problems, in order to investigate the evolution of interface defects between the skin and
the stringer.

Regarding the cohesive zone model, this one is based on the assumption that the
stress transfer capacity between the two separating faces of a delamination is not lost
completely at damage initiation, but rather is a progressive event governed by progressive
sti�ness reduction of the interface between the two separating faces [51].

In Abaqus, the interface between the two possible separating faces of the laminated
material is modeled with cohesive elements and there are two types:

� Elements with �nite thickness, which are based on a regular, continuum (σ − ϵ)
constitutive behaviour. This type of elements is used to model delamination be-
haviour of adhesive bonds where the thickness of the interface is considerable;

� Elements with zero thickness, which are based on a traction-separation (σ − δ) con-
stitutive behaviour. This type of elements is used to model delamination behaviour
of adhesive bonds where the thickness of the interface is negligible, as it is in the
case of laminated composites. One example of application of these elements is in
the debonding along skin-stringer interface [47].

In the case of a continuum constitutive behaviour, the cohesive elements model the ini-
tial loading, the initiation of damage, and the propagation of damage leading to eventual
failure in the material. In three-dimensional problems, it assumes one direct (through-
thickness) strain, two transverse shear strains, and all (six) stress components to be
active at a material point. In two-dimensional problems it assumes one direct (through-
thickness) strain, one transverse shear strain, and all (four) stress components to be
active at a material point [47].

In the case of a traction-separation constitutive behaviour, the macroscopic material
properties are not relevant directly, and the analyst must resort to concepts derived from
fracture mechanics, such as the amount of energy required to create new surfaces. The
cohesive elements model the initial loading, the initiation of damage, and the propagation
of damage leading to eventual failure at the bonded interface. The behaviour of the inter-
face prior to initiation of damage is often described as linear elastic in terms of a penalty
sti�ness that degrades under tensile and/or shear loading but is una�ected by pure com-
pression. The cohesive elements should be used in areas of the model where cracks are
expected to develop. However, the model need not have any crack to begin with. In fact,
the precise locations (among all areas modeled with cohesive elements) where cracks ini-
tiate, as well as the evolution characteristics of such cracks, are determined as part of the
solution. The cracks are restricted to propagate along the layer of cohesive elements and
will not de�ect into the surrounding material. In three-dimensional problems, this type
of constitutive behaviour assumes three components of separation: one normal to the
interface and two parallel to it; and the corresponding stress components are assumed to
be active at a material point. In two-dimensional problems the traction-separation-based
model assumes two components of separation: one normal to the interface and the other
parallel to it; and the corresponding stress components are assumed to be active at a
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material point [47]. In Figure 2.7 is shown a summary comparing the two methods used
to model delaminations.

Figure 2.7: Comparison between VCCT and cohesive elements [47].
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Chapter 3

Composites

3.1 Introduction

A composite material is a material which combines two or more di�erent materials.
The most common composites are composed by �bers and matrices [17].

One of the main reasons for the excellent properties of composites is because, gener-
ally, the �bers have superior mechanical properties than other identical compact materi-
als. However the �bers cannot be directly used in structural engineering applications. In
fact, the matrix is the main reason of the stable shape of the composites and ensures the
e�cient load distribution by the �bers. It also protects their surfaces from damage and
corrosion and gives speci�c properties such as tenaciousness, chemical resistance, etc. In
table 3.1 it is shown the di�erence between some �bers properties and some compact
material properties [17].

Table 3.1: Di�erence between �bers properties and compact material properties [17].
Young's Tensile Density Speci�c Speci�c

Material Modulus Strength ρ (kg/dm3) Modulus Strength
E(GPa) σu (GPa) E/ρ σu/ρ

Fibres:
Glass E 72 3.5 2.54 28.5 1.38
Glass S 87 4.3 2.49 35.0 1.70

Carbon (Pitch CP) 690 2.2 2.15 321 1.00
Carbon (PAN C) 345 2.3 1.85 186 1.24

Boron 393 3.1 2.70 146 1.15
Silica 72.4 5.8 2.19 33 2.65

Tungsten 414 4.2 19.3 21 0.22
Beryllium 240 1.3 1.83 131 0.71
Kevlar 49 131 3.6 1.45 90 2.48

Conventional materials:
Steel 210 0.34-2.1 7.8 26.9 0.043-0.27

Aluminium alloys 70 0.14-0.62 2.7 25.9 0.052-0.23
Glass 70 0.7-2.1 2.5 28 0.28-0.84

Tungsten 350 1.1-4.1 19.3 18.1 0.057-0.21
Beryllium 300 0.7 1.83 164 0.38
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Composite materials can be classi�ed by several criteria wherein the matrix type is one
of the most relevant criterion. There are polymeric, metallic, ceramic and cementitious
matrices. Nowadays, the polymeric matrix is one of the most important matrices in
terms of performance and application �eld due to its low density and processability [17].

The �bers which are more used in composites of polymeric matrices are carbon, glass
and aramid �bers. On the other hand, the polymeric matrices can be thermoplastics
such as polypropylene, polyamide and polyether ether ketone (PEEK) or thermosetting
resins of polyester or epoxide.

Since the second part of this thesis uses CFRP (carbon �ber reinforced plastics) as
a material, it will only be described in detail the carbon �bers and the thermosetting
matrices. It will also be described some processes used in the manufacturing of CFRP.

CFRP is a material which is distinguished by its extremely high strength and rigid-
ity. To complement its complex characteristics pro�le, the CFRP material has also low
density, excellent damping properties and a high resistance to impacting combined with
exactly modi�able thermal expansion. This material consists of a polymer employed
as a matrix material in which carbon �bers with a diameter of a few micrometers are
embedded. Di�erent processes are utilised for the manufacturing of semi-�nished prod-
ucts and �nal products, depending on the geometry and requirement pro�le involved.
These include �ber winding, autoclave pressing, board pressing, resin transfer moulding
(RTM, the resin injection method) or manual laminating for individual and small series
production.

3.2 Carbon �bers

There are two types of carbon �bers: the carbon �bers with percentages between 80
and 95% and the graphite �bers with percentages up to 99 %. The last ones are applied
in high performance composites in areas such as aeronautics and spacial industry [17].

The most recent technology used in the production of carbon �bers focuses on the
thermal decomposition of several organic precursors, which are essentially three:

1. the cellulose, which origins the "rayon �bers";

2. the polyacrylonitrile (PAN);

3. the tar ("pitch").

This precursors should have some speci�c characteristics such as:

� proper strength and handling characteristics in order to maintain the �bers together
during all the steps of the conversion process into carbon;

� no melting during any step of the process;

� no volatilize during the pyrolysis process.

Di�erent precursors leads to di�erent carbon �bers with di�erent mechanical character-
istics. Nowadays, the polyacrylonitrile is the most commonly used precursor. In Figure
3.1 it is illustrated the process for the manufacture of a PAN based carbon �ber.
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Figure 3.1: Process for the manufacture of PAN based carbon �ber (adapted from [52]).

The carbon �bers are classi�ed based on its mechanical strength and they are mar-
keted according to the following designations:

� UHM (ultra high modulus)for �bers with modulus above 500 GPa;

� HM (high modulus)for �bers with modulus above 300 GPa and mechanical strength-
tensile modulus ratio lower than 1 %;

� IM (intermediate modulus) for �bers with modulus up to 300 GPa and mechanical
strength-tensile modulus ratio around 1 %;

� for �bers with low modulus, with values lower than 100 GPa.

� HS (high strength) for �bers with tensile strength above 3 GPa and strength-rigidity
ratio between 0.015 and 0.02.

There is one important particularity relatively to carbon �bers: in the longitudinal
direction the dilatation coe�cient is almost negative or null. So when the carbon �bers
are associated to materials with positive dilatation coe�cient, some damaging stresses at
the surface could appear. However some insightful conjugations between the �ber and the
matrix, could lead to the production of composite materials with null dilatation coe�cient
which is useful for applications in the domain of optical metrology and aerospace [17].

3.3 Thermosetting matrices

Unsaturated polyesters, vinylester and phenolic resins are the most common ther-
mosetting resins applied to the manufacturing of non-structural and semi-structural
composites. As regards to high resistance composites, epoxides, polyimides and bis-
maleimides are the most common references. For CFRP IM7/8552 it is used epoxy resin
[17].

Epoxy resins have a big chemical formulation variety which most of them are based
on the bisphenol A diglycidyl ether (BADGE). The cure scheme of these resins involves
the addiction of an appropriate hardening agent such as aromatic and aliphatic amines
and some polyamides.
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The advantages of this resin are high mechanical strength, abrasion resistance, chem-
ical resistance (specially in alkaline means), good �ber adhesion properties, cure process
without release of volatiles, great sizing stability due to its low concentration (2 % up to
3%), low water absorption and operating temperatures between 100 and 200 ◦C [17].

3.4 Constitutive laws of the layer

The composites of continuum �bers have structural applications of large requirements
due to its high strength and rigidity. These materials have a laminated structure which
means they are made up of several layers all aligned in the same direction. So the layer
is a elementary block whose mechanical behaviour is essential to characterize. Usually
the laminates have several layers with di�erent orientations [17].

It is important to mention that the mechanical properties of the �ber and the matrix
determine the internal stress distributions and the e�ective mechanical properties of the
layer. It is also important to have models which could predict the properties of the layer
according to the content and to the properties of the constituents. So, to study the
mechanical behaviour of the layers, which have an huge amount of �bers, they should be
considerer as an homogeneous solid. Consequently the strains and stresses considered are
medium quantities of a representative volume element whose dimensions are necessarily
in the order of magnitude greater than the diameter of the �ber [17].

The behaviour of an homogenized layer model still is more complex than structural
materials such as steel and aluminium alloys. In the elastic regime these materials are
isotropic which means the constitutive laws are independent of the local orientation while
the layer is strongly anisotropic due to the big di�erence between the properties of the
�ber and the matrix. For example the rigidity in the �bers direction is one or two orders
of magnitude greater than the rigidity in the perpendicular direction.

3.4.1 General analysis of anisotropic solids

A material point could be subject to a state of three-dimensional stress, characterized
by the stress tensor σij , i,j=1,2,3. The equilibrium equations dictate the symmetry of
the stress tensor [3.1,3.2], this means,

σij = σji. (3.1)

The stresses naturally originates a state of strain, described by the strain tensor, εkl,
which is also symmetric, in other words,

εkl = εlk, (3.2)

where, k,l=1,2,3. In most of situations, solids have a linear elastic behaviour and so the
relation between strain and stress could be described by

σij = Cijklεkl, (3.3)

in which Cijklεkl is the sti�ness tensor. Its terms are also called by elastic constants. So,
from the symmetry of the stress 3.1 and strain 3.2 tensors,

Cijkl = Cjikl, Cijkl = Cijlk. (3.4)
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So, in the matrix form,

σ = Cε, (3.5)

or alternatively,

σ11
σ22
σ33
σ23
σ13
σ12


=



C1111 C1122 C1133 C1123 C1113 C1112

C2211 C2222 C2233 C2223 C2213 C2212

C3311 C3322 C3333 C3323 C3313 C3312

C2311 C2322 C2333 C2323 C2313 C2312

C1311 C1322 C1333 C1323 C1313 C1312

C1211 C1222 C1233 C1223 C1213 C1212





ε11
ε22
ε33
ε23
ε13
ε12


, (3.6)

and contracting the indices,

σ1
σ2
σ3
σ4
σ5
σ6


=



C11 C12 C13 C14 C15 C16

C21 C22 C23 C24 C25 C26

C31 C32 C33 C34 C35 C36

C41 C42 C43 C44 C45 C46

C51 C52 C53 C54 C55 C56

C61 C62 C63 C64 C65 C66





ε1
ε2
ε3
ε4
ε5
ε6


. (3.7)

Similarly, it is possible to describe the relation between stress and strain by

εij = Sijklσkl, (3.8)

where,

Sijkl = C−1
ijkl, (3.9)

is the �exibility tensor. In the matrix form,

ε = Sσ, (3.10)

or alternatively,

ε11
ε22
ε33
ε23
ε13
ε12


=



S1111 S1122 S1133 S1123 S1113 S1112

S2211 S2222 S2233 S2223 S2213 S2212

S3311 S3322 S3333 S3323 S3313 S3312

S2311 S2322 S2333 S2323 S2313 S2312

S1311 S1322 S1333 S1323 S1313 S1312

S1211 S1222 S1233 S1223 S1213 S1212





σ11
σ22
σ33
σ23
σ13
σ12


. (3.11)

Apparently, equations 3.6 and 3.11 suggests that is necessary 36 elastic constants to
characterize an anisotropic elastic solid. However, this is not the case, and it could be
demonstrated using the concept of strain energy density, in other words, strain energy
per unit volume,

U =
1

2
σijεij , (3.12)
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and from equation 3.3, it can be written,

U =
1

2
Cijklεklεij . (3.13)

When an elastic solid is subjected to several solicitations, U only depends from the �nal
state of deformation, and not from the order in which the several partial deformations
are applied. This is described by,

∂2U

∂εij∂εkl
=

∂2U

∂εkl∂εij
⇔ Cijkl = Cklij . (3.14)

However, taking into account equations 3.4 and 3.9, it also can be written,

Cijkl = Clkji, (3.15)

and,

Sijkl = Slkji. (3.16)

So, the �exibility and sti�ness matrices are symmetric and the number of independent
elastic constants decreases to 21.

3.4.2 Orthotropy and transversal isotropy

The layer of the laminates are orthotropic, which means it has 3 symmetry plans all
perpendicular between each others. The lines of intersection of these plans are associated
with the main axes of orthotropia 1, 2 and 3. In Figure 3.2 are represented the three axes
where axis 1 is in the direction of the �bers and axis 3 is in the perpendicular direction
of the layer plane.

Figure 3.2: Main axes of a given layer [53]

Matrix S has several null elements when is expressed in 123 reference, and its nonzero
terms are related to the engineering constants, in other words, they are related to the
elastic modulus and poisson's ratio. To demonstrate these particularities, it is necessary
to use the law of the tensor transformations, using the referential rotation. Thus, it is
possible to obtain the {xyz} stress tensor, σ

′
pq from the {123} stress tensor, σkl, where

σ
′
pq = apkaqlσkl, (3.17)
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and,

apk = cos(ek, ep), (3.18)

is the cosine of the formed angle between the axes which corresponds to p and k indices.
For example, if {xyz} is obtained from {123} by rotation of an angle θ around 3, in the
matrix form this could be described as

σxx
σyy
σzz
σyz
σxz
σxy


=



c2 s2 0 0 0 2cs
s2 c2 0 0 0 −2cs
0 0 1 0 0 0
0 0 0 c −s 0
0 0 0 s c 0

−cs cs 0 0 0 c2 − s2





σ11
σ22
σ33
σ23
σ13
σ12


, (3.19)

where,

c = cos θ and s = sin θ. (3.20)

The strain tensor components could be written as,

ε
′
mn = amianjεij . (3.21)

So, in order to obtain S
′
mnpq from Sijkl, in a way that

ε
′
mn = S

′
mnpqσ

′
pq, (3.22)

it is possible to obtain

εij = [(amianj)
−1(apkaql)

−1S
′
mnpq]σkl, (3.23)

and therefore,

S
′
mnpq = amianjapkaqlS

′
ijkl. (3.24)

In the case that {1′
2
′
3
′} is obtained from {123} and through a rotation of θ = 180◦

around 3, it is clear that elastic constants must be equal in both references.

Analysing all the terms and considering also the axis 1 and 2, it would be concluded
the existence of only 9 elastic constants (equation 3.25).

S =



S1111 S1122 S1133 0 0 0
S2222 S2233 0 0 0

S3333 0 0 0
S2323 0 0

Symmetric S1313 0
S1212

 (3.25)

Indeed, the �bers are randomly distributed in the transverse plane <23> and that
is way the layer presents transverse isotropy which means the elastic constants are in-
dependent from the axis orientation in the plane <23>. Therefore, the layer has only 5
elastic constants [17].
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3.4.3 Engineering constants of the layer

Considering a rectangular element layer subjected to a tractive stress σ11, and know-
ing that the element undergoes a deformation, it is possible to obtain,

ε11 = S1111σ11. (3.26)

Knowing that elastic modulus is the ratio between a stress and a deformation, the lon-
gitudinal elastic modulus is de�ned as

E1 =
σ11

ε11
=

1

S1111

. (3.27)

Considering that the rectangular element has also transverse deformations ε22 and ε33,
it is possible to de�ne the Poisson's ratio as:

ν12 = −ε22
ε11

, ν13 = −ε33
ε11

. (3.28)

It is possible to obtain equation 3.29 from equations 3.11 , 3.25 and 3.27.

S2211 = −ν12
E1

, S3311 = −ν13
E1

. (3.29)

Similarly, it is possible to de�ne the transverse elastic modulus E2 and E3 and poisson's
ratio ν21, ν23, ν31 and ν32.

Considering now a rectangular element layer subjected to a shear stress τ12, and
knowing that the shear modulus is the ratio between a shear stress and a shear strain, it
is possible to obtain the longitudinal shear modulus

G12 =
τ12
γ12

. (3.30)

So, from equations 3.11 and 3.25,

S1212 =
1

2G12

. (3.31)

Equation 3.32 is easily obtained by the analysis of other cases.

S =



1
E1

−ν21
E2

−ν31
E3

0 0 0

S2211 S2222 S2233 0 0 0
S3311 S3322 S3333 0 0 0
0 0 0 S2323 0 0
0 0 0 0 S1313 0
0 0 0 0 0 S1212

 . (3.32)

From the symmetry character of S,

νij
Ei

=
νji
Ej

, (3.33)

while in transverse isotropy:

E3 = E2; ν13 = ν12; G13 = G12; G23 =
E2

2(1 + ν23)
. (3.34)
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Therefore, E1, E2, ν12, G12 and ν23 or G23 are all the elastic constants needed to
characterized the stress-strain behaviour of the layer [17].

3.5 Glued connections

3.5.1 Introduction

Glued connections consist in joining two elements, usually known by adherends,
through an adhesive. This type of connection have several advantages when compared
to other joining techniques with holes [17]. This advantages are:

� Load distribution over a larger surface, which decreases the stress concentration
and, consequently, it provides a better performance under fatigue requests;

� The viscoelastic nature of the adhesive promotes the vibration damping;

� Economy in the number of parts and weight;

� Ability to seal and for thermal insulation;

� Prevents galvanic corrosion that occurs in the connection of di�erent materials
(metallic adherends);

� It is more readily adaptable to the junction of irregular surfaces;

� It allows obtaining smooth contours, which is very important regarding aerody-
namic and aesthetic aspects;

� Usually, it is a more economic and fast process.

However, there are some disadvantages too. They are:

� The surfaces need pretreatment and cleaning;

� The curing cycles of some adhesives take too much time and/or require the appli-
cation of pressure and temperature;

� Sensitivity to environmental factors, such as, temperature, humidity and ultraviolet
radiation;

� Di�cult inspection for joint quality check;

� Creation of permanent connections which means there is no way to dismantle the
components without damaging or destroying them;

� Bad performance under pull out request;

� Manufacturing process that needs more rigid control and well trained manpower;

� Health problems due to toxicity and security problems inherent to the �ammability
of most adhesives.
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The most common types of joints are illustrated in Figure 3.3. The most frequent joint
used, for its simplicity of execution, is the simple lap, where the loads are transmitted
between adherends by means of shear stresses in the adhesives [17].

Figure 3.3: Most common types of joints (adapted from [17]).

However, the o�-center load application causes bending e�ects, which lead to the
appearance of normal stresses in the thickness direction of the adhesive, decreasing the
joint strength [17]. In Figure 3.4 is illustrated this e�ect.

Figure 3.4: Schematic representation of the single lap deformed shape (adapted from
[17]).

3.5.2 Failure modes

In general, there are three di�erent failure modes regarding glued connections in
composite materials: cohesive failure within the adhesive, adhesive failure at the interface
between the adherend and the adhesive and failure in one of the adherends. The cohesive
failure occurs when the bond between the adhesive and the adherend is stronger than the
internal strength of the adhesive itself. Some authors defend that the adhesive failure
would only occur if there was a bad pre-treatment of the surfaces. However, recent
studies have shown that, in glued connections of single lap, there is a variation of stresses
along the thickness of the adhesive, and the maximum values of stresses occur at the
surface. This can explain the frequent appearance of adhesive failure. The failure in one
of the adherends is demonstrative of a joint well designed, particularly if the ultimate
load correspond to the nominal strength of the adherend. In Figure 3.5 it is illustrated
the failure modes of the glued connections.
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Figure 3.5: Schematic representation of the failure modes in glued connections (adapted
from [17]).

Regarding to glued connection of simple lap, there are points of stress concentration
at the end of the lap region, particularly in the three normal components and in the shear
component τxy. These stress peaks also a�ect the adhesive neighbouring layers and can
cause interlaminar failure [17].
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Chapter 4

Case studies of aluminium sti�ened

panels

4.1 Introduction

As it was mentioned before, the panels studied in this section were already studied in
detail by Paulo in [1] and so there was not a detailed study in this thesis. As in reference
[1], two di�erent types of panels were considered for the simulations but only the ones
with supported edges.

The methodology to study this type of panels starts with an eigenvalue analysis in
order to extract the buckling modes to used them as imperfections for later introduce
them in the nonlinear analysis. In the case of these panels the nonlinear analysis will be
made using Riks methods while in the next section the method that will be used is the
stabilize method.

After the analysis, all the simulations will be compared with the results obtained by
Paulo and also with the experimental results [1]. It will be compared the �nal deformed
shapes of the panels and the ultimate load.

The study will be focus on the results shown in [30], i.e., it will only be carried out
simulations for the �rst mode of the eigenvalue analysis in the case of model L and for
the nineteenth mode in the case of model TR. Also, as it was recommended in [1], it will
be carried out simulations for S8R element type for both models. Regarding the number
of elements, TR model has 4950 elements and L model has 4320 elements.

Regarding to the imperfections, it will be carried out simulations for the imperfections
with magnitude of 0.25, 0.50, 1, 2 and 4 mm in case of model L and in case of model TR
it will be carried out simulations for the imperfections with magnitude of 0.25, 0.50, 1
and 2 mm. They will be tested only for the positive direction of the Oz axis.

4.2 Numerical Simulation

4.2.1 Geometry

As it was mentioned before, two di�erent types of panels were studied. One of them
is a model with trapezoidal sti�eners (model TR) and the other with L-shaped sti�eners
(model L).
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Following this, it was created a 3D, deformable shell part, where in Figures 4.1 and
4.2 are illustrated the cross sections of the sti�eners pro�le. Since the models of the pan-
els were created using shell elements, they are represented by their mid-section pro�le [30].

Figure 4.1: Cross section of the model TR (dimensions in mm).

Figure 4.2: Cross section of the L-shaped sti�ener (dimensions in mm).

Five sti�eners for L-shaped panel was taken into account while only half of the model
TR was considered, and they were joined by welding. The length of the panels is 957
mm for model L and 995 mm for model TR.

One speci�cation of these models was the creation of a rigid wall for the loaded and
opposite edges. To de�ne these rigid walls it was used the constraint rigid body present
in Abaqus. It was necessary to create a reference point with a position approximately
corresponding to the bearing axis of the supported beams of the panels. In the case
of L-shaped sti�ener, the reference point was moved up 2.2 mm (along the positive Oz

direction), in order to force the plates to globally buckle in the negative direction for
all the initial imperfections tested. The reference point was also used to measure the
displacement of the rigid wall along the Ox axis.

In Figure 4.3 are illustrated both TR and L models, with the representation of the
reference point, and also the thicknesses of the di�erent parts of the panels. For TR
model only half of the panel was considered because of its symmetry and to be able to
compare the results with Paulo's results.
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(a)

(b)

Figure 4.3: Detailed description for models: a) TR and b) L [30].
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4.2.2 Material properties

The panels were built with extruded aluminium pro�les in alloy AA6082 temper T6
and joined together by welding. The model with L-shaped sti�eners was welded by MIG
welding while the model with trapezoidal sti�eners was welded by friction stir welding
(FSW).

The plastic properties of the material for L and TR models are listed in table 4.1.
The elastic properties for both TR and L models are the same and are listed in tables
4.2 [30].

Table 4.1: Plastic properties of L and TR models [30].
Eq. plastic strain E�ective stress (MPa)

Model L 0 265
plate 0.06 298

Model L 0 284
sti�ener 0.06 317

Model TR 0 261
plate 0.06 294

Model TR 0 275
sti�ener 0.06 308

0 135
0.007 160

HAZ 0.027 200
0.047 220
0.067 200

Table 4.2: Elastic properties [30].
E (GPa) ν

64.5 0.3

As it was shown by Paulo in [1], at least 4950 elements were needed for the model
TR, while 4320 elements were needed for the model L. These choices assumed that S8R
element formulation were chosen (shell element with 8 nodes and reduced numerical
integration), in order to have a good accuracy in the ultimate load prediction and also
in the post-collapse behaviour. So, in the present work, the simulations were carried out
using the same meshes and the same formulations used by Rui Paulo in order to be able
to compare results. It was also taken into consideration, for both cases, 5 integration
points along the thickness direction of the structure in order to correctly predict the
through-thickness stress and strain �elds.

4.2.3 Load and boundary conditions

The boundary conditions that were considered in the numerical simulation models
are illustrated in �gures 4.4 and 4.5 and they were based on [30]. In tables 4.3 and 4.4 can
be seen the boundary conditions applied in Abaqus, of models TR and L, respectively.
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Those boundary conditions took into account the coordinate system of the simulations
of this thesis that could be seen in Figure 4.5. Since two rigid walls were created, one in
the edge where the load is applied and another one opposite to that edge, the loads and
boundary conditions were applied to the reference points of the rigid walls. As it was
mentioned before it was only tested the models with supported edges.

Figure 4.4: Load and boundary conditions applied in model TR.

Table 4.3: Boundary Conditions for model TR with supported edges [30].
RP-1 u1=u2=ur2=ur3=0
RP-2 u1=u2=u3=ur2=ur3=0

Supported edge u2=0
Symmetric edge u1=ur2=ur3=0

The reference point RP-1 of model TR is allowed to only move in direction of Oz
axis and to rotate around Ox axis. RP-1 represents the reference point where the load
is applied. In the reference point RP-2 all the degrees of freedom are restrained with
exception of the rotation around Ox axis. RP-2 represents the reference point opposite
to the edge where the load is applied.

Figure 4.5: Load and boundary conditions applied in L-shaped sti�ener.
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Table 4.4: Boundary Conditions for model L with supported edges [30].
RP-1 u1=u2=u3=ur2=ur3=0
RP-2 u1=u2=ur3=0

Both lateral edges u2=0

In the reference point RP-1 of model L all the degrees of freedom are restrained with
exception of the rotation around Ox axis. RP-1 represents the reference point opposite
to the edge where the load is applied. In the reference point RP-2 only is permitted to
move in direction to the Oz axis and to rotate around Ox and Oz axis. RP-2 represents
the edge where the load is applied.

The loads applied to the models were extracted from previous eigenvalue analysis.

4.3 Results

The results from the simulations and its comparison with the results obtained by
Paulo in [30] are presented in this section. As it was mentioned before, only the results for
the imperfections with magnitude 0.25, 0.50, 1, 2 and 4 for model L and with magnitude
0.25, 0.50, 1 and 2 for model TR are compared. Also the results from the eigenvalue
analysis will be compared for the models with supported edges.

In Figure 4.6 is illustrated the comparison between the eigenvalue analysis obtained
by Paulo in [1] and the eigenvalue analysis obtained from this study, for model L with
supported edges. The results are pretty similar and the values of the critical loads for
both eigenvalues are 692 kN and 691.819 kN for the �rst and second pictures, respectively.
It is possible to see that both deformed shapes are very similar as also the values of the
critical loads.

(a) First eigenvalue obtained by Paulo [1]. (b) First eigenvalue obtained in this study.

Figure 4.6: Comparison between the deformed shapes of the eigenvalues for model L.

In Figure 4.7 is illustrated the comparison between the deformed shapes obtained
by Paulo and the deformed shaped obtained in this study for all the magnitudes of
imperfections for model L. Once again the deformed shapes are very similar as it was
expected. It is possible to see that all the stringers collapsed as happened in Paulo
simulations.
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(a) Result obtained by Paulo for all magnitudes
of imperfections [1].

(b) Result obtained from this study for all magnitudes
of imperfections.

Figure 4.7: Comparison between the deformed shapes for all the magnitude of imperfec-
tions of model L.

The load vs displacement curves are compared for all the imperfections in Figure 4.8
for model L. For clear interpretation of the curves, the legend regarding EV1 model refers
to the results obtained by Paulo. As it was expected, the ultimate load decreases with
the increasing of the magnitude of imperfections. However there are slight di�erences
between the results obtained by Paulo and the results obtained in this thesis. The
ultimate load is slightly smaller and the curve tends slightly for the right side.

Figure 4.8: Load vs displacement curves for model L with supported edges. Comparison
with results obtained by Paulo [1].

In Figure 4.9 is shown the comparison between the load vs displacement curves for
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the experimental results and the results obtained in this study. Once again, for clear
interpretation of the curves, the legend regarding K, L and M models refers to the exper-
imental results. As happened with Paulo, it is possible to see in the load vs displacement
curve that after the post-collapse phase, there is a slight decreased in the displacement
with the decreasing of the load. This does not happen in the load vs displacement curve
of the experimental results, where it is possible to see that after the post-collapse phase
the progress is unidirectional and constant. This can be explained by the calculation
method of Abaqus since other authors achieved similar results for the same type of pan-
els and with the same software. It is also possible to see that the K curve match with
the beginning of the curve of magnitude equal to 2 mm and the same happened to the L
curve which matches with the beginning of the curve of magnitude equal to 4 mm.

Figure 4.9: Longitudinal displacement vs load curves for model L with supported edges.
Comparison with experiment results.

Regarding to the eigenvalue analysis of the model TR with supported edges, in Figure
4.10 is illustrated the results obtained by Paulo and the results obtained in this study.
The results in this case are very similar regarding the deformed shape however the values
of the critical loads for both eigenvalues are not so approximated and they are 1099 kN
and 1085 kN for the �rst and second pictures, respectively.
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(a) Nineteenth eigenvalue obtained by
Paulo [1].

(b) Nineteenth eigenvalue obtained in this study.

Figure 4.10: Comparison between the deformed shapes of the eigenvalues for model TR.

While the deformed shapes for model L were equal for all the imperfections, in the
case of model TR that does not happen. For the imperfections with magnitudes of 0.25
and 0.50 the deformed shape is equal but for the imperfections with magnitudes of 1 and
2 the deformed shaped is di�erent. In Figure 4.11 it is shown the comparison between
the deformed shapes obtained by Paulo and the deformed shapes obtained in this study,
for the magnitudes of imperfections equal to 0.25 and 0.50. It is possible to see that the
deformed shapes are very similar.

(a) Result obtained by Paulo [1]. (b) Result obtained from this study.

Figure 4.11: Comparison between the deformed shapes for model TR for the magnitude
of imperfections equal to 0.25 and 0.50.

In Figure 4.12 it is shown the comparison between the deformed shapes obtained by
Paulo and obtained in this study for the magnitude of imperfections equal to 1 and 2.
Once again the deformed shapes are very similar.
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(a) Result obtained by Paulo [1]. (b) Result obtained from this study.

Figure 4.12: Comparison between the deformed shapes for model TR for the magnitude
of imperfections equal to 1 and 2.

In Figure 4.13 is illustrated the comparison between the load vs displacement curves
obtained by Paulo and the load vd displacement curves obtained in this study for all
magnitude of imperfection. The legend regarding EV19 curves refers to the results ob-
tained by Paulo. It is possible to see that the curves almost match with slight di�erences
in the ultimate load. In Table 4.5 is possible to have a better perception of the di�erences
between the ultimate loads.

Figure 4.13: Load vs displacement curves for model TR with supported edges. Compar-
ison with results obtained by Paulo.

In Figure 4.14 is illustrated the comparison between the experimental load vs dis-
placement curves and the load vs displacement curves obtained in this study for all
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magnitude of imperfection. The legend regarding E,F and G models refers to the exper-
imental results. It is possible to see that the experimental curves tends a little bit to the
right side. Also the curves for magnitude of imperfection equal to 1 and 2 shows a sig-
ni�cantly horizontal area closer to the ultimate load as it happen with the experimental
curve G.

Figure 4.14: Load vs displacement curves for model TR with supported edges. Compar-
ison with experimental results.

In Table 4.5 is shown a summary of the ultimate loads obtained in this thesis for all
the magnitude of imperfections and its comparison with the ultimate loads obtained by
Paulo in his study.

Table 4.5: Comparison between the ultimate loads for all the magnitude of imperfections.
Magnitude of Ultimate load

Model imperfections (kN)
(mm) Ref.

0.25 926.4 911.3
0.50 924.0 908.9

L 1 921.6 902.9
2 904.8 889.5
4 878.4 869.7.9

0.25 883.2 887.7
TR 0.50 895.2 894.3

1 871.2 877.9
2 849.2 850.5
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4.4 Summary of results

The main objective of this section was to achieve the necessary skills to study sti�ened
panels and so there is no big di�erences between the methodologies used by Paulo in [1]
and the methodologies used in this thesis. The geometry of the models, the material, the
boundary conditions and the number and type of elements are the same. It is possible
to say that the goal was achieved since the results are pretty similar.

Comparing the results obtained by Paulo [1] and the results obtained in this thesis,
they are pretty similar. The deformed shapes of both TR and L models are similar
however there are slight di�erences in the load vs displacement curves and in the ultimate
load. Regarding to model L, the load vs displacement curve obtained in this study,
presents a similar behaviour although it begins slightly to the right side and the ultimate
load is slightly smaller. As it was shown by Paulo [1], almost all the load vs displacement
curves tends to the right side of the graphic and the ultimate load tend to decrease with
the increase of the magnitudes of imperfections. The same tendency was shown in this
thesis in Figure 4.9. Regarding to model TR, the load vs displacement curves almost
match with the exception of the ultimate load which is a little bit higher in some cases.
Beside that the curves have exactly the same behaviour.

It is possible to conclude that the magnitude of imperfections can considerably a�ect
the performance of the sti�ened panels. In general, the ultimate load tend to decrease
with the increase of the magnitude of imperfections.
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Chapter 5

Sti�ened CFRP curved panel

5.1 Introduction

In this section it will presented a model of a sti�ened carbon �ber reinforced plastic
(CFRP) curved panel and it will be explained all the methodologies involved to anal-
yse it. The model is based on the POSICOSS project (FP5) which means "Improved
POst-buckling SImulation for Design of Fibre COmposite Sti�ened Fuselage Structures"
[55]. This is a project under the co-ordination of DLR, Institute of Composite Structures
and Adaptive Systems, and their main goal is the exploitation of considerable reserves
in primary �ber composite fuselage structures through an accurate and reliable simula-
tion of postbuckling up to collapse. In order to validate the results, they created new
experimental data, designing and testing the panels under their own project objectives.

In the present work the main goal is to achieve a good agreement with the experimen-
tal results and to show the in�uence of all the parameters involved to simulate this type
of panels. To study these type of panels, the non-linear analysis the build-in Newton-
Raphson technique with adaptive/arti�cial damping factor was used. To employ this
method in Abaqus, the STABILIZE command was used. Four damping factor values
using the constant damping factor approach were tested. It was also compared the in-
�uence of the buckling modes, the number and type of elements and the magnitude of
imperfections. Regarding the number of elements, three and �ve di�erent meshes were
tested for panels P10 and P12 respectively. S4R and S4 element formulations were tested
for both models. The magnitude of imperfections varied from 10 % up to 95 % of the
thickness of the skin. Afterwards, in order to validate the results, they will be compared
to the experimental results showed in the literature [55].

5.2 Experimental tests

The experimental tests were performed in the buckling test facility of the Institute of
Composite Structures and Adaptive Systems of DLR. The test device used to perform
the tests is extremely sti�. In order to perform the tests, a test specimen is located
between an axially supporting top plate and a lower drive plate, in which the top plate
can be moved in the vertical direction, on three spindle columns in order to adapt the
test device to several lengths of test specimens. It is �xed during the tests and reacts
the axial force that is applied to the movable lower drive plate by a servo-controlled

51



52 5.Sti�ened CFRP curved panel

hydraulic cylinder. The drive plate acts against the specimen, which itself acts against
a stout load distributor that is meant to distribute three concentrated forces. Torsion
to cylindrical structures is applied at the load distributor by an electrical drive, and a
torsion support at the lower edge of the test specimen reacts against it. In Figure 5.1 it
is shown a picture of the buckling test facility [55].

Figure 5.1: Buckling test facility [55].

Despite the test device and test specimens were manufactured with particular care, it
cannot be expected that all loaded elements are absolutely plane and parallel. Therefore,
to make sure the test specimens are uniformly loaded, thin layers of a kind of epoxy
concrete are applied between the clamping boxes of the test specimen and the adjacent
parts of the test device. This has the e�ect of securing the test specimen against lateral
displacement [55].

Two displacements transducers are used to measure axial shortenings of the specimen
during the tests, and their signals are recorded and moreover used for control purposes.
The nominal data of the facility is given in Table 5.1 [55].

Table 5.1: Nominal data of the buckling test facility [55].
Maximum axial compression 1000 kN
Maximum torsion moment 50 kN m
Maximum specimen length 1600 mm

Maximum specimen width (diameter) 1200 mm

The preparation of the structures for the buckling tests started by casting the panel
into preliminary end boxes, hardening the end blocks and detaching from the boxes, as
it can be seen in Figure 5.2 a). After, the end block edges were milled in order to obtain
plane surfaces perpendicular to the panel axis. The imperfections of the panel shape
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and the realised radius were then measured, as the radial deviations from the perfect
cylindrical shape. The next step was the application of strain gauges and the changing
of stress-free casting into �nal end boxes (Figure 5.2 b)). After, it were applied supports
to the longitudinal edges as it can be seen in Figures 5.2 c) and d), and the strain gauges
were connected to cables. The �nal steps were the assembling to the buckling test facility
and the application of position encoders.

(a) (b) (c) (d)

Figure 5.2: Preparation of the test structures [55].

5.3 Numerical Simulation

5.3.1 Geometry

The main design objective within this model is to obtain a signi�cant postbuckling
area before collapse [56]. In reference [55] there is detailed information about the di�er-
ent designs and their in�uence on the postbuckling behaviour. In the present work, two
di�erent models will be analysed to compare the in�uence of the design in the postbuck-
ling area before collapse. In table 5.2 it is shown the geometrical data for the two chosen
designs.

Table 5.2: Nominal geometrical data and lay-up for the panel designs [55].
Nominal geometry/lay-up Models

PanelP10 PanelP12

Panel length (mm) l=780 l=780
Free length (buckling length) (mm) lf = 660 lf = 660

Radius (mm) r= 1687.5 r= 1069
Arc length (mm) a=419 a=419

Number of stringers n=3 n=4
Distance stringer to stringer d = a/3 d = a/4

Distance stringer to longitudinal edge e = a/6 e = a/8
Laminate set-up of skin [+45,−45, 0]s [90,+45,−45, 0]s

Laminate set-up of stringers (cf. Fig. 5.3)
Blade [(+45,−45)3, 06]s [(+45,−45)3, 06]s
Flange cf. Fig. 5.3 cf. Fig. 5.3

Ply thickness (mm) t=0.125 t=0.125
Stringer height (mm) h=14 h=14
Stringer width (mm) f=34 f=34
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The big di�erence between both models are the radius which is bigger for panel P10,
the number of stringers where panel P12 has one more stringer and the laminate set-up
of skin where panel P12 has one more layup. The stringers are equal for both models.
In Figure 5.3 a) it is illustrated the stringer type and in Figure 5.3 b) it is illustrated the
skin-stringer connection.

(a) Stringer type (b) Skin-stringer connection

Figure 5.3: Stringer modelling [56].

It was created a 3D deformable shell part to model the skin and stringers. To model
the stringer type, partitions were made to create the six sections in the stringer. In
Figure 5.4 is illustrated those six sections. The skin-stringer connection was made using
TIE constraints, connecting the nodes shown in Figure 5.3 b).

Figure 5.4: Stringer type.

A rigid wall was also created on the edge where the displacement is applied in order
to force the nodes having the same o�set. The rigid wall was created for both models
and its reference points were created in the middle of the edge where the displacement
is applied. In Figure 5.5 a) and b) it is shown the assembly of both models used for the
simulations. It is possible to see where the reference points were created.
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(a) Panel P10 (b) Panel P12

Figure 5.5: Assembly of the models.

5.3.2 Material Properties

Both models were built using composite materials, more speci�cally CFRP (carbon
�ber reinforced plastics). They were made of the prepreg material IM7/8552 which is a
epoxy resin. In detail, the skin of the panels was manufactured by manual tape laying in
a mould and curing in an autoclave, the stringers were formed of prepreg tapes and cured,
and then the stringers were bonded to the skin by application of s special adhesive �lm
and curing. Then, each panel was inspected by ultrasonic, having not been found any
substantial defect [55]. In this section the adhesive was not modeled since skin-stringer
degradation was not taken into account. The material properties were measured with
small specimens according to German standard and they are listed in table 5.3 [55].

Table 5.3: Material properties for CFRP prepreg IM7/8552 UD [55].
Longitudinal modulus of elasticity, E11 146.535 GPa
Transverse modulus of elasticity, E22 9.720 GPa

In-plane shear modulus, G12 6.054 GPa
Poisson's ration, ν12 0.34

The material was considered transverse isotropic which means its elastic constants
are independent from the orientation of the axis in plane <23>. This means:

E2 = E3; ν12 = ν13; G12 = G13; G23 =
E2

2(1 + ν23)
, (5.1)

It is possible to introduce this type of material in Abaqus choosing the optionsMechanical

-> Elastic and then choosing Lamina. To de�ne this type of material it is necessary to
know the six constants, with four of them being listed in table 5.3. It is also known the
value of G13 from the transverse isotropic de�nition and thus G23 is the only constant
missing. It is possible to calculate this constant using equation 5.4 but �rstly it is
necessary to calculate ν23 using equation 5.3 [57]. This leads to

ν21 =
E2

E1
ν12 = 0.0226, (5.2)
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ν23 = ν12
(1− ν21)

(1− ν12)
= 0.5035, (5.3)

G23 =
E2

2(1 + ν23)
= 3.232GPa. (5.4)

5.3.3 Load and boundary conditions

The boundary conditions applied to both models can be seen in Figures 5.6 and 5.7.
In Figure 5.6 it is shown the boundary condition applied to the whole panel while in
Figure 5.7 it is shown in detail the boundary condition applied to the lateral edges.

Figure 5.6: General boundary conditions [56].

Figure 5.7: Boundary conditions of the lateral edges [56].

It should be mentioned that in the numerical model the lateral edges were not
clamped. Instead, they were restrained only in the Ox displacement and in the Ox

and Oz rotations. This boundary condition was based on article [55]. Later, it was
changed for panel P12. The load was applied in the reference points of the rigid walls
for both models, as a prescribed axial displacement with a value of 3 mm for panel P10
and with a value of 3.5 mm for panel P12.
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5.4 Results

As it was mentioned before several parameters were tested in order to achieve a good
agreement with the experimental results. Therefore, in this section it will be presented
the results of the models P10 and P12, which includes the deformed shapes as also the
load vs displacement curves. The results will be compared with the results shown in the
article [55].

For panel P10 three di�erent meshes were tested, in which the �rst one has 35862
elements, the second one has 20640 elements and the third one has 15072 elements,
while for panel P12 �ve meshes were tested, in which the �rst one has 5076 elements, the
second one has 9840 elements, the third one has 15939 elements, the fourth one has 28080
elements and the last one has 40448 elements. For both panels the S4R and S4 element
formulations were tested, and for both panels four damping factors, using the constant
damping factor approach, were used. The �rst thirty buckling modes were tested for
both models as also 5 magnitude of imperfections.

5.4.1 Results of the panel P10

The results of the simulations of the panel P10 are presented hereafter. The next
results were obtained from a model without imperfections and using S4R and S4 element
formulations. The reason to not include the initial imperfections is because it was �rst
made an analysis to discover which buckling mode each panel followed. Then, and
being considered the deformed shapes of the models without imperfections, the buckling
modes extracted from a previous eigenvalue analysis were tested and used as initial
imperfections. In Figure 5.8 it is shown the deformed shapes of the three di�erent meshes
for a model with a constant damping factor of 2e-5 and S4R element formulation. In
Figure 5.9 it is shown the load vs displacement curves of the respective three meshes. It
can be seen that there is no big di�erence between the behaviour of the model with 35862
elements and the model with 20640 elements. The load vs displacement curves of these
two models almost match with exception of the �rst global buckling area, which is slight
smaller for the model with 20640 elements. Regarding the load vs displacement curve
of the model with 15072 elements, it shows a similar behaviour comparatively to the
other two models, however the �rst global buckling load is smaller and the postbuckling
behaviour after the �rst global buckling area is below the load vs displacement curve of
the experimental results. It is also shown that the prebuckling area of the three load
vs displacement curves obtained in the present work do not match with the prebuckling
area of the experimental result, although they are very close. Regarding the postbuckling
area and specially the �rst global buckling load, it is possible to see that this choice of
damping factor value is not the best option to represent the behaviour of the panel.
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(a) Model with 15072 elements (b) Model with 20640 elements

(c) Model with 35862 elements

Figure 5.8: Deformed shapes of the model with a damping factor of 2e-5 and S4R element
type.

Figure 5.9: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-5, for a model without imperfections and with S4R element type.

The S4 element formulation it was also tested, as it was mentioned before, and in
Figure 5.10 it is shown the deformed shapes obtained for that type of element. Comparing
with the results obtained for the model using the S4R element formulation, it can be seen
that the buckling shapes are very similar.
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(a) Model with 15072 elements (b) Model with 20640 elements

(c) Model with 35862 elements

Figure 5.10: Deformed shapes of the model with a damping factor of 2e-5 and S4 element
type.

Figure 5.11: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-5, for a model without imperfections and with S4 element type.

Regarding the load vs displacement curves of the model with S4 element formulation,
when comparing with the load vs displacement curves of the model with S4R element
formulation, the behaviour is very similar however the �rst global buckling load is slight
higher for the model with S4 element formulation. This can be seen in Figure 5.11.
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The deformed shapes of the model with a damping factor of 2e-6 and S4R element
formulation are shown in Figure 5.12. The deformed shapes of the �rst two meshes are
very similar, while in the case of the model with 35862 elements it shows a di�erent
behaviour. The two �rst deformed shapes have a similar behaviour to the deformed
shapes of the model with 35862 elements and damping factor of 2e-5, where it is visible
the same buckling shape between the stringers. In the case of the model with 35862
elements, it is visible a global buckling between the left and middle stringers.

(a) Model with 15072 elements (b) Model with 20640 elements

(c) Model with 35862 elements

Figure 5.12: Deformed shapes of the model with a damping factor of 2e-6 and S4R
element type.

In Figure 5.13 it is shown the load vs displacement curves of the simulations with
damping factor equal to 2e-6 and S4R element formulation. Comparing with the results
shown for the model with damping factor of 2e-5, this model presents a di�erent behaviour
in the postbuckling area. The changing of the damping factor value from 2e-5 to 2e-6, is
represented by a change in the �rst global buckling area, where it starts to form a peak.
This e�ect is more visible for the model with 35862 elements and with the decreased of
the damping factor this e�ect starts to appear in the other models with less elements.

The deformed shapes of the model with damping factor of 2e-6 and S4 element for-
mulation is shown in Figure 5.14. This is an exceptional case where the model with 15072
and 35862 element have a similar behaviour, however it can be seen that the global buck-
ling appear in opposite sides of the panel. For the model with 15072 elements the global
buckling appears between the middle and right stringer, while in the case of the model
with 35862 elements the global buckling appears between the left and middle stringer.
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Figure 5.13: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-6, for a model without imperfections and with S4R element type.

(a) Model with 15072 elements (b) Model with 20640 elements

(c) Model with 35862 elements

Figure 5.14: Deformed shapes of the model with a damping factor of 2e-6 and S4 element
type.

In Figure 5.15 it is shown the load vs displacement curves of the respective models.
In this case it can be seen that the �rst global buckling load is smaller than the �rst
global buckling load of the model with S4R element formulation (for the models with
35862 and 15072 elements).
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Figure 5.15: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-6, for a model without imperfections and with S4 element type.

The deformed shapes of the model with a damping factor of 2e-7 and S4R element
formulation is shown in Figure 5.16.

(a) Model with 15072 elements (b) Model with 20640 elements

(c) Model with 35862 elements

Figure 5.16: Deformed shapes of the model with a damping factor of 2e-7 and S4R
element type.
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Figure 5.17: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-7, for a model without imperfections and with S4R element type.

It can be seen (Figure 5.16) that the deformed shapes of the model with 20640
elements becomes similar to the deformed shape of the model with 35862 elements,
despite the buckling shapes being in opposite sides. The load vs displacement curves
of the model with a damping factor of 2e-7 and S4R element formulation is shown in
Figure 5.17. It can be seen that the curves of the models with 20640 and 35862 elements
match while the curve of the model with 15072 elements have an higher �rst global
buckling load and a di�erent behaviour after that point. Regarding the model with S4
element formulation and comparing to the model with S4R element formulation, they
have similar behaviours and the �rst global buckling load is higher for the model with
S4 element formulation. This is shown in Figures 5.18 and 5.19.

(a) Result of the model with 15072 ele-
ments

(b) Results of the models with 20640 and
35862 elements

Figure 5.18: Deformed shapes of the model with a damping factor of 2e-7 and S4 element
type.
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Figure 5.19: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-7, for a model without imperfections and with S4 element type.

The results of the model with a damping factor of 2e-8 and S4R and S4 element
formulation are shown in Figures 5.20, 5.21, 5.22 and 5.23. It can be seen that there is
no big di�erence between the models with a damping factor of 2e-7 and 2e-8.

(a) Model with 15072 elements (b) Model with 20640 elements

(c) Model with 35862 elements

Figure 5.20: Deformed shapes of the model with a damping factor of 2e-8 and S4R
element type.
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Figure 5.21: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-8, for a model without imperfections and with S4R element type.

(a) Model with 15072 elements (b) Model with 20640 elements

(c) Model with 35862 elements

Figure 5.22: Deformed shapes of the model with a damping factor of 2e-8 and S4 element
type.
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Figure 5.23: Load vs displacement curves of three di�erent meshes, for damping factor
equal to 2e-8, for a model without imperfections and with S4 element type.

After being analysed all the models without imperfections, the buckling modes were
tested for the model with 35862 elements, S4R element formulation and a damping factor
of 2e-6. This model was chosen because the load vs displacement curves of the other
models with a damping factor of 2e-7 and 2e-8 showed a postbuckling behaviour, after
the �rst global buckling area, below the load vs displacement curve of the experimental
result. Other factors were taken into account. For instance the �rst global buckling
load, which is higher comparatively with the models with a damping factor of 2e-7 and
2e-8, however these two last models take too much computational time and especially the
models with S4 element formulation. In Figure 5.24 it is shown the mode shape used as
imperfection. This mode corresponds to the twenty-�fth eigenvalue and it has a critical
load of 13.6 kN.

Figure 5.24: Mode shape used as imperfection.

In Figure 5.25 it is shown the deformed shapes of a model with positive imperfections.
It was tested �ve di�erent magnitudes of imperfections and it can be seen that the panel
presents a global buckling which appears in the left side of the panel for the lowest and
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the two higher magnitude of imperfection. For a magnitude of imperfection of 25 and 50
% the global buckling appears in the right side of the panel.

(a) Result of the model with an imperfec-
tion of 10%

(b) Result of the model with an imperfec-
tion of 25%

(c) Result of the model with an imperfec-
tion of 50%

(d) Result of the model with an imperfec-
tion of 75%

(e) Result of the model with an imperfec-
tion of 95%

Figure 5.25: Deformed shapes of the model with positive imperfections.

The deformed shapes of a model with negative magnitude of imperfections can be
seen in Figure 5.26. In this case the panel presents a global buckling shape in the left
side of the panel for the two lowest magnitude of imperfections and from the magnitude
of imperfection of 50% the buckling shape shifted to the right side of the panel until the
magnitude of imperfection of 95 %.
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(a) Result of the model with an imperfec-
tion of 10%

(b) Result of the model with an imperfec-
tion of 25%

(c) Result of the model with an imperfec-
tion of 50%

(d) Result of the model with an imperfec-
tion of 75%

(e) Result of the model with an imperfec-
tion of 95%

Figure 5.26: Deformed shapes of the model with negative imperfection.

The load vs displacement curves of the model with positive imperfections are shown
in Figure 5.27. It can be seen that with the increase of the magnitude of imperfections,
the curves shifted to the right being more close to the experimental curve. It also can
be seen that the �rst global buckling load decreases and increases with the increase of
the magnitude of imperfections. In other words, when it changes from a magnitude of
imperfection of 10 % to 25 %, the buckling load decreases but when it changes from a
magnitude of 25 to 50 % the buckling load increases again, and so on ultil a magnitude
of imperfection of 96 %. In Figure 5.28 it is shown the load vs displacement curve of the
model with negative magnitude of imperfections. In this case the buckling load increases
with the increase of the magnitude of imperfections and as it happened with the models
with positive magnitude of imperfections, the curves shifted to the right side of the graph
being more close to the experimental curve. Comparatively to the models with positive
imperfections, the models with negative imperfections present lower buckling loads.
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Figure 5.27: Results of the positive magnitude of imperfections.

Figure 5.28: Result of the negative magnitude of imperfection.

5.4.2 Results of the panel P12

The results of the panel P12 will be shown hereafter. Firstly it will be shown the
results of the �ve di�erent meshes and four damping factors (constant damping factor
approach). This �rst simulations were based on a model without initial imperfections
for the same reason mentioned for the panel P10 . For each damping factor value it
will also be presented the results for two di�erent type of elements (S4R and S4 element
formulations). In Figure 5.29 it is shown the deformed shapes for �ve di�erent meshes
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and damping factor equal to 2e-5. It is visible that the models with 28080 and 15939
present a similar behaviour as well as the models with 9840 and 5076 elements. They
are all characterized by a global buckling in the center of the panel, but having di�erent
shapes.

(a) Model with 40448 elements (b) Model with 28080 elements

(c) Model with 15939 elements (d) Model with 9840 elements

(e) Model with 5076 elements

Figure 5.29: Deformed shapes of the model with a damping factor of 2e-5.

In Figure 5.30 it is shown the load vs displacement curves for �ve meshes of a model
with S4R element formulation and damping factor equal to 2e-5. It can be seen that
there is a good agreement between the experimental and computational results for the
prebuckling area. However, it is visible that the postbuckling area does not even partly
match. Comparing the models with 15939 and 28080 elements, the behaviour is very
similar however the �rst global buckling load is higher for the model with 28080 elements
. The model with 40448 elements, exhibits a di�erent behaviour comparatively with
the other four models and in general, it is possible to see that the �rst global buckling
load increases with the increasing number of elements. Resuming, for this damping factor
value, there is not a good agreement between the computational and experimental results
for the postbuckling area, for any of the �ve meshes, as in terms of behaviour as in terms
of critical load.
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Figure 5.30: Load vs displacement curves of �ve di�erent meshes, for damping factor
equal to 2e-5, for a model without imperfections and with S4R element type.

In Figure 5.31 it is shown the load vs displacement curves for the same model but
for the S4 element formulation. Comparing with the load vs displacement curves of the
model with S4R element formulation, in general, the behaviour is similar. The di�erence
between the two type of elements resides in the �rst global buckling load which is higher
for the S4 element formulation (with exception of the model with 9840 elements).

Figure 5.31: Comparison between �ve di�erent meshes for damping factor equal to 2e-5,
for a model without imperfections and with S4 element type.
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The deformed shapes for the �ve di�erent meshes, using the S4R element formulation
and with a damping factor equal to 2e-6 can be seen in Figure 5.32. It can be seen that
there are some changes in the buckling shapes when it changes the damping factor value
from 2e-5 to 2e-6.

(a) Model with 40448 elements (b) Model with 28080 elements

(c) Model with 15939 elements (d) Model with 9840 elements

(e) Model with 5076 elements

Figure 5.32: Deformed shapes of the model with a damping factor of 2e-6.

Comparing with the model with a damping factor of 2e-5, the model with a damping
factor of 2e-6 exhibits a di�erent behaviour which is possible to see in Figure 5.33. The
curves of this model start to present a peak in the �rst global buckling load area while
in the case of the model with a damping factor of 2e-5 shows a horizontal behaviour, as
it happened with panel P10. Once again the prebuckling area shows a good agreement
with the experimental model, however the �rst global buckling load continues too high.
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Figure 5.33: Comparison between �ve di�erent meshes for damping factor equal to 2e-6,
for a model without imperfections and with S4R element type.

In Figure 5.34 it is shown the results for the same models but with S4 element
formulation. The biggest di�erence between the two element formulations resides in the
model with 40448 which has a completely di�erent postbuckling behaviour, besides the
�rst global buckling load which is much higher for the model with S4 element formulation.

Figure 5.34: Comparison between �ve di�erent meshes for damping factor equal to 2e-6,
for a model without imperfections and with S4 element type.

In Figure 5.35 it is shown the deformed shapes of the models with a damping factor of
2e-7. For this value of damping factor it can be seen that the model with 40448 elements
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presents a di�erent behaviour from all the others. While the other models present a
global buckling in the center of the panel, the model with 40448 elements presents local
buckles between the stringers.

(a) Model with 40448 elements (b) Model with 28080 elements

(c) Model with 15939 elements (d) Model with 9840 elements

(e) Model with 5076 elements

Figure 5.35: Deformed shapes of the model with a damping factor of 2e-7.

In Figure 5.36 it is shown the load vs displacement curves for the �ve di�erent meshes
and a damping factor of 2e-7. The particularity of this damping factor value is the
model with 40448 elements which presents a completely di�erent behaviour from the
other models. This was expected since the deformed shaped of this model presented
local buckles between the stringers instead of a global buckle in the center of the panel.

The load vs displacement curves of the same model but with the S4 element formula-
tion can be seen in Figure 5.37. In this case the load vs displacement curve of the model
with 40448 elements presents a similar behaviour to the load vs displacement curve of
the model with a damping factor of 2e-6 and S4 element formulation.
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Figure 5.36: Comparison between �ve di�erent meshes for damping factor equal to 2e-7,
for a model without imperfections and with S4R element type.

Figure 5.37: Comparison between �ve di�erent meshes for damping factor equal to 2e-7,
for a model without imperfections and with S4 element type.

The deformed shapes of the model with a damping factor of 2e-8 and S4R element
formulation is shown in Figure 5.38. The load vs displacement curves of this model is
shown in Figure 5.39.
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(a) Model with 40448 elements (b) Model with 28080 elements

(c) Model with 15939 elements (d) Model with 9840 elements

(e) Model with 5076 elements

Figure 5.38: Deformed shapes of the model with a damping factor of 2e-8.
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Figure 5.39: Comparison between �ve di�erent meshes for damping factor equal to 2e-8,
for a model without imperfections and with S4R element type.

Figure 5.40: Comparison between �ve di�erent meshes for damping factor equal to 2e-8,
for a model without imperfections and with S4 element type.

A summary of the �rst global buckling loads of all models is given in Table 5.4. It
can be seen that the �rst global buckling loads of all models are too high when compared
with the reference value. One cause to this problem could be the boundary conditions
applied to the longitudinal edges. This will be shown later.
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Table 5.4: Comparison between the �rst global buckling loads of the �ve meshes and
four damping factors.

First global
buckling

Meshes load (kN)
2e-5 2e-6 2e-7 2e-8
S4R S4 S4R S4 S4R S4 S4R S4

40448 118.2 123.7 112.1 150.1 - 148.3 112.6 113.7
28080 105.9 108.9 95.4 93.5 89.2 89.9 88.4 112.6
15939 100.7 104.2 86.5 88.9 107.8 86.1 108.8 111.3
9840 105.7 97.6 101.4 79.3 74.3 104.7 101 76
5076 84.8 88.8 84.5 74.1 83 94 87.7 93.9

Ref. 69.6

After being analysed all the models without imperfections, the buckling modes were
tested for the model with 15939 elements, S4R element formulation and a damping
factor of 2e-6. This model was chosen because it is the model that has the lowest �rst
global buckling load and the behaviour more proximate to the experimental curve. The
computational time was also other factor being considered in the choice of the model.

In Figure 5.41 it is shown the mode shape used as imperfection. This mode shape
corresponds to the twenty-second eigenvalue and has a critical load of 29.6 kN. The
deformed shapes for the models with positive imperfections are shown in Figure 5.42.
With exception of the model with the lowest magnitude of imperfection, the other four
models present the same buckling shape, which some of the buckles are deeper than
others. In Figure 5.43 it is shown the deformed shapes of the models with negative
magnitude of imperfections. In this case the last three models presents a similar buckling
shape in the center of the panels.

Figure 5.41: Mode shape used as imperfection.
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(a) Result of the model with an imperfec-
tion of 10%

(b) Result of the model with an imperfec-
tion of 25%

(c) Result of the model with an imperfec-
tion of 50%

(d) Result of the model with an imperfec-
tion of 75%

(e) Result of the model with an imperfec-
tion of 95%

Figure 5.42: Deformed shapes of the model with imperfection.
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(a) Result of the model with an imperfec-
tion of 10%

(b) Result of the model with an imperfec-
tion of 25%

(c) Result of the model with an imperfec-
tion of 50%

(d) Result of the model with an imperfec-
tion of 75%

(e) Result of the model with an imperfec-
tion of 95%

Figure 5.43: Deformed shapes of the model with negative imperfection.

The load vs displacement curves of the model with positive imperfections are shown in
Figure 5.44. It can be seen that the curves shifted to the right as it happened with panel
P10 but in this case the curves deviate from the experimental curve. The prebuckling
sti�ness of both computational and experimental curves still match but the postbuckling
sti�ness tends to deviate with the increase of the magnitude of imperfections. Regarding
the �rst global buckling load, it tends to decrease with the increase of the magnitude of
imperfections. In Figure 5.45 it is shown the load vs displacement curves of the model
with negative magnitude of imperfections. It can be seen that there are not big di�erences
between the models with positive and negative imperfections. The curves of the models
with negative magnitude of imperfections also shifted to the right side of the graph and
the buckling load also decreases with the increase of the magnitude of imperfections.
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Figure 5.44: Load vs displacement curves of the model with positive imperfections.

Figure 5.45: Load vs displacement curves of the model with negative imperfections.
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It can be seen that the �rst global buckling load, of the load vs displacement curves
obtained from the simulations, are too high when compared to the load vs displacement
curve of the experimental result. In order to investigate the reasons, additional sim-
ulations were performed. Figure 5.2 d) shows how the longitudinal edges of the test
specimens were embedded in supporting beams and, in order to enable free gliding of the
panel in loading direction, the layers between the panel edge and the beam were made
from a glass �ber/resin �lling compound.

The e�ect of the supporting beams is modelled by springs acting subsequently on
one, two, three and four node rows within the width of the embedding. Therefore, the
boundary conditions applied in the longitudinal edges of the models were replaced by the
springs. In Figure 5.46 it can be seen the model with two rows of springs. The springs
were applied in the nodes within the width of the embedding.

The simulations of the model using springs, were made using the same model used to
show the in�uence of the imperfections, however the results showed a �rst global buckling
load too low. So the simulations were then made for the model with 40448 elements,
S4R element formulation and a damping factor of 2e-7.

Figure 5.46: Model with two rows of springs.

In Figure 5.47 it is shown the deformed shapes obtained from this model and the
respective load vs displacement curves are shown in Figure 5.48. All the models present
a global buckling shape in the center of the panels. The load vs displacement curves
shows that the axial sti�ness of the four models using springs, in the prebuckling area,
have a good agreement with the axial sti�ness of the experimental curve. The increase of
rows of springs in�uence the �rst global buckling load. Regarding the postbuckling area,
it can be seen that the changing of the boundary conditions in the embedded region have
a big in�uence in the axial sti�ness of the panel. Therefore, it is di�cult to simulate
the load vs displacement curve in the deep postbuckling area, since there is no detailed
knowledge of how the lateral edges in�uence the postbuckling behaviour of the panel,
especially due to the e�ect of free gliding.
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(a) Deformed shape of the model with one
row of springs.

(b) Deformed shape of the model with
two rows of springs.

(c) Deformed shape of the model with
three rows of springs.

(d) Deformed shape of the model with
four rows of springs.

Figure 5.47: Deformed shapes of the model with springs.

Figure 5.48: In�uence of the boundary conditions of the longitudinal edge.
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5.5 Summary of the results

Two di�erent panels were tested in this chapter. The �rst one (panel P10) has three
stringers while the second one (panel P12) has four stringers. Its distribution is also
di�erent, while panel P10 has a stringer in the center of the panel, the panel P12 has a
skin �eld. Another di�erence between the two models is the radius of the skin, which is
bigger for panel P10, and also the thickness of the skin which is bigger for panel P12.

As it was seen, the behaviour of the panels is in�uenced by several parameters. In
general, for both models, a damping factor value equal to 2e-5 presents an horizontal area
in the �rst global buckling area, while for higher damping factor values a peak starts to
appear. Also the di�erent values of damping factors in�uence the computational time,
which increases with the decreased of the damping factor value. Panel P12 has shown
a good agreement with the experimental results in the prebuckling area, however it was
di�cult to simulate the load vs displacement curve in the postbuckling area. The �rst
global buckling load was too high comparatively with the reference value and it was seen
how the boundary conditions of the lateral edges can in�uence this load. Regarding
the panel P10 the prebuckling area of the models without imperfection did not match,
however when the imperfections were introduced into the model, the curve shifted to the
right, coinciding with the experimental curve.

It could be seen too how the number and type of elements in�uence the simulation of
the load vs displacement curves. In general, the more re�ned is the mesh, higher is the
�rst global buckling load. The same happened when the type of element was changed, for
S4 element formulation, most of load vs displacement curves showed a �rst buckling load
higher than the load vs displacement curves of the models with S4R element formulation.
However for both number and type of elements, there are exceptions that were already
mentioned. The computation time is also in�uenced by the number and type of elements
used in the simulations. It increases with the increase of number of elements as also with
the change of the S4R to the S4 element formulation.

Regarding the in�uence of the magnitude of imperfections it was seen that the load vs
displacement curves of the panel P10 presented a di�erent evolution when compared to
the load vs displacement curves of the panel P12. While the load vs displacement curves
of panel P12 showed a linear evolution, i.e., the �rst global buckling load decreased with
the increase of the magnitude of imperfections (for both positive and negative magnitude
of imperfections), the �rst global buckling load of panel P10 decreased and increased
with the increase of the magnitude of imperfections, in the case of positive magnitude
of imperfections. Regarding the negative magnitude of imperfections, the buckling load
increased with the increase of the magnitude of imperfections. It was also seen for both
panels that the load vs displacements curves tends to shift to the right side of the graph
with the increase of the magnitude of imperfections.

Despite the material properties and boundary conditions being the same for both
panels, they presented di�erent behaviours, as it was expected, since their geometry
was di�erent. Both panels presented a global buckling shape, however in panel P10 it
appeared in one side of the panel, while for panel P12 it appeared in the center of the
panel. This can be explained by the position of the stringers as well as by the skin-stringer
connection. It was easier to simulate the load vs displacement curves, in the postbuckling
area, of panel P10, since it showed a better agreement with the experimental curve than
panel P12. As it was mentioned, the numerical simulation of panel P12 were too sti�.
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Chapter 6

Final considerations

6.1 Conclusion

The main goal of this thesis was the domain of computational tools based on the
Finite Element Method (FEM) in order to analyse the behaviour of sti�ened panels
subjected to compressive loading conditions. The simulations carried out throughout the
present work allow to take some conclusions on the methodologies and parameters that
were intended to study.

Chapter 4 permitted to learn the methodologies involved in the analysis of the buck-
ling behaviour. It was seen that the results obtained in this thesis for model TR almost
matched the results obtained by Paulo in [1], and in the case of panel L, the load vs
displacement curves showed the same behaviour but they were shifted a little bit to the
right side of the graph. It was also seen how the magnitude of imperfections can in�uence
the behaviour of the load vs displacement curves.

In Chapter 5 it was made the analysis of two di�erent sti�ened CFRP curved panels.
The reason to study two di�erent type of panels was to understand how the geometry
can in�uence the postbuckling behaviour of the panels. It was seen that the existence
or non existence of a stringer in the middle of the panel can in�uence the postbuckling
behaviour. The use of the stabilize method involves the study of the damping factors
and so four values were tested and its in�uence was shown. It was seen that the post-
buckling area is in�uenced by the damping factor and when its value increases, the
postbuckling area becomes horizontal (in the �rst buckling load area). Other parame-
ters, such as the number and type of elements and magnitude of imperfections, were also
tested. Regarding the magnitude of imperfections, it was seen that both panels showed
a di�erent evolution regarding the load vs displacement curves when the magnitude of
imperfections is increased and it was also seen that positive and negative magnitude of
imperfections a�ects di�erently the behaviour of the panels. In the case of panel P10 the
�rst global buckling load decreased and increased with the increase of the magnitude of
imperfections, for positive magnitude of imperfections, and it increased with the increase
of the magnitude of imperfection for negative magnitude of imperfections. Regarding
the panel P12 the �rst global buckling load decreased with the increase of the magnitude
of imperfections, for both positive and negative magnitude of imperfections. It could
also be seen that all load vs displacement curves tend to shift to the right side of the
graphic with the increase of the magnitude of imperfections. Other parameter that was
tested was the boundary condition applied to the lateral edges and it was shown how the
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lack of knowledge on how the lateral edges are restrained can in�uence the postbuckling
behaviour.

6.2 Future works

As it was mentioned before there are several parameters that can in�uence the be-
haviour of the panels and the skin-stringer connection is one of the those parameters. In
this thesis the TIE constraint was the method chosen to connect the skin to the stringers
but there are others that could be tested. One example is the multi-point constraint.

Models that take into account damage should be tested too. There are degradation
models for ply failure of a laminate, for instance �ber fracture and matrix cracking and
interlaminar damage, namely delamination. Some of the methods used to study the
delaminations were already mentioned in the present work.
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