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SUMMARY

The aeronautical industry has set ambitious goals to reduce its environmental impact
and become sustainable. Addressing rising emissions involves strategies such as reducing
structural weight, due to its direct impact on fuel consumption, and the use of new materials
and manufacturing techniques. Research and development on thermoplastic composites has
seen an uprise due to their mechanical properties and sustainability benefits. It enables cost-
effective, innovative manufacturing techniques, less manufacturing waste and recyclability.
This has led to the launch of several projects utilising thermoplastics, such as TAPAS 1
and 2 in The Netherlands, and the Clean Sky 2 project STUNNING. The TAPAS projects
focussed on co-consolidated structures with the butt-joint technique, while STUNNING
developed and manufactured a lower half of the multifunctional fuselage demonstrator,
one of the world’s largest thermoplastic structures.

This thesis investigates the post-buckling and skin-stringer separation behaviour of
thermoplastic composite structures, with a combined experimental and numerical method-
ology. Allowing structures to buckle below the ultimate load can lead to considerable
weight savings, however, the failure of composite structures in post-buckling is complex
and usually catastrophic. This research intends to close the knowledge gap on thermoplas-
tic composites in post-buckling, contributing to the goal of sustainable structures allowed
to operate in post-buckling.

Thermoplastic composite panels with three omega stiffeners and conduction welded
joints are designed by analysis and tested in post-buckling to study the welded joint
performance. The panels are designed such that their structural behaviour is representative
of the lower half of the Clean Sky 2 STUNNING multifunctional fuselage demonstrator.
Finite element analysis is executed on a fuselage section, which consists of a simplified
STUNNING keel section and incorporates skin-stringer separation in the pristine welded
joint with the virtual crack closure technique. The fuselage’s skin-stringer separation and
post-buckling behaviour are analysed and serve as the reference for the three-stringer
panel design. Two panels, manufactured by National Aerospace Laboratory (NLR) and GKN
Fokker, are instrumented and tested till final failure. The test setup includes high-speed
cameras to capture final failure and digital image correlation to measure panel deformation.
The panels exhibit skin-stringer separation in post-buckling, starting with the unstable
separation of the middle stringer, followed by the outer stringers separation and fracture of
two stringers. The numerical analysis of the panels incorporates geometrical imperfections,
as measured by digital image correlation. The analysis accurately predicts the structural
behaviour, demonstrating only minor differences in buckling and separation behaviour.

The welded omega stiffened panels are further investigated, featuring initial damage
in the conduction welded joined, for damage tolerance behaviour in post-buckling. Finite
element analyses are executed with the virtual crack closure technique to model skin-
stringer separation of pristine joints and joints with initial damage. Four panels are tested,
with initial damage in three panels and one panel in pristine condition. The initial damage is
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created by inserting a foil at the skin-stringer interface before welding. The buckling shape
evolution and interaction with the initial damage is captured by digital image correlation.
The panels show indications of minor stable separation growth at the initial damage from
the out-of-plane displacement measurement and camera footage. This is followed by
unstable separation as captured by the high-speed camera, starting from the initial damage
location. The panels with one damage collapse once separation starts, but the panel with
two initial damages exhibits a separation event of the middle stringer and continues to
carry load followed by collapse. The numerical analysis predicts the structural behaviour
well, with a conservative failure load prediction when there’s initial damage in the middle
stringer. The initial buckling is predicted accurately. However, the analysis has difficulty
predicting the buckling shape evolution at higher loads.

Two thermoplastic composite stiffened panels utilising the butt-joint technique are
analysed and tested to study the buckling behaviour and final failure mode. The panels
are manufactured by co-consolidated and are of fast crystallising polyetherketoneketone
carbon composite. The panels have three stringers with an angled cap on the side, with
short-fibre filler to join the cap to the web, and the web to the skin. The middle skin-stringer
interface has initial damage that represents barely visible impact damage. Finite element
analyses, which use the virtual crack closure technique in the short-fibre filler interface, are
executed to predict the structural behaviour. In the tests, damage propagation is captured
by cameras, panel deformation is measured by digital image correlation and final failure is
captured by high-speed cameras at the cap-side of the stringer. The initial buckling shape
of the panel consists of three half-waves per bay, with a fourth half-wave appearing at
higher loads in one of the bays. Damage propagation starts early after buckling, with a
combination of both stable and unstable damage propagation followed by final failure. The
middle stringer separates, followed by the collapse of the panel. The analysis predicts the
structural behaviour accurately, with the buckling and failure behaviour showing excellent
agreement.

Two curved thermoplastic composite panels with five stringers, butt-joint and roller
boundary conditions are analysed and tested. The rollers are attached to the loading edges
to approximate simply-supported boundary conditions that apply compression and bending
to the panels. One panel is pristine, and the second has one barely visible impact damage
in the butt-joint skin-stringer interface. The roller boundary conditions are approximated
with three different approaches in the finite element analysis, after which the option with
physical rollers but no contact is chosen as the best option. The following analysis to
predict the test includes material damage and damage evolution. Panel failure is captured by
high-speed cameras, and occurs in a sudden matter. Collapse starts with the cap separation
from the web, after which the web fails and cripples and the butt-joint exhibits skin-stringer
separation. Closer examination of the failed panels and high-speed footage reveals that
the top plies of the web have failed and are still attached to the cap, indicating material
failure of the web as the critical failure mode. The structural behaviour is well predicted by
the finite element analysis, but it cannot predict the sudden panel collapse due to material
damage in the web and the following cap separation.

Thermoplastic composite stiffened structures were extensively investigated. The thesis
demonstrates the extensive possibilities w.r.t. manufacturing and designs of thermoplastic
composites for stiffened panels and the robustness of using classical analysis methods devel-
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oped initially for thermoset composites. The post-buckling performance, predictability, and
damage tolerance of the structures investigated show the great potential of thermoplastic
composites in primary aeronautical sustainable structures.
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SAMENVATTING

De luchtvaartindustrie heeft ambitieuze doelen gesteld om te verduurzamen en haar im-
pact op het milieu the verminderen. De aanpak van stijgende emissies bevat strategieén
zoals het verlagen van het structurele gewicht, vanwege de directe invloed op het brand-
stofverbruik, en het gebruik van nieuwe materialen en productietechnieken. Onderzoek en
ontwikkeling van thermoplastische composieten heeft een toename gezien vanwege de
mechanische eigenschappen en duurzaamheid. Het maakt innovatieve en kosteneffectieve
productietechnieken mogelijk, met minder productieafval en meer recycling mogelijkhe-
den. Dit heeft geleid tot de lancering van verschillende projecten voor de ontwikkeling
van thermoplastische structuren, zoals TAPAS 1 en 2 in Nederland, en het Clean Sky
2-project STUNNING. De TAPAS-projecten richtten zich op structuren voortkomend uit
co-consolidatie met de kops-verbindings-techniek, terwijl STUNNING de onderste helft
van een multifunctionele romp-demonstrator ontwikkelde en produceerde, een van ’s
werelds grootste thermoplastische structuren.

Deze scriptie onderzoekt het naknik en het huid-verstijver loslaat-gedrag van ther-
moplastische composietstructuren, met een gecombineerde experimentele en numerieke
methodologie. Het toestaan van structuren om te knikken onder de ultieme belasting kan
aanzienlijke gewichtsbesparingen opleveren, maar het falen van composietstructuren in
naknik is complex en meestal catastrofaal. Dit onderzoek beoogt het kennistekort over
thermoplastische composieten in naknik te dichten, bijdragend aan het doel van duurzame
structuren die in naknik mogen opereren.

Thermoplastische composietpanelen met drie omega-verstijvers en conductie gelaste
verbindingen worden ontworpen door middel van analyse en getest in naknik om de
prestaties van de gelaste verbinding te bestuderen. De panelen zijn ontworpen zodat hun
structureel gedrag representatief is voor de onderste helft van de Clean Sky 2 STUNNING
multifunctionele romp-demonstrator. Eindige-elementenanalyse wordt uitgevoerd op een
rompsectie, die bestaat uit een vereenvoudigde STUNNING kielsectie met huid-verstijver
loslating in de ongerepte gelaste verbinding met de virtuel crack closure-techniek. De
huid-verstijver loslating en naknik-gedrag van de romp worden geanalyseerd en dienen
als referentie voor het ontwerp van het paneel met drie verstijvers. Twee panelen, ver-
vaardigd door het Nationaal Lucht- en Ruimtevaartlaboratorium (NLR) en GKN Fokker,
worden geinstrumenteerd en getest tot het definitieve falen. De testopstelling bevat hoges-
nelheidscamera’s om het definitieve falen vast te leggen en digital image correlation om
de vervorming van het paneel te meten. De panelen vertonen huid-verstijver loslating
in naknik, te beginnen met de onstabiele loslating van de middelste verstijver gevolgd
door de loslating van de buitenste verstijver en breuk van twee verstijvers. De numerieke
analyse van de panelen omvat geometrische imperfecties zoals gemeten door digital image
correlation. De analyse voorspelt het structurele gedrag nauwkeurig, met slechts kleine
verschillen in knik - en verstijver loslaat-gedrag.
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De gelaste omega-versterkte panelen worden verder onderzocht, met initiéle schade
in de conductie gelaste verbinding, voor het schadetolerantie gedrag in naknik. Eindige-
elementenanalyses worden uitgevoerd met de virtuel crack closure-techniek om huid-
verstijver loslating van ongerepte verbindingen en verbindingen met initiéle schade te
modelleren. Vier panelen worden getest, met initiéle schade in drie panelen en één paneel
in ongerepte staat. De initiéle schade wordt gecreéerd door een folie in de huid-verstijver
interface te plaatsen voor het lassen. De vormevolutie tijdens knik en de interactie met
de initi€éle schade wordt vastgelegd door digital image correlation. De panelen vertonen
indicaties van lichte stabiele groei van de initiéle schade vanuit de meting van verplaatsing
uit het vlak en camerabeelden. Dit wordt gevolgd door onstabiele loslating zoals vastgelegd
door de hogesnelheidscamera, beginnend vanaf de locatie van de initiéle schade. De panelen
met één schade falen zodra de loslating begint, maar het paneel met twee initiéle schades
vertoont een loslating van de middelste verstijver en gaat door met het dragen van belasting
gevolgd door falen. De numerieke analyse voorspelt het structurele gedrag goed, met een
conservatieve voorspelling van de faallast wanneer er initiéle schade is in de middelste
verstijver. Het initiéle knikken wordt nauwkeurig voorspeld. De analyse heeft echter
moeite met het voorspellen van de evolutie van de knik -vorm bij hogere belastingen.

Twee thermoplastische composiet versterkte panelen met de kops-verbindings-techniek
worden geanalyseerd en getest om het knik -gedrag en de uiteindelijke faalwijze te bestud-
eren. De panelen zijn vervaardigd met co-consolidatie en zijn van snel kristalliserend
polyetherketonketon-koolstofcomposiet. De panelen hebben drie verstijvers met een
schuin kapje aan de zijkant, en de verbinding tussen kap en web, en web aan huid, bestaat
uit korte vezelvuller. De interface van de middelste huid-verstijver heeft initiéle schade
die nauwelijks zichtbare impactschade vertegenwoordigt. Eindige-elementenanalyses,
met de virtuel crack closure-techniek in de interface tussen huid en de korte vezelvuller
, worden uitgevoerd om het structurele gedrag te voorspellen. In de tests wordt schade-
groei vastgelegd door camera’s, wordt de vervorming van het paneel gemeten door digital
image correlation en wordt het definitieve falen vastgelegd door hogesnelheidscamera’s
aan de zijde van de verstijver-kap. De initiéle knik -vorm van het paneel bestaat uit drie
half-golven per baai, met een vierde half-golf die verschijnt bij hogere belastingen in een
van de baaien. Schadegroei begint vroeg na het knikken, met een combinatie van zowel
stabiele als onstabiele schadegroei gevolgd door definitief falen. De middelste verstijver
laat los, gevolgd door het falen van het paneel. De analyse voorspelt het structurele gedrag
nauwkeurig, en het knik - en faalgedrag vertoont uitstekende overeenkomst.

Twee gebogen thermoplastische composietpanelen met vijf verstijvers, kops-verbinding
en rolrandvoorwaarden worden geanalyseerd en getest. De rollers zijn bevestigd aan de
belastingsvlakken om eenvoudig oplegging voorwaarden te benaderen die compressie
en buiging op de panelen toepassen. Eén paneel is ongerept, en de tweede heeft een
nauwelijks zichtbare impactschade in de kops-verbinding tussen huid en verstijver. De
rolrandvoorwaarden worden benaderd met drie verschillende methodes in de eindige-
elementenanalyse, waarna de optie met fysieke rollers maar zonder contact als de beste optie
wordt gekozen. De daaropvolgende analyse om de test te voorspellen bevat materiaalschade
en schade-evolutie. Het falen van het paneel wordt vastgelegd door hogesnelheidscamera’s
en het falen gebeurt op een plotselinge manier. Falen begint met de loslating van de kap van
de web, waarna de web faalt en breekt en de huid-verstijver loslating vertoont in de kops-
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verbinding. Nader onderzoek van de gefaalde panelen en hogesnelheidsbeelden onthult dat
de bovenste lagen van het weblaminaat zijn gefaald en nog steeds aan de kap zijn bevestigd,
wat wijst op materiaalfalen van de web als de kritische faalwijze. Het structurele gedrag
wordt goed voorspeld door eindige elementen, maar het kan de plotselinge falen van het
paneel door materiaalschade in de web en daaropvolgende kap loslating niet voorspellen.

Thermoplastische composiet versterkte structuren zijn uitgebreid onderzocht. De scrip-
tie toont de uitgebreide mogelijkheden met betrekking tot de productie en ontwerpen van
thermoplastische composieten voor verstijfde panelen en de robuustheid van het gebruik
van klassieke analysemethoden die oorspronkelijk zijn ontwikkeld voor thermohardende
composieten. De naknik-prestaties, voorspelbaarheid en schadetolerantie van de struc-
turen die zijn onderzocht, tonen het grote potentieel van thermoplastische composieten in
primaire duurzame luchtvaartstructuren.






INTRODUCTION

He aeronautical industry has set ambitious goals for lowering its environmental im-
Tpact and becoming sustainable. One strategy to reduce emissions is to lower fuel
consumption, among other strategies, which in turn results in cost savings. An effective
way of doing so is by lowering the aircraft’s weight, as weight is directly linked to fuel
consumption during flight. This weight reduction can also increase the passenger capacity
per flight, reducing the required number of flights.

Thermoplastic composites have seen an uprise in research and development in the
aeronautical field because of their mechanical properties and how they can aid in sustain-
ability. Thermoplastics offer high recycling potential thanks to their ability to be melted
multiple times with minor or no degradation, which also aids in the reduction of manu-
facturing waste and repairs. For instance, compression moulding of shredded trimmings
into panels with ribs [1], and compression moulded rotorcraft door hinges of recycled
fragments [2]. Thermoplastics allow for new manufacturing techniques, such as hot press
forming, co-consolidation and thermoplastic welding. These techniques allow for faster
processing times, fewer parts to assemble and reduced cost. Thermoplastics are also known
to have higher toughness, leading to less brittle failure behaviour, which is a considerable
advantage for damage tolerance.

1.1 PROJECTS ON THERMOPLASTIC COMPOSITES

In recent years, a number of projects have successfully been conducted on thermoplastic
composite aeronautical structures, of which the projects relevant to this thesis will be
discussed in chronological order.

The Thermoplastic Affordable Primary Aircraft Structure (TAPAS) 1 project was
launched in The Netherlands in 2009, consisting of several partners, including GKN Fokker,
NLR and Airbus, and investigated the necessary manufacturing technologies for thermo-
plastic primary structures [3]. It resulted in various new manufacturing techniques and
delivered a torsion box and a fuselage shell demonstrator. The manufacturing techniques
for the demonstrators included automated fibre placement, co-consolidation, press forming
and thermoplastic welding. They incorporated the butt-joint concept to join skin and
stringer and the use of carbon fibre PEKK. Both demonstrators were tested, and the torsion
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box underwent a complete certification test programme. Considerable weight savings were
achieved thanks to the separated skin and stiffener design, increasing the design space,
and the higher toughness of thermoplastics allowed for thinner laminates due to better
crack growth prevention.

A second project, called TAPAS 2, started in 2014, building on the achievements of
TAPAS 1 [4]. The project further explored the demonstrators of TAPAS 1, achieved higher
TRL levels for the thermoplastic technologies and developed an orthogrid fuselage shell
entirely out of thermoplastic composites. It utilised innovative stiffening and joining
techniques such as the butt-joint concept, resulting in a fastener-free fuselage design. This
eliminated the requirement for a "mouse hole" in the frame, which the stringer would
pass through in traditional designs. Further technology developments from the TAPAS
projects concentrated on orthogrid shells with double curvature, with an example shown
in Figure 1.1, including convex and concave sections [5]. The orthogrid shells utilized
conduction welding to join the frame to the grid and capitalized on the manufacturability
of thermoplastics, allowing for a more aerodynamic tail section for a jet to be designed
while being cost-effective.

In this thesis, structures representative of a jet fuselage that utilises technologies
originating from the TAPAS projects are investigated on the post-buckling and failure
behaviour, emphasising the behaviour of the butt-joint.

Figure 1.1: Orthogrid double curvature fuselage panel [5].

In 2017, the Clean Sky 2 “SmarT mUIti-fuNctioNal and INtegrated TP fuselaGe” STUN-
NING project was initiated as part of the Horizon 2020 innovation funding programme
of the European Union [6]. This project designed and manufactured the lower half of
the thermoplastic multi-functional fuselage demonstrator, which is shown in Figure 1.2.
The fuselage uses a wide variety of manufacturing techniques, including press-forming,
compression moulding, and different types of thermoplastic welding of critical joints [7].
The fuselage is 8.5 meters long and 4 meters in diameter. It includes substructures such as
the floor and cargo floor structure, energy absorbers, and is one of the largest thermoplastic
structures in the world. It is the first full-scale fuselage for a large passenger aircraft made
of carbon fibre LM-PAEK, and the design concentrates heavily on integrating sub-structures
and systems. This allows further weight reduction, while the manufacturing techniques
lead to shorter production times, with the project aiming to enable production rates of
60-100 aircraft/month. The fuselage skin was manufactured by National Aerospace Labora-
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tory (NLR) utilising Automatic Fibre Placement (AFP), to which continuous compression
moulded omega stringers from Xelis were conduction welded by GKN Fokker. GKN Fokker
also manufactured the frame and floor beam sub-assemblies and was responsible for assem-
bling the fuselage, which was executed at Smart Advanced Manufacturing XL (SAM XL) in
Delft. The sub-assemblies were joined to the stiffened skin with injection-moulded clips of
ECO-CLIP, for which ultrasonic welding was used in cooperation with Delft University of
Technology. SAM XL developed also an industry-ready assembly process, by integrating
robotics for ultrasonic welding and pick and place of stringers, and developed smart control
and programming methods.

Figure 1.2: Lower half of the STUNNING fuselage [8].

Within the STUNNING project, the structural performance of thermoplastic composites
was investigated and linked to the manufacturing techniques on several structural scales.
In this thesis, the conduction welded joint of the stiffened skin of the STUNNING fuselage
is investigated to evaluate the strength in post-buckling. The investigation includes the
design of sub-components by analysis, aiming for structural behaviour representative of
larger components, and testing and analysis of structures for pristine and damage tolerance
performance.

1.2 POST-BUCKLING BEHAVIOUR

In aeronautics, the thin-walled designs of the fuselage and wing structures are subjected
to compression and shear loads in flight, which can lead to buckling. Structural weight
savings can be accomplished if the aforementioned structures are allowed to buckle below
the ultimate load in certain loading conditions. It has already been shown that they are able
to carry load far into the post-buckling field. However, the failure of composite structures
in post-buckling can be complex and catastrophic, with behaviour that is difficult to
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predict. These structures are susceptible to damage throughout manufacturing, in-service or
maintenance. Internal damage may occur without apparent signs and leave it undiscovered
following visual inspection. This heightens concerns about allowing these structures to
operate in the post-buckling field, with the already complex post-buckling behaviour and
potential interaction with internal damages in mind. To achieve post-buckled composite
primary structures, the knowledge and understanding of the post-buckling behaviour and
damage tolerance needs to be expanded, especially for structures manufactured with new
technologies and materials.

In the research field on the post-buckling behaviour of composite stiffened structures,
skin-stringer separation is arguably one of the most important failure modes, due to both the
severity when it occurs and the interactions with internal damage that make it critical for
damage tolerance. The failure originates from the large out-of-plane displacement exhibited
by the skin, causing high stresses at the skin-stringer interface, leading to separation in
an often unstable manner. The inherent ductility and higher toughness of thermoplastic
composites compared to thermosets should lead to a higher resistance to skin-stringer
separation. However, it remains unclear whether this is the case due to a noticeable research
gap on thermoplastic composites. The primary emphasis of research on thermoplastic
composites has been on manufacturing and resulting performance, with very limited
research on the prediction of post-buckling behaviour and failure analysis. The difference in
material properties and manufacturing techniques between thermoplastics and thermosets
is expected to result in different structural behaviour, with a more pronounced difference
in the post-buckling field. The differences in failure behaviour are evident from research on
coupon levels, which raises concerns about the applicability of analysis methods originally
developed for thermosets.

1.3 DISSERTATION OUTLINE

The main objective of the research presented in this thesis is to develop a combined ex-
perimental and numerical methodology to investigate the post-buckling and skin-stringer
separation behaviour of thermoplastic composite stiffened structures. The research covers
post-buckling analysis of sub-component and component structures, the design of represen-
tative test panels, imperfection sensitivity studies for damage tolerance, damage analysis,
and investigates two different stiffener designs resulting from different manufacturing
processes. The work in this thesis intends to close the knowledge gap on thermoplastic
composites in post-buckling, and contribute to the push for sustainable primary structures
designed to operate within the post-buckling field.

The thesis comprises four chapters directly based on scientific journal papers, followed
by a conclusion and recommendation chapter. The chapters can be read independently and
incorporate a literature review. Hence, the thesis introduction omits a literature review.
The thesis is structured as presented in Figure 1.3, followed by a concise introduction for
each chapter.
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Figure 1.3: Dissertation outline.

Chapter 2

A three-stringer panel with omega stringers and conduction welded joints is designed with
the aim of duplicating the structural behaviour of the STUNNING fuselage keel section.
This section is considered critical due to its vulnerability to impact damage and low skin
thickness. The design considerations are the post-buckling and failure behaviour, besides
testing and manufacturing constraints. The strength of the conduction welded joint is
assessed by a numerical and experimental methodology, allowing pristine joints to be
modelled with the virtual crack closure technique. Two panels, manufactured by project
partners Netherlands Aerospace Centre (NLR) and GKN Fokker, are tested until final failure.

Chapter 3

The three-stringer omega panels are further analysed, with the investigation concentrating
on the damage tolerance of the conduction welded joints in post-buckling. Three panels
with initial damage are designed based on an initial damage size and location sensitivity
study. Two panels have one initial damage and one panel has two initial damages, and
they are compared to a pristine panel. The initial damage consists of a foil inserted at
the skin-stringer interface before welding. The sensitivity study is extended to include
geometrical imperfections as measured by digital image correlation, to further evaluate
interactions between imperfections and damage in post-buckling. Then, the four panels
are tested until failure and compared to the numerical analysis.
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Chapter 4

Two thermoplastic stiffened panels featuring three stringers with a butt-joint and angled
cap, designed and manufactured by GKN Fokker, are analysed and tested. The panels
incorporate initial damage at the middle skin-stringer interface, approximating barely
visible impact damage. The numerical analysis includes geometrical imperfections and the
virtual crack closure technique to model skin-stringer separation in the interface between
the skin and the short fibre filler of the butt-joint. The test results are analysed in detail,
emphasising the crack growth behaviour in post-buckling and the final failure behaviour,
and compared to the numerical simulations.

Chapter 5

Curved multi-stringer panels with butt-joint and roller boundary conditions are examined
in post-buckling by experimental tests and numerical analysis. The rollers approximate
simply-supported boundary conditions, which allows for a better representation of loading
conditions in flight. The roller boundary conditions are modelled with three different
approaches to explore the effect of varying levels of modelling complexity. Numerical
analyses are executed, including material damage, damage evolution and skin-stringer
separation. Two panels are tested, one with barely visible impact damage in one stringer
and one in pristine condition.



2

DESIGN, ANALYSIS AND TESTING
OF THERMOPLASTIC WELDED
STIFFENED PANELS TO
INVESTIGATE SKIN-STRINGER
SEPARATION IN POST-BUCKLING

Thermoplastic composite three-stringer panels with omega stiffeners and conduction
welded joints are designed, analysed and tested until final failure to investigate the per-
formance of the welded joint in post-buckling. The three-stringer panels are designed
to be structurally representative of the fuselage demonstrator of the Clean Sky 2 project
STUNNING. A simplified model of the fuselage keel section is analysed by finite element
analysis, using the virtual crack closure technique to model skin-stringer separation of the
welded joint. The post-buckling and skin-stringer separation behaviour of the fuselage
section is then adopted as the reference for the design of the three-stringer panels. Two
panels are then tested. The test setup utilises digital image correlation to measure the
deformation of the panels, and a high-speed camera to capture the final failure mode. The
panels failed in post-buckling due to the separation of the middle stringer, with unstable
separation growth followed by separation of the outer stringers and then stringer fracture.
The numerical analysis of the panels, with geometrical imperfections included, is able to
predict the structural behaviour accurately, with only minor differences in buckling shape
and separation behaviour.

This chapter is directly based on [8) Kevin van Dooren and Chiara Bisagni. Design, analysis and testing of
thermoplastic welded stiffened panels to investigate skin-stringer separation in post-buckling. Composites Part B:
Engineering , 267:111033, 2023.
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2.1 INTRODUCTION

The aeronautical field has shown an increase in research and development of thermoplastic
composite materials. The use of thermoplastic composites can aid in the sustainability
of aeronautical structures, and in decreasing the manufacturing costs [6, 7]. It offers
possibilities for a wide range of manufacturing techniques, such as thermoplastic welding
[9] and co-consolidation processes [3, 4]. Other advantages are high toughness, recycle
possibilities, long shelf life and chemical resistance [10].

Aeronautical composite structures usually consist of a skin with stiffening elements,
and can present buckling under compression and shear loads. Weight savings could be
achieved by allowing the structures to buckle below the ultimate load, which necessitates
an increased understanding of the post-buckling and failure behaviour, but the failure of
composite structures is difficult to predict due to the complexity and catastrophic nature
[11].

In the post-buckling field of stiffened structures, the skin shows large out-of-plane
displacement which causes high stresses at the interface between the skin and stringer.
These high stresses can cause skin-stringer separation [12]. The majority of research on
skin-stringer separation has been conducted on thermoset composites [13-15], and only
limited research is available regarding thermoplastic composites [16]. Thermoplastics
show higher fracture toughness compared to the more brittle thermoset materials, as
demonstrated by Reeder [17], which can highly influence the skin-stringer separation
behaviour.

The focus of the research field on thermoplastic composite stiffened structures has
been primarily on manufacturing and testing, with limited research on predicting buckling
and post-buckling behaviour. Flanagan et al. [18] compared joining techniques, namely
induction welding and adhesive bonding, using press-formed stringers. Peeters et al. [19]
designed and manufactured a thermoplastic section omega-shaped stringer. Oliveri et al.
[20] designed, manufactured and tested a wingbox, which utilised laser-assisted automated
tape placement process with winding and in-situ consolidation.

Tijs et al. [9, 10] evaluated conduction welded joints in single lap shear specimens and
characterised inter-laminar behaviour considering fiber bridging and R-curve effects, both
experimentally and numerically. Brito et al. [21, 22] investigated ultrasonic welded single
lap shear specimens, and the effect of misaligned adherents and how to improve process
efficiency and weld quality.

Skin-stringer separation has been researched on stiffened structures with both blade
stringers and omega stringers, mainly made of thermoset composites [23, 24]. Single
stringer specimens with a blade stringer were investigated by Orifici et al. [25] in both
pristine and damaged states with a debond. The panels failed in compression due to
skin-stringer separation in post-buckling, with the pristine panels collapsing immediately
at the start of separation, and the pre-damaged panel collapsing after debond growth.
The experimental data of Orifici et al. [25] was used for validation by Riccio et al. [26],
who presented a numerical procedure for skin-stringer separation using both Virtual
Crack Closure Technique (VCCT) and Cohesive Zone Method (CZM). Multi-stringer panels
with blade stringers were designed and analysed by Degenhardt et al. [27], and the
experimental data was used for validation of a numerical prediction by Orifici et al. [28].
The post-buckling behaviour was difficult to correlate with the experimental data, due to
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the geometrical imperfections highly influencing the post-buckling shape.

Bisagni et al. [29] designed Single-Stringer Compression Specimens (SSCS) by analysis
for the investigation of skin-stringer separation of stiffened structures with omega stringers.
The numerical methodology included CZM for skin-stringer separation and a continuum
damage model for crippling of the omega stiffeners. Specimens with and without artificial
damage were tested, and the numerical prediction achieved good correlation. Vescovini et
al. [13] analysed the failure behaviour of the SSCS with a simplified model and introduced
a global/local damage approach. The fatigue behaviour of SSCS was analysed numerically
by Raimondo et al. [30] with a VCCT-based approach for skin-stringer separation. Single-
stringer specimens with an initial delamination were tested in fatigue by Paz et al. [31],
investigating the effect of different load levels and load ratios. A skin-stringer separation
study by Kootte [32] used single-stringer specimens, but instead of in-plane loading, out-
of-plane displacement was applied directly to the skin to approximate the post-buckling
shape.

This research is part of the STUNNING project, which designed and manufactured the
lower half of a thermoplastic multi-functional fuselage demonstrator [6, 7]. The fuselage
makes use of manufacturing techniques such as press-forming, compression moulding
and thermoplastic welding of several critical joints. In this paper, a three-stringer panel
is designed with the goal of approximating the structural behaviour of the fuselage keel
section, as it is considered the critical section due to its low skin thickness and susceptibility
to impact damage, for instance, by tool drops. The design of the panel is conducted with
the objective of showing similar structural and failure behaviour and taking into account
manufacturing and testing constraints. A numerical and experimental methodology is
developed to evaluate the strength of the conduction welded joint between skin and stringer
in post-buckling. Two panels, of which the skin is manufactured by NLR - Netherlands
Aerospace Centre, and the conduction welding of the stringers to the skin is performed by
GKN Fokker, are tested until collapse and analysed with Abaqus.

2.2 THERMOPLASTIC FUSELAGE SECTION

The lower half of the fuselage of the STUNNING project is shown in Figure 2.1. The
keel section is considered as the area of interest, due to its low skin thickness, and is
highlighted in red. A fuselage section approximating the keel section is modelled and
shown in Figure 2.2. The fuselage section is modelled up to the cargo beams and includes
the vertical beams, frames and clips. The geometries and joining methods used for the
beams, frames, brackets and clips are simplified to lower the complexity of the models, and
because these parts are not of interest in this research. The total length of the section is
2005 mm, the total width is 2664 mm, the outer radius is 1926 mm, the stringer pitch is
212 mm, and the frame spacing is 635 mm. The omega stringer geometry is reported in
Figure 2.3.

The skin and stringers are made of Toray CETEX TC1225 T700/LM-PAEK 194 gsm
with a nominal ply thickness of 0.184 mm. Properties of a similar material, Toray CETEX
TC1225 T700/LM-PAEK 145 gsm, are used for the analysis with a ply thickness of 0.184
mm, and are reported in Table 2.1 [33]. The skin layups of the fuselage section are also
simplified to only two different layups, a 12 ply layup in the middle nine bays, and a 16 ply
layup for the two outer bays on each side of the section. The stringers have a 9 ply layup.
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The layups are reported in Table 2.2.

Figure 2.1: Lower half of the STUNNING Multifunctional Fuselage Demonstrator, with the keel section highlighted
[6, 7].
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Figure 2.2: Fuselage section with highlighted area of interest: (a): iso-view; (b): top-view.
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Figure 2.3: Omega stringer geometry.
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Table 2.1: T700/LM-PAEK Toray CETEX TC1225 material properties [33].

En Ez vi2 G2 FY F§ F F§ Fiy
[MPa] [MPa] [-] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
116800 9100 0.36 4100 2442 1250 94 212 99

Table 2.2: Layups of fuselage section.

Layup Thickness (mm)
Skin 12 [—45/45/0/90/—45/45]s 2.208
Skin 16 [—45/45/0/90/0/90/—45/45]s 2.944
Stringer [45/0/—-45/0/90]s 1.656

2.3 NUMERICAL ANALYSIS OF FUSELAGE SECTION

The numerical analyses are performed using the commercial software Abaqus 2021 [34].
The fuselage section is analyzed with dynamic implicit analysis, with non-linear geometry
activated. The total time-step is 1 s with an initial and maximum time-step of 0.01 s, and a
minimum time-step of 1e-08 s.

The fuselage is loaded in bending using a linear displacement field that applies com-
pression to the fuselage section, with the bottom of the section in maximum compression,
as illustrated in Figure 2.4. Boundary conditions applied to the free edges of the fuselage
section, which are the edges of the skin and frame ends, constrain the circumferential
degree of freedom, as illustrated in Figure 2.5, and leave the radial degree of freedom
unconstrained.

1926
mm

Figure 2.4: Side-view of fuselage section model showing bending load-case.

Figure 2.5: Cross-section of fuselage section showing circumferential constraint.

The area of interest of the fuselage section is in between the two middle frames and
includes the middle three bays, as shown in Figure 2.2. The area of interest has a mesh size
of 2.5 mm, while the adjacent areas are meshed coarser when feasible with a mesh size of
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5 mm to improve computational efficiency. The clips and brackets have a mesh size of 5
mm, and the vertical strut and cargo beam have a mesh size of 10 mm. The laminated parts
utilise SC8R continuum shell elements, and the brackets and clips of the fuselage section
utilise the C3D10 tetrahedral element.

The joints between the separate geometries are modelled with three different techniques,
namely shared nodes, rigid body ties and the Virtual Crack Closure Technique (VCCT)
[35, 36]. Parts with mismatching meshes, such as the frame, vertical strut, clips, brackets
and cargo beam, are modelled with rigid body ties. VCCT is applied for the welded joint
of the two middle stringers in the area of interest, while the welded joints of the adjacent
areas adopt shared nodes.

It is assumed that there is only crack growth in the skin-stringer interface, with no crack
migration into other interfaces, to lower the complexity of the model. This assumption is
based on the unwelded regions on both sides of the weld, which makes it more likely to
separate the welded interface instead of the interlaminar interfaces. The VCCT definition
utilizes the Benzeggagh-Kenane (BK) criterion for mode-mixity, in which the critical
equivalent strain energy release rate Gequivc and the equivalent strain energy release
rate Gequiv are calculated with Equation 2.1 and Equation 2.2, respectively. The critical
equivalent strain energy release rate is calculated using the fracture toughness Gic, Guc
and Gyyrc of the interface and the BK parameter 5. Gic, Grc and 5 are based on a similar
material AS4/PEEK [37], which utilises a matrix material from the same thermoplastic
polymer family of polyaryletherketones, and the properties are reported in Table 2.3. It is
assumed that Gpc and Gyyc are equal. The strain energy release rate is calculated for the
three different modes, Gy, Gy and Gy, at each node and the sum is the equivalent strain
energy release rate. The fracture criterion is reported in Equation 2.3. It allows a node to
be released at the crack tip when Gequiv divided by Geguivc is higher than 1.

Giu+Gur "
Gequive = Gic + (Gric — G —_—— 2.1
equivc = Gic +(Gric — Gic) ( i+ G G (2.1)
Gegquiv = G1 + Gi1 + G (2.2)
G, .
f===>10 (2.3)

GequivC

Table 2.3: Fracture properties of skin-stringer interface [37].

Gic Gic Grie n
(kJ/m*]  [kJ/m?]  [kJ/m?] [-]
0.969 1.719 1.719 2.284

A default fracture tolerance of 0.2 is used for the VCCT definition, with an unstable
crack growth tolerance of 1. The unstable crack growth tolerance can improve convergence
and lower computational time. It allows the analysis to release multiple nodes ahead of the
crack-tip and allows the analysis to use larger time steps during unstable crack growth.
While the default unstable crack growth tolerance in Abaqus is infinity, in this study it
is chosen to limit this tolerance to have a larger number of data-points during unstable
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crack growth events. A contact stabilisation factor of 1e-4 is used to stabilize contact, and
node-to-surface contact discretization is implemented with the stringer side as master
surface and skin side as slave surface.

One of the main benefits of VCCT is that it allows for a coarser mesh to model skin-
stringer separation, in comparison to other methods. The downside is that a pre-crack is
required to utilise VCCT, which generally limits the use of this method to structures with
initial damage. This downside can however be overcome in this study due to the geometry
of the conduction welded joint. There are small unwelded areas adjacent to the joint, as
shown in Figure 2.6, which are considered as a pre-crack. The weld is initially assumed to
be 21 mm wide, based on visual inspection of an early manufacturing sample. This weld
width of 21 mm is used for the fuselage section analysis and the preliminary panel analysis.

The analysis includes first-ply failure criteria, to investigate if material failure happens
before skin-stringer separation. The criteria of Hashin, Tsai-Wu and Tsai-Hill are included.
The strength properties are reported in Table 2.1 [33].

Weld

Unwelded

Figure 2.6: Weld between skin and stringer.

The buckling shape of the fuselage section is investigated. Contour plots of the out-
of-plane displacement are shown at different levels of longitudinal bending, and conse-
quentially different maximum longitudinal displacement, in Figure 2.7. The contour plots
show the out-of-plane radial displacement of the fuselage section and a close-up of the
area of interest, and the interface state of the two stringers in the area of interest. The
area of interest consists of the middle three bays and two stringers in between the two
middle frames and has the highest level of compression. This area also limits itself to the
two stringers and adjacent bays where skin-stringer separation is modelled with VCCT. In
the contour plots of the area of interest, the interface state of the welded flange is blue for
the intact interface and red for the pre-crack and separation. The stringers are hidden, and
an outline of the stringer flanges is shown in black, to allow seeing the radial displacement
in the bay and underneath the stringer.

At a maximum applied longitudinal displacement of 5.36 mm, the skin in the middle of
the section in between the two middle frames starts to buckle with a five half-wave buckling
shape (Figure 2.7(a)). The half-waves in the bay have a much higher radial displacement
compared to the half-waves underneath the stringer, with the half-waves at the top and
bottom barely visible. The half-wave length underneath the stringer and in the bay is
similar, but the sign of the radial displacement is inversed for the adjacent waves in the
circumferential direction. The buckling shape continuously evolves, with the remaining
bays in between the middle frames displaying an initial three half-wave buckling shapes
followed by a five half-wave buckling shape(Figure 2.7(b)). At a maximum longitudinal
displacement of 8.23 mm (Figure 2.7(c)) all bays have buckled, with the top and middle
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bays showing mostly three half-wave buckling shapes, with some of the bays starting to
form a fifth half-wave.
At a maximum displacement of 8.24 mm (Figure 2.7(d)), failure due to skin-stringer
separation starts, with separation developing from underneath the stringer. It is seen that
the outward half-waves in the radial direction in the bay and underneath the stringer start
to connect, which is called tunnelling. Separation starts almost simultaneously in two
stringers, with similar elliptical crack front shapes. Once separation starts, it is unstable,
and the stringer totally separates in one separation event.

Fuselage Buckling Interface
top-view area of interest area of interest
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Figure 2.7: Radial displacement of fuselage section, radial displacement and interface state of area of interest, at
different levels of bending with a longitudinal displacement of: (a) 5.36 mm; (b) 6.27 mm; (c) 8.23 mm; (d) 8.24 mm.
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2.4 PANEL DESIGN AND MANUFACTURING

The structural behaviour of the STUNNING fuselage keel section is the reference behaviour
for the design of the three-stringer panels, with the buckling and failure behaviour as
the main focus. The design also needs to take manufacturing and testing constraints into
account. The three stringers allow for bay buckling on both sides of the middle stringer,
such that the structural behaviour of the middle stringer can be representative of the
fuselage section.

The panels have the same stringer pitch and nominal stringer geometry as the STUN-
NING fuselage lower half, shown in Figure 2.2 and Figure 2.3, respectively. The nominal
width and length of the panels are equal to 556 mm and 500 mm, respectively. The panel
length corresponds to the maximum possible welding length available at the time of the
design. The geometry of the three-stringer panel is shown in Figure 2.8.

The panels are made of the same CF/LM-PAEK material as used in the STUNNING
fuselage, of which the material properties are reported in Table 2.1 [33]. The skin layup
is different compared to the keel section of the STUNNING fuselage to achieve a more
conservative stress field in post-buckling, while the stringer layup is the same as in the
STUNNING fuselage. The layups are reported in Table 2.4.

7221

mm

Figure 2.8: Three-stringer panel.

Table 2.4: Layups of three-stringer panel.

Layup Thickness (mm)
Skin  [—45/45/90/0/90/0]s 2.208
Stringer  [45/0/—45/0/90]s 1.656

The structural behaviour of the three-stringer test panel without imperfections is
analyzed and compared to the reference behaviour of the fuselage section. The preliminary
analysis of the panel is conducted without any imperfections and considering a 21 mm
weld width.

A displacement boundary condition is used for the panel to apply the load case of pure
compression. A reference point is positioned on each loading face of the model, with a
rigid body tie to the loading face. One reference point is clamped, while the other reference

point is constrained in all degrees of freedom except for the longitudinal displacement.

A longitudinal displacement of 2.5 mm is applied, resulting in a displacement rate of 2.5
mm/s.
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The laminated parts of the panel use a mesh size of 2.5 mm, and a mesh size varying
between 2.5 mm and 10 mm is used for the potting material to improve computational
efficiency. The laminated parts consist of SC8R continuum shell elements, and the C3D8R
solid element is applied for the potting material. VCCT is utilized for the test panel in all
welded joints in between the potting, while the geometries inside the potting material
adopt shared nodes.

The load-displacement graph of the three-stringer panel is shown in Figure 2.9. The
linear stiffness before buckling is 248.2 kN/mm. Local buckling occurs at an approximate
load of 192 kN and displacement of 0.78 mm. At 338 kN the panel presents a small buckling
shape change. Panel failure occurs at a load of 370 kN and displacement of 1.65 mm due to
skin-stringer separation.

400

300

200

Load, kN

100
@® DBuckling
A Stiffness change

®  Stringer separation
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Figure 2.9: Load-displacement curve of the panel preliminary analysis.

The panel displays a three half-wave buckling shape, as reported in Figure 2.10(a), with
one half-wave in an inwards direction and two half-waves in an outwards direction. The
average half-wave length of the panel and the fuselage section is very similar. At a load of
338 kN, the buckling shape changes underneath the stringer, as shown in Figure 2.10(b).

Two main aspects of the skin-stringer separation behaviour of the fuselage section and
of the three-stringer panel are compared. The first aspect is the out-of-plane deformation
when skin-stringer separation occurs, shown in Figure 2.11(a) and Figure 2.11(c) for the
fuselage and the panel, respectively. The second aspect is the shape and location of the
crack front, shown in Figure 2.11(b) and Figure 2.11(d) for the fuselage section and the
panel, respectively. To compare the structural behaviour of the fuselage section and the
panel, an area with a similar size and similar buckling shape is selected on each structure
and highlighted with red dashed squares. During separation, both structures show a
similar tunnelling behaviour underneath the stringer between inwards half-waves, within
the highlighted area. The panel displays two tunnels per highlighted area, while the
fuselage section displays one tunnel per highlighted area. The weld interface shows the
same difference in the number of failure locations, that can be caused by the difference in
boundary conditions. In any case, both the fuselage section and the panel show similar
separation behaviour, starting from underneath the stringer and presenting an elliptical
crack front.
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(a) (b) (©)

Figure 2.10: Buckling shapes of the panel preliminary analysis: (a) 0.78 mm / 191 kN; (b) 1.48 mm / 338 kN ; (c)
1.65 mm / 370 kN.

(b)
@
Figure 2.11: Comparison of skin-stringer separation behaviour from the analyses: (a) buckling shape of fuselage

section; (b) welded skin-stringer interface state of fuselage section; (c) buckling shape of the panel; (d) welded
skin-stringer interface state of the panel.

©

Two nominally identical three-stringer panels are then manufactured. Project partner
NLR - Netherlands Aerospace Centre manufactured the skin by automatic tape laying
followed by autoclave consolidation. Project partner GKN Fokker uses conduction welding
to join the stringers to the skin. Conduction welding makes use of a heating element, that
is pressed on the stringer flange to apply pressure and heat, and weld the stringer flange to
the skin. A panel as received is shown in Figure 2.12(a). The panels are then prepared for
the tests. The first step consists of casting epoxy potting onto both ends of the panels for
load introduction, and then the loading faces are trimmed in a milling machine to minimize
loading imperfections. This is followed by attaching strain gauges and wiring. A panel
with potting and strain gauges is shown in Figure 2.12(b).
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A total of 10 strain gauges are attached, 135 mm from the bottom loading face, and the
locations are reported in Figure 2.13. A strain gauge is attached on top of each stringer
cap and the bottom of the skin underneath each stringer. Then, strain gauges are attached
back to back to the skin in the middle of each bay. The strain measurements are used to
determine load imperfections, load distribution and load redistribution due to buckling
and failure. The last step of the preparation for the tests consists of applying white paint
with black speckles for DIC measurements.

Figure 2.12: Test panels: (a) as received; (b) with potting and strain gauges.

Stringer 1 Bay 1 Stringer 2 Bay 2 Stringer 3
S1 S5 S9
s /N g
S2 S4 S6 S8 S10

Figure 2.13: Strain gauge locations.

2.5 TEST SETUP

The two three-stringer panels with welded interface are tested at Delft University of
Technology using an MTS test machine. The tests are executed to investigate the buckling,
post-buckling and skin-stringer separation behaviour of the three-stringer panels, and to
validate the numerical analysis.

The test panels are placed in between the compression plate and the base, and a pre-
load of 2 kN is applied. The loading rate is 0.1 mm/min until final failure, after which the
loading stops automatically. The test setup is shown from the stringer-side of the panel in
Figure 2.14(a) and a top-view illustration of the test setup is shown in Figure 2.14(b).

Three Laser Distance Sensors (LDS) are used to measure the longitudinal displacement
of the compression plate in three different locations, which also allows to determine if a
loading imperfection is occurring,.

The displacement field is measured from both the stringer and skin side by two DIC
systems. Both systems use two 5 MP cameras, and post-processing is done using VIC3D
8. This measurement allows to determine the post-buckling shape of the panels from the
out-of-plane displacement, and the longitudinal shortening from the in-plane displacement
of the potting.
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The strain measurements, the load from the test machine, the displacement measure-
ment by LDS and the pictures for DIC are recorded every 3 seconds, leading to approximately
500 data points per test.

Three additional cameras are used to capture the test. A GoPro is placed on one of the
sides of the panel to capture the stringer-side of the panel for a close-up of any buckling
shape changes or crack growth events. Two cameras are placed further away, one on the
stringer-side and one on the skin-side of the panel, to capture the whole panel and test
setup. A high-speed camera is used to capture the final failure from the stringer-side of the
panels, at 10000 fps.

=
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Camera 1 machine side Camera 2

DIC system 2
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plate GoPro camera

DIC system 1
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Figure 2.14: Test setup: (a) test setup photo stringer side; (b) test setup schematic top-view.
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2.6 PANEL MEASUREMENTS

The global shape of the three-stringer panels is measured from the skin-side before the
start of the test campaign using DIC.

The geometrical imperfections of panels 1 and 2 are shown in Figure 2.15, with the
imperfection aligned with the z-axis of the axis system reported in Figure 2.8. The panels
show a similar curved imperfection in the transverse direction, with the edges of the panel
curved inwards. The total magnitude of the imperfections is 11.76 mm. The imperfection
has a slight skew, rotated anti-clockwise. The orientation of the skew is likely caused
by the outer -45 ply of the layup. When inspecting the imperfection of the panels more
closely, it can be seen that the largest curvature is in the welding region. The curvature of
the panels is most likely caused by the local heating during welding, leading to thermal

stresses.
588 392 196 000 -1.96 -392 -588 [mml]
[ e |

(@) (b)

Figure 2.15: Out-of-plane imperfections: (a) panel 1; (b) panel 2.

The thickness of the skin and stringers are measured with a micrometer. The skin is
found to be thinner compared to the nominal, with an average thickness of 2.14 mm. The
flat sections of the stringers have an average thickness of 1.66 mm which is approximately
the nominal thickness. It is however seen that in the middle of the radius from stringer
flange to web, the thickness is lower, shown as t, in Figure 2.3, with an approximate
minimum thickness of 1.15-1.20 mm.

The stringer spacing and panel length are also measured. The stringer spacing of panel
2 matches the nominal design of 212 mm. The middle stringer of panel 1 has an average
offset of 2 mm from the centre line of the panel and is slightly angled. The panel length is
approximately 489 mm for both panels.

The numerical models for panels 1 and 2 are updated to take into account the measure-
ments. In particular, numerical models of the two panels have geometrical imperfections
included as measured by DIC. The method to include the measured imperfections is based
on including a node file of the imperfection in the analysis [16]. This node file is created by
a linear analysis, where the out-of-plane imperfection is applied as a displacement field to
the skin. The final shape, which now replicates the out-of-plane imperfection, is outputted
as a node file which can be included in further analysis. This node file only transfers the
deformation and not the stress field.
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The models also include imperfections of laminate thickness and stringer alignment
imperfection. The models do not include residual stresses from the manufacturing process,
to prevent additional complexity of the models and analysis.

After inspection of the failed test panels, it is found that the weld had a varying weld
width which is less wide, with a lower bound of 18 mm in the middle region of the panel.
The updated numerical models of panels 1 and 2 are therefore considered with a weld
width of 18 mm.

2.7 EXPERIMENTAL AND NUMERICAL RESULTS
The test results of the three-stringer panels are reported in this section and are compared
to the results from the numerical analysis performed using the updated analysis.

2.7.1 LOAD VERSUS DISPLACEMENT CURVES

The load measured by the load cell of the testing machine is reported in Figure 2.16,
as a function of the average displacement measured by the two LDS. The panels show
settling behaviour till approximately 30 kN after which they present a linear stiffness
of approximately 240.2 kN/mm and 244.1 kN/mm for panels 1 and 2, respectively, until
buckling. Panel 1 starts to locally buckle at an approximate load of 155 kN and panel 2 at
a load of 165 kN. In the post-buckling field, panel 1 shows a higher reduction of stiffness
compared to panel 2. This is caused by a buckling shape change, which starts gradually at
245 kN and shows a small load drop at 275 kN due to a sudden shape change. Panel 2 does
not show any load drops before failure. The panels fail due to skin-stringer separation at a
load of 301 kN and 309 kN for panels 1 and 2, respectively, as reported in Table 2.5.

The numerical analyses conducted using dynamic implicit analysis show a stiffness of
244.6 kN/mm and 244.9 kN/mm for panels 1 and 2, respectively. This is a 1.8% and 0.3%
difference in comparison with the test results. The numerical analysis of both panels shows
buckling at approximately 160 kN, which is a difference of 3.2% and 3.0% for panels 1 and
2, respectively. In comparison to the test results the initial post-buckling stiffness is similar,
but at higher loads, the stiffness is over-predicted. The higher over-prediction for panel 1
is caused by smaller load drops due to buckling shape changes that occur at 245 kN and
285 kN. The numerical analysis predicts panel collapse due to skin-stringer separation at a
load of 314 kN and 320 kN for panels 1 and 2 respectively, as reported in Table 2.5. This
is an over-prediction of 4.3% for panel 1 and 3.6% for panel 2 in comparison to the test
results. The difference between the experimental and numerical results can be caused by
not taking into account the loading imperfections, the difference in material properties
and the slight skew of the middle stringer of panel 1 in the numerical models.
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Figure 2.16: Load-displacement curves from tests and numerical analysis.

Table 2.5: Pre-buckling stiffness, buckling load and maximum load from tests and numerical analysis.

Pre-buckling stiffness Buckling load Maximum load
Test FE Diff. Test FE  Diff. Test FE  Diff.
[kN/mm]  [kN/mm]  [%] (kN]  [kN] %] (kN]  [kN]  [%]
Panel 1 240.2 244.6 1.8 155 160 3.2 301 314 4.3
Panel 2 244.1 244.9 0.3 165 160 3.0 309 320 3.6

2.7.2 LOAD VERSUS STRAIN CURVES
The strains measured on the caps of panels 1 and 2 are shown in Figure 2.17(a) and
Figure 2.17(b), respectively. On panel 1 they show diverging behaviour initially, most likely
due to loading imperfections, and a similar gradient until the buckling shape changes and
the skin and stringer separate. The strains in the caps of panel 2 diverge less in comparison
to panel 1, with stringers 1 and 2 showing similar strains in pre-buckling and stringer 3
showing lower strains. In post-buckling, it is seen that the strains in stringers 2 and 3 show
similar gradients, while the strains in stringer 1 show a higher gradient. The numerical
analysis predicts the strains in the stringers reasonably well, with the main difference being
the initial loading.

The strains measured at the bottom of the skin underneath the stringers of panels 1 and
2 are shown in Figure 2.18(a) and Figure 2.18(b), respectively. The strains of panel 1 show
only minor differences in pre-buckling, with slightly lower strains underneath stringer 3.
In post-buckling, the strains start to diverge, with sudden drops and increases of strain due
to buckling shape changes and a separation event. The strains in the stringers of panel 2
show a slightly larger difference in pre-buckling, with higher strains underneath stringer
1. In post-buckling, the strains underneath stringers 1 and 2 converge, with lower strains
underneath stringer 3. No sudden changes in strains are seen in comparison to panel 1.
The numerical analysis predicts the pre-buckling strains well. For panel 1 the predicted
strains diverge less in post-buckling in comparison to the test result, and the jumps in
strain happen at different load levels. For panel 2 the post-buckling strains are predicted
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more accurately, with the strains being under-predicted close to the failure load.

The strains measured back-to-back in bay 1 of panels 1 and 2 are shown in Figure 2.19(a)
and Figure 2.19(b), respectively. The strains in pre-buckling of panel 1 show a small
difference, which indicates a small bending component. In post-buckling, the strains
diverge due to high levels of bending, with a small jump when the buckling shape of bay
2 changes and a large jump when bay 1 shows a buckling shape change. The strains in
bay 1 of panel 2 present a higher bending component, both before buckling and in the
post-buckling field, with no sudden jumps. Close to the failure load, it is also seen that
the strain gradient changes sign. The numerical analysis results of panel 1 show close
agreement in pre-buckling strain gradient compared to the test, but with an opposite
bending component. In post-buckling, the strains diverge more in comparison to the test
results, which corresponds to a higher bending component, and the jumps in strain are
less severe and at different load levels. These differences can be accounted to differences in
buckling shape between the test and numerical analysis. The numerical analysis results of
panel 2 show a closer agreement with the test, both in pre-buckling and post-buckling.

The strains measured back-to-back in bay 2 of panels 1 and 2 are shown in Figure 2.20(a)
and Figure 2.20(b), respectively. The strains in bay 2 of panel 1 show similar behaviour
as bay 1, with sudden changes in strains in the post-buckling field due to the buckling
shape changes. The strains in bay 2 of panel 1 are similar to bay 1, with a large bending
component and no sudden changes. The numerical analysis predicts the strains in bay 2 of
panel 1 well in pre-buckling and in the post-buckling field until buckling shape changes
start to occur. For bay 2 of panel 2, the strains are predicted well, with an under-prediction
of the bending component in both pre-buckling and post-buckling.
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Figure 2.17: Experimental and numerical compressive strains in stringer caps: (a) panel 1; (b) panel 2.
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Figure 2.18: Experimental and numerical compressive strains in the skin below stringer: (a) panel 1; (b) panel 2
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Figure 2.19: Experimental and numerical compressive strains in the skin of bay 1: (a) panel 1; (b) panel 2.
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Figure 2.20: Experimental and numerical compressive strains in the skin of bay 2: (a) panel 1; (b) panel 2.
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2.7.3 EVOLUTION OF BUCKLING SHAPE

The out-of-plane displacement from the DIC measurement and the numerical analysis
of panels 1 and 2 are reported in Figure 2.21 and Figure 2.22, respectively, highlighting
the buckling shape and the evolution of the shape in the post-buckling field. Positive
displacement corresponds to inwards direction, and negative displacement corresponds to
outwards direction, in line with the axis system reported in Figure 2.8.

Panel 1 shows an initial three half-wave buckling shape, with a slight skew in the
vertical half-wave position. At 245 kN a buckling shape change occurs in bay 2 with a
fourth half-wave at the bottom of the bay, and at 273 kN another buckling shape change
happens with a fourth half-wave at the bottom of bay 1. After the buckling shape changes in
the bay, the number of half-waves underneath the stringer also increases. At the maximum
load, the displacement is higher on the right side of the panel, which is due to a skin-stringer
separation event that occurred at 300 kN.

Panel 2 shows a three half-wave buckling shape with no buckling shape change in the
bays, and at higher loads the number of half-waves increases underneath the stringer. The
three half-wave buckling shape does not show a skew in vertical position of the half-waves
as panel 1, which might be due to differences in imperfections. The maximum inwards
out-of-plane displacement is similar between panels 1 and 2, but the maximum outwards
displacement of panel 2 is higher. The difference in final buckling shape might lead to
the small difference in failure load and it can indicate that the four half-wave buckling
shape is slightly more critical. Both panels showed an increase in the number of half-
waves underneath the stringer, and these half-waves become more prominent in terms of
out-of-plane displacement close to the failure load.

The numerical analysis predicts the initial three half-wave buckling shape of both
panels 1 and 2. The numerical analysis of panel 1 also shows buckling shape changes
in the bay to four half-waves, but the changes occur at higher loads and the fourth half-
waves form at the top of the panel. This difference can be caused due to the fact that the
stringer alignment imperfections are not taken into account. The numerical analysis of
panel 2 is able to predict the post-buckling behaviour well, with the evolution of the half-
waves underneath the stringer and no shape changes in the bay. The maximum inwards
displacement of panel 1 is lower in the numerical analysis, while the maximum outwards
displacement shows good agreement. The maximum inwards and outwards displacement
of panel 2 is predicted well, with the outwards displacement being slightly over-predicted.

2.7.4 FINAL FAILURE

The final failure of panels 1 and 2 is captured by the high-speed camera at 10000 fps. Panel 1
shows a skin-stringer separation event in stringer 1 which did not lead to final failure. The
location of this separation event is indicated by the blue arrow in Figure 2.23(a). It occurs
at a load of 299 kN and causes a load drop to 295 kN. It is visible from the deformation of
the flange and web of the stringer, which causes a change in the shadow on the web. The
event could also be heard and seen on the normal camera footage and causes a sudden
increase in the out-of-plane displacement measured by the DIC. From the camera footage,
it appears that the separation starts from underneath the stringer and stops approximately
halfway through the stringer flange.
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Figure 2.21: Experimental and numerical out-of-plane displacement of panel 1.
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Figure 2.22: Experimental and numerical out-of-plane displacement of panel 2.

The test is then continued until a load of 301 kN where the panel fails due to skin-
stringer separation. Final failure starts by separation of the middle stringer, with the first
separation location shown by the red arrow in Figure 2.23(a). This separation appears to
start from underneath the stringer and grows both in longitudinal direction and width
direction towards the bay.

Panel 2 shows final failure at a load of 309 kN due to skin-stringer separation of the
middle stringer, as reported in Figure 2.23(d). Separation starts at a different location than
panel 1, most likely caused by the different buckling shape, but grows in a similar manner
from underneath the stringer.

The numerical results are shown in Figure 2.23(b-c) and Figure 2.23(e-f) for panels 1 and



2.7 EXPERIMENTAL AND NUMERICAL RESULTS 27

2, respectively. The figures report the skin of the panels with contour plots of the interface
states, where blue means intact interface and red means separation or unwelded regions
next to the weld. The numerical analysis predicts that the final failure of panel 1 starts with
skin-stringer separation of stringer 1 as shown in Figure 2.23(b-c). The separation grows
in longitudinal and width directions with an elliptical crack front. The failure location
is similar to the location of the first skin-stringer separation event in the test of panel
1. The numerical analysis of panel 2 predicts that final failure starts with skin-stringer
separation of the middle stringer as shown in Figure 2.23(e-f). Separation starts in two
locations simultaneously, shortly followed by two other locations, all in the middle stringer
with elliptical crack fronts. The failure locations are slightly different compared to what is
seen in the test, which can be caused by differences in buckling shape and imperfections.

()
(]

Figure 2.23: Comparison of failure behaviour: (a) start of failure of panel 1 during test; (b) start of failure of panel
1 analysis; (c) propagation of panel 1 analysis; (d) start of failure of panel 2 during test; (e) start of failure of panel
2 analysis; (f) propagation of panel 2 analysis.
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The final failure sequence of panel 1 is shown in Figure 2.24. It starts with skin-stringer
separation in the right flange of the middle stringer, Figure 2.24(a-b). The separation
propagates in outward direction towards the bay, and the left flange also separates with
similar behaviour, Figure 2.24(c-d). Separation then starts in the left stringer, first in the
right flange, followed by the left flange, Figure 2.24(e-f). This is followed by the fracture of
the left stringer, Figure 2.24(g-h), and then of the middle stringer, Figure 2.24(i-j). Lastly, the
right stringer separates, Figure 2.24(k-1). The failure sequences occur within approximately
3 ms.

The failure sequence of panel 2 is not reported, as it shows similar behaviour. It starts
with skin-stringer separation in the middle stringer, followed by the separation of the left
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and right stringers, which happen simultaneously. Then, the middle stringer fractures,
closely followed by the fracture of the right stringer.

From the high-speed footage of both panels, it can be concluded that skin-stringer
separation is the critical failure mode leading to final failure.

@)

Figure 2.24: Failure sequence of panel 1: (a) separation in middle stringer; (b) close-up of middle stringer; (c)
propagation of separation in middle stringer; (d) close-up of middle stringer; (e) separation in left stringer; (f)
close-up of left stringer; (g) fracture of left stringer; (h) close-up of left stringer; (i) fracture of middle stringer; (j)
close-up of fracture of middle stringer; (k) separation in right stringer; (I) close-up of right stringer.

2.7.5 POST-FAILURE

Photos of panel 1 after failure are shown in Figure 2.25(a-b). The panel shows large
separated areas and large outward deformation of the skin. The left and middle stringer
are fractured approximately in the middle of the panel, and several stringer flanges have
delaminations. The skin appears to be mostly intact, with only minor damage close to the
failed welds. These findings are supported by the c-scan results reported in Figure 2.26(a),
where it is possible to note that the left and middle stringers have partial separations from
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underneath the stringer at the top of the panel, with elliptical crack fronts, while the right
stringer has almost no intact interface left.

Photos of panel 2 after failure are shown in Figure 2.25(c-d). The panel has large
separated areas towards the top, with large outward skin deformation. It can be noted
that the large separated areas are in the opposite direction compared to panel 1, which has
more separation in the downward direction. The middle and right stringer are fractured
approximately in the middle of the panel, and the stringer flanges show delaminations.
The skin seems to be mostly intact, judging from both visual inspection and the c-scan
results reported in Figure 2.26(b). From the c-scan, it can also be seen that the interface at
the bottom of the middle stringer shows separations in both flanges with elliptical crack
fronts.

©

Figure 2.25: Post-failure photos: (a) panel 1 right side; (b) panel 1 left side; (c) panel 2 right side; (d) panel 2 left
side.

(b)

Figure 2.26: Post-failure c-scan: (a) panel 1; (b) panel 2.
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2.7.6 WELD FRACTURE SURFACE

The middle stringer of panel 1 is removed after the test to investigate the weld fracture
surface, which is shown in Figure 2.27. The area in between the red dashes is separated
during the test, while the areas outside of the red dashes are separated after the test when
the stringer is removed from the panel. The weld fracture surface can be identified by
the darker and rough surface in comparison to the surrounding areas. It can be seen that
there is limited damage to the skin-side of the interface, with only small amounts of fibres
delaminated from the skin. The stringer flanges have several areas where the top ply has
delaminated. There are also fibres fractured off the stringer, which remain attached on
the skin-side of the interface. On both the left and right weld Figure 2.27(a+c), light grey
marks indicate an elliptical crack front during propagation. The width of the weld varies
slightly along the length, ranging from approximately 17 to 19 mm. However, the weld
might seem wider than it actually is, due to the possibility of the adjacent surfaces being
damaged by the separation of the weld.

(a) (b) (0)

Figure 2.27: Weld fracture surfaces of panel 1 middle stringer: (a) close-up of the left weld, with the area between
purple dashes; (b) welds middle stringer, with the area in between red dashes corresponding to the separated area
in the test; (c) close-up of the right weld, with the area between blue and green dashes.
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2.8 CONCLUDING REMARKS

This study investigates the conduction welded skin-stringer interface of the thermoplastic
composite fuselage demonstrator of the STUNNING project, for which three-stringer panels
are successfully designed, analysed and tested.

At first, a fuselage section is analysed to determine the buckling and failure behaviour,
which is used as reference behaviour for the design of the panels. The critical failure mode
is skin-stringer separation in post-buckling, with separation starting from underneath
the stringer and growing in an outwards direction. The preliminary analysis of the three-
stringer panel shows similar structural behaviour, with the main difference being the higher
number of failure locations, which can be caused by the difference in boundary conditions.

Then, two three-stringer panels are manufactured and tested. The two panels show
a similar pre-buckling stiffness, buckling load and initial buckling shape. It is however
observed that only one panel changes buckling shape in post-buckling from a three half-
wave shape to a four half-wave shape. The welded joint is able to withstand the deformation
of post-buckling till a considerable high load, with the ratio between buckling load and
final failure load being 1.94 and 1.87 for panels 1 and 2, respectively. The panels fail in
post-buckling due to skin-stringer separation, with no material failure before the start of
separation.

Skin-stringer separation appears to start from underneath the stringer, with separation
growth in both the longitudinal direction and outward direction. The number of half-waves
underneath the stringer increases before final failure, which indicates that the buckling
shape underneath the stringer is an important factor.

Further numerical analyses of the two panels are conducted, which include imper-
fections from DIC and laminate thickness imperfections based on measurements of the
manufactured panels. The overall structural behaviour of the two panels is accurately
predicted, with a slight difference in the buckling shape evolution of panel 1 between the
test and prediction. The skin-stringer separation behaviour is also predicted well.

The results obtained in this research do show that the methodology is a reliable tool
for the analysis of welded panels in post-buckling. The post-buckling performance of the
welded panels, and the predictable structural behaviour, show great promise for the use of
thermoplastic composites for primary structures.

ACKNOWLEDGEMENT

This project has received funding from the Clean Sky 2 Joint Undertaking (JU) under grant
agreement No 945583. The JU receives support from the European Union’s Horizon 2020
research and innovation programme and the Clean Sky 2 JU members other than the Union.

The authors thank GKN Fokker and NLR - Netherlands Aerospace Centre, for the
manufacturing and welding of the test panels.

Di1SCLAIMER

The results, opinions, conclusions, etc. presented in this work are those of the authors only
and do not necessarily represent the position of the JU; the JU is not responsible for any
use made of the information contained herein.






33

POST-BUCKLING DAMAGE
TOLERANCE OF WELDED
OMEGA-STIFFENED
THERMOPLASTIC PANELS WITH
INITIAL DAMAGE

Welded omega-stiffened panels made of thermoplastic carbon composite with initial damage
in the conduction welded joint are analysed and tested to investigate the damage tolerance
in post-buckling. Finite element analyses are performed, using the virtual crack closure
technique to investigate skin-stringer separation for both the pristine welded joint and
joints with initial damage. A sensitivity study is executed for the initial damage size and
location with different geometrical imperfections. Four omega-stiffened panels are tested,
of which three have initial damage consisting of a foil at the welded skin-stringer interface.
During the test, digital image correlation is used to measure the panels’ deformation to
determine the evolution of the buckling shape and the interaction with the initial damage.
A high-speed camera is placed on the stringer side of the panel to capture the final failure.
The panels fail in post-buckling when skin-stringer separation occurs, starting from the
initial damage. The finite element analysis is able to predict the overall structural behaviour
well, with conservative failure load predictions for panels with initial damage in the middle
stringer. Although the initial buckling shape is predicted well, the buckling shape evolution
at higher loads is difficult to predict.

This chapter is directly based on a manuscript submitted to Elsevier. [2] Kevin van Dooren and Chiara Bisagni.
Post-buckling damage tolerance of welded omega-stiffened thermoplastic panels with initial damage.
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3.1 INTRODUCTION

Composite materials are increasingly used in the aeronautical field because of their
performance-to-weight ratio. The structures commonly used in aeronautics consist of
thin-walled designs with stiffening elements, such as the stiffened skin of a fuselage or
wing. These structures are often subjected to compression loads, which leads to buckling,
and have been shown to withstand load far into the post-buckling field [16, 38]. However,
these structures are vulnerable to damage during manufacturing, in-service or maintenance,
from which composite structures are more likely to sustain damage than metallic structures.
The damage can occur internally and not show signs of damage during a visual inspection.
This increases the concerns about allowing the structures to operate in the post-buckling
field due to the complex nature of post-buckling behaviour and possible interaction with
internal damages. Considerable weight savings can be achieved by allowing post-buckling,
which requires an increased understanding of the damage tolerance of composite structures
in post-buckling.

This research focuses on the damage tolerance of thermoplastic stiffened structures
with welded joints. Thermoplastic composites show excellent promise for aeronautical
structures regarding sustainability and cost-savings while also increasing damage tolerance
due to the high toughness [10]. They offer new ways of manufacturing composite materials
for out-of-autoclave processes, such as thermoforming, thermoplastic welding [9], in-situ
consolidation [20], and in-autoclave co-consolidation [3].

The structures investigated in this research represent components of the thermoplastic
multi-functional fuselage demonstrator of the STUNNING project [7, 38]. This project
developed the required technologies for manufacturing the fuselage demonstrator, which
consists of techniques such as compression moulding, press-forming and conduction weld-
ing. This paper conducts a combined numerical and experimental investigation to evaluate
the damage tolerance of the conduction welded joint between skin and omega stringer
in the post-buckling field. The higher toughness and new manufacturing technologies of
thermoplastics can contribute greatly to the push for composite primary structures and
advance towards structures designed for post-buckling below ultimate load.

Stiffened structures in post-buckling exhibit high out-of-plane deformations of the
skin, which leads to skin-stringer separation as the common failure mode due to the high
interface stresses between skin and stringer [12]. Skin-stringer separation is a widely
researched phenomenon on thermoset composites [31, 32, 39] and, to a lesser extent,
thermoplastic composites [16, 38]. The research on skin-stringer separation can be divided
into the structural levels it is researched on, such as single-stringers and multi-stringer
panel level, and the stringer design.

The damage tolerance of composite structures in post-buckling was investigated by
Bisagni et al. [29]. Single-stringer compression specimens with omega stringer were
designed to show structural behaviour representative of a multi-stringer panel. Bisagni
and Davila [40] further investigated the single-stringer compression specimens, with
geometrical imperfections measurements and digital image correlation was used during
the test to determine the buckling shape. Action and Leone [41] analysed and tested a
multi-stringer panel with omega stringers and Teflon inserts to validate the CompDam
material model. The panel failed due to skin-stringer separation in post-buckling, which
showed stable damage growth before it became unstable and the panel collapsed. Mo et
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al. [42] presented an experimental and numerical study on curved multi-stringer panels
with omega stringers investigating the buckling and post-buckling behaviour. The study
focussed on the effect of curvature, stringer spacing and skin thickness on the buckling
behaviour and the prediction by Finite Element analysis. Feng et al. [43] studied the
effect of impact damage positions on the buckling and post-buckling behaviour of stiffened
panels with I-stringers. Panels were subjected to impact to create Barely Visible Impact
Damage in different positions. It was seen that the impact damage had little influence
on the buckling load, compared to a pristine panel, but the failure load decreased up to
10 %. Sepe et al. [44] tested and analysed two-stringer panels to investigate the residual
strength after low-velocity impact and with a cut-out. The multiple impacts and cut-out
lowered the ultimate strength of the panel by approximately 30 %. Stiffened panels made
of thermoplastic composite were tested in compression after impact by Ishikawa and
Matsushima [45]. Two single-stringer hat-stiffened panels were impacted at a different
energy level, resulting in delaminations between skin and stringer of approximately 18
and 900 mm?, that lead to a difference of 20 % in compression after impact strength.

Blade-stiffened panels in pristine condition and with initial damage were analysed
and tested in post-buckling by Orifici et al. [25]. Two different panel designs were tested,
with panel lengths of 400 and 500 mm and an initial damage length of 80 and 105 mm,
respectively. The initial damage reduced the failure load up to approximately 50% in
post-buckling. Riccio et al. [26] introduced a numerical procedure which utilizes both
the Virtual Crack Closure Technique (VCCT) and the Cohesive Zone Method (CZM) to
model skin-stringer separation. The numerical results are compared to the experimental
data of Orifici et al. [25], and showed good correlation. Bertolini et al. [14, 15] compared
the modelling of separation by VCCT and CZM on non-specific specimen level and then
applied VCCT on element and panel level because of its computational efficiency. The
computational time differed by one order of magnitude on specimen level, and CZM was
therefore considered unsuitable for industrial applications at the higher structural level.

The sensitivity of stiffened panels with blade stringers to the damage size, width,
location and the number of initial damage locations was numerically investigated by Ji
et al. [46]. The damage size had the largest effect on the final failure load, with a debond
length of 10% of the panel length, causing a 25 % reduction of the final failure load. The
sensitivity to the initial damage size and location of stiffened panels with omega stringers
was numerically investigated by Yetman et al. [47]. The damage size influenced both the
buckling load and failure load, while the damage location only influenced the failure load
and not the buckling load.

In this paper, omega-stiffened thermoplastic panels are analysed and tested to investi-
gate the damage tolerance of the conduction welded joint. Three panels have initial damage,
and one panel is in a pristine state. The panels are manufactured by project partners NLR
- Netherlands Aerospace Centre and GKN Fokker. The initial damage involves a foil in-
serted at the skin-stringer interface before welding. The numerical analyses are done with
Abaqus and use the Virtual Crack Closure Technique to model skin-stringer separation
for pristine joints and joints with initial damage. The analyses are executed to predict the
behaviour of the test panels, with initial geometrical imperfections accounted for, and for a
sensitivity study on damage size and location. The four panels are tested until they collapse.
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3.2 WELDED OMEGA-STIFFENED THERMOPLASTIC PANELS
The welded omega-stiffened thermoplastic panels are designed to show structural behaviour
similar to the STUNNING fuselage [38]. They have three stringers, to allow for bay buckling
on both sides of the middle stringer and achieve a deformation and loading similar to a
fuselage section. The stringer pitch is equal to the stringer pitch of the keel section of the
STUNNING fuselage, 212 mm, which results in a total width of 556 mm, as reported in
Figure 3.1. The panels are 490 mm long, which is the maximum welding length at the time
of production, with the panel’s loading edges trimmed.

The omega stringer is 132 mm wide, 30 mm in height and has a web-cap angle of 125°,
as reported in Figure 3.2. The flange width is 28.7 mm, and the cap width is 30 mm. The
panels are made of CF/LM-PAEK material, and the properties used are reported in Table 3.1
[33]. The nominal ply thickness is 0.184 mm, and the layups of the skin and stringer are
reported in Table 3.2.

Figure 3.1: Welded omega-stiffened thermoplastic panel.
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Figure 3.2: Omega stringer geometry and weld.
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Table 3.1: CF/LM-PAEK Toray CETEX TC1225 material properties [33].

Eq Ez2 V12 Gz Fj F{ F} F; Fia
[MPa] [MPa] [-] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
116800 9100 0.36 4100 2442 1250 94 212 99

Table 3.2: Layups of the welded omega-stiffened thermoplastic panel.

Name Layup Thickness (mm)
Skin  [—45/45/90/0/90/0]s 2.208
Stringer  [45/0/—45/0/90]s 1.656

Four omega-stiffened panels are manufactured. The skin is manufactured by project
partner NLR - Netherlands Aerospace Centre. The skin is laid up by automatic tape laying
and then consolidated in an autoclave. The stringers are joined to the skin with conduction
welding by project partner GKN Fokker. The conduction welding process involves a heating
element applying pressure and heat on top of the stringer flange, which melts the material
and joins the skin and stringer. The weld is approximately in the middle of the stringer
flange, with small unwelded regions on both sides of the weld, as reported in Figure 3.2.
The weld width at the interface is approximately 18 mm. The initial damage is created by
inserting a foil between the skin and the stringer flange, which prevents this area from
being welded.

The panels are received from the project partners as reported in Figure 3.3 (a). The
panels are then prepared for testing in several steps. They are trimmed, followed by the
casting of potting to both ends of the panel for load introduction. Then the loading faces
of the panels are machined to minimise loading imperfections. The following steps are to
attach strain gauges and wiring, as shown in Figure 3.3 (b). The panels have 10 strain gauges
attached, of which the locations are reported in Figure 3.4, 135 mm from the bottom loading
plane. The strain gauges are on top of the cap and the bottom of the skin underneath
each stringer. There are two strain gauges attached back-to-back in the bays. The strain
measurements are used for load distribution and redistribution due to phenomena such as
buckling and failure, and also for loading imperfections. The last step is to paint the panels
in matt white, followed by black speckles, for digital image correlation.
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Figure 3.3: Omega-stiffened panels: (a) as received; (b) with potting and strain gauges.
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Figure 3.4: Strain gauge locations.

3.3 NUMERICAL ANALYSIS OF WELDED OMEGA-STIFFENED

THERMOPLASTIC PANELS WITH INITIAL DAMAGE

The numerical analyses are executed to study the buckling, failure behaviour and damage
tolerance of the panels with Abaqus 2021 [34].

3.3.1 ANALYSIS METHODOLOGY

The panels are analyzed with a dynamic implicit analysis and non-linear geometry enabled.
The analysis time is 1 s with a minimum time-step of 1e-08 s and a maximum and initial time-
step of 0.01 s. Load is applied with displacement boundary conditions on two reference
nodes. The reference nodes are placed at each loading plane, and rigid body ties are
used between the reference nodes and the loading plane. One reference node is clamped,
except in the longitudinal direction, for which 2.5 mm of displacement is applied. The
other reference node is clamped. The boundary conditions and the time-step result in a
displacement rate of 2.5 mm/s.

The mesh size of the laminated sections is 2.5 mm. The potting material has a variable
mesh size, between 2.5 and 10 mm. The potting mesh starts fine where it joins to the
laminated sections, and becomes courses in an outwards direction. The laminated sections
are modelled with continuum shells (SC8R), and the potting is modelled with reduced
integration solid elements (C3D8R) for improved computational efficiency.

The laminated sections and the potting are joined with shared nodes in the potting
region. The skin and stringer between the potted sections are joined with the Virtual Crack
Closure Technique (VCCT), to resemble the welded joint.

In this study, VCCT is utilised for both panels in a pristine state and with initial damage,
with a weld width of 18 mm. The VCCT method is normally limited to structures with
injtial damage due to the pre-crack requirement. However, the weld has small unwelded
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regions on both sides of the weld, as shown in Figure 3.2, allowing VCCT to be used
for pristine welded joints. This results in a relatively efficient analysis for a panel-level
structure due to the courser mesh allowance of VCCT compared to other methods. In this
model, skin-stringer separation can only occur at the interface between skin and stringer,
and can’t grow into the laminates, to limit the complexity of the model and analysis. Also,
due to the unwelded region on both sides, it is less likely that separation will migrate.

In the VCCT definition, the skin side is assigned as the slave surface and the stringer
side as the master surface, in combination with node-to-surface discretization. Contact
stabilization is used with a factor of 1e-4. The fracture tolerance is set to the default value
of 0.2, and the unstable crack growth tolerance is set to 1. The Benzeggagh-Kenane (BK)
criterion is used to model mode-mixity, which is reported in Equation 3.1. To determine
when fracture occurs, VCCT calculates the critical equivalent strain energy release rate
Gequive using the BK criterion and the critical energy release rate with Equation 3.2. When
Gequive 2 Gequiv, fracture occurs. The required fracture toughness of the interface and the
BK parameter are based on a similar material from literature, AS4/PEEK [37], of which the
matrix is of the same polyaryletherketone polymer family. The properties are reported in
Table 3.3. The assumption is made that Gyc and Gyyc are equivalent.

Gu+Gm \"
Gequive = Gic +(Grrc —Gic) <> (3.1
1 G1+ Gy +Gypp
Gequiv = Gr + G +Gppp (3:2)

Table 3.3: Fracture properties of skin-stringer interface [37].

Gic Giic Gmic n
(k]/m®]  [kJ/m?] [k]/m?%] [-]
0.969 1.719 1.719 2.284

3.3.2 EFFECT OF DAMAGE SIZE AND LOCATION
This section focuses on the analysis of panels with different damage sizes and damage
locations. The first study considers the damage size of an initial damage in the centre of
the panel, as shown in Figure 3.5 (a). The considered damage sizes are reported in Table 3.4.
The results of the study are reported in terms of the initiation load and the final failure load.
Initiation is considered the start of skin-stringer separation, and final failure is considered
when unstable separation leads to panel collapse.

The initiation load and failure load for a panel with one initial damage of different sizes
are reported in Figure 3.6 (a). The panel has a low sensitivity to initial damage sizes of 10
and 25 mm, and for a damage size of 40 mm both the initiation and final failure load drop
considerably. A buckling shape change most likely causes this drop. The panel starts out
with three half-waves in the bays, reported in Figure 3.7 (a), and the panel with a damage
size of 40 mm presents a gradual shape change to four half-waves, reported in Figure 3.7
(c). A damage size of 25 mm and below did not show this buckling shape change. The
initiation load drops further for larger damage sizes, while the failure load does not go
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below 230 kN for the damage sizes in this study. Based on these results, it is chosen to use
a 40 mm damage size for the test panels, as reported in Figure 3.8(a). This damage size
presents a considerable drop in final failure load, while there is still a margin between the
buckling load of approximately 170 kN and the initiation load of 230 kN. Since the strength
of the welded joint is unknown at the time of the design, a conservative damage size is
deemed best.

() (b) (©)

Figure 3.5: Panel illustrations of three sensitivity parameters: (a) damage size; (b) damage 1 offset; (c) damage 2
offset.

Table 3.4: Sensitivity study parameters.

Damage size Damage offset
[mm] [mm]
0 0
10 22
25 44
40 66
55 88
70 110
85 132
100 154

The second study considers the location of the initial damage, for a panel with one
initial damage and a panel with two initial damages, both for a damage size of 40 mm. The
location is defined as the offset between the panel’s centre and the damage’s centre, as
reported in Figure 3.5 (b-c). The study considers one initial damage (Figure 3.5 (b)) and
two initial damages, where the first damage in the right flange will remain in the centre,
and the second damage in the left flange will be offset (Figure 3.5 (c)). The damage offset
range of the study is reported in Table 3.4.

The initiation load and failure load for a panel with one and two initial damages at
different locations are reported in Figure 3.6 (b). For panels with one initial damage, the
initiation load is similar for offsets of 0 and 22 mm, and then for higher offsets the initiation
load increases. This is caused by differences in the buckling shape evolution. The panels
have an initial three half-wave buckling shape, as reported in Figure 3.7 (a), that changes
to four half-waves in one bay for 0 and 22 mm offset, as reported in Figure 3.7 (b). Higher
offsets do not exhibit this buckling shape change. The initiation load does go down between
44 and 110 mm offset, which seems to be caused by the relative position of the damage
w.r.t. the outward half-wave being more critical for separation. The failure load is lowest



3.3 NUMERICAL ANALYSIS OF WELDED OMEGA-STIFFENED THERMOPLASTIC PANELS WITH
INITIAL DAMAGE 41

for 0 mm offset, for higher offsets it plateaus at approximately 270 kN. An offset of 0 mm is
chosen for the test panel with one initial damage, which is reported in Figure 3.8 (a).

350 350
310 310
=z 270 =z 270
-~ L
= 230 = 230 1
= [Initiation one damage
190 L 1904 — Fi,n.r,ll f.nillu-(‘ one damage
—— [Initiation one damage | N\N_ _~ Nl | 0000 | === Initiation two damages
—— Final failure one damage | | 0N | ===- Final failure two damages
150 150
0 20 40 60 80 100 0 22 44 66 88 110 132 154
Damage size, mm Damagge offset, mm
(@) (b)

Figure 3.6: Sensitivity study of: (a) damage size; (b) damage offset.

The panel with two initial damages shows an initiation load of approximately 230
kN for 0, 22 and 44 mm of offset, and increases to approximately 255 kN know for an
offset of 66 mm. This difference is caused by the change in buckling shape from three
to four half-waves in both bays, as reported in Figure 3.7 (c), and four half-waves seems
to be more critical. The failure load is approximately 270 kN for all cases, which seems
to be dominated by a certain amount of separated area after which separation becomes
unstable and the panels collapse. Offsets of 88, 110 and 132 mm present similar behaviour
in terms of initiation load, but the case of 110 mm is deemed to be most interesting, as
the separation starts at the damage in the middle, while the opposite flange also starts to
separate in the middle of the panel which grows towards the second initial damage. This
interaction is considered interesting, while it has a low risk of the initial damages quickly
causing tunnelling behaviour, and far enough from the potting to minimise the influence
of boundary conditions. Therefore, an offset of 110 mm is chosen for the panel with two
initial damages, as reported in Figure 3.8 (b).

The last configuration has one initial damage of 40 mm in the side stringer, as reported
in Figure 3.8 (c). This allows to study the effect of initial damage in different stringers.

O O

O ©

(@) (b) (©

Figure 3.7: Buckling shapes: (a) three half-waves; (b) three and four half-waves; (c) four half-waves.
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(a) (b) (c)
Figure 3.8: Panels with initial damage of 40 mm: (a) panel 2; (b) panel 3; (c) panel 4.

3.4 TEST SETUP AND PANELS MEASUREMENTS

The panels are tested in compression until failure with an MTS test machine at Delft Uni-
versity of Technology. The test machine is capable of 3500 kN in tension and compression,
and the configuration with the adjustable compression plate is capable of 1300 kN.

The test setup is reported in Figure 3.9 from the (a) stringer side and (b) skin side of the
panel. The panels are positioned in the test machine and a preload of 2 kN is applied to
keep the panel in place. The test is then executed with a loading rate of 0.1 mm/min. and
the loading stops automatically after failure.

Two DIC systems measure the deformation field, with one system on each side of
the test setup. The DIC systems have 5 MP cameras, and the post-processing software is
VIC3D 8. The longitudinal displacement of the compression plate is measured by three
Laser Displacement Sensors (LDS). Two LDS are placed next to the potting ends, and one
is placed out-of-plane on the corner of the plate, which allows to determine if loading
imperfections occur. All mentioned measurement systems record every 3 seconds, which
results in approximately 500 data points per test for a pristine panel. Three cameras are
used to capture the test, with two cameras on the stringer side to capture the buckling
and skin-stringer separation behaviour and one camera on the skin side. Final failure of
the panels is captured by a high-speed camera which records at 10000 fps. The camera
captures the full panel.

The imperfections of the panels are measured. The measurements allow comparing the
imperfections between the panels, and a selection of the imperfections will be taken into
account in the numerical analysis.

The first imperfection that is measured is the out-of-plane imperfection of the skin,
for which DIC is used. The nominal design has a flat skin, and the imperfection is the
deviation of the skin w.r.t. a flat plane. The out-of-plane imperfections of all four panels
are reported in Figure 3.10, with the imperfection aligned with the z-axis of the axis system
reported in Figure 3.1. All four panels have a similar curved imperfection in the width
direction, with a total magnitude of the imperfection ranging from 12.36 mm to 15.88 mm.
The imperfection has a counterclockwise skew, probably caused by the layup and the outer
-45 ply. The panels are also slightly curved in the longitudinal direction, but it is minimal
compared to the imperfection in the width direction. The highest curvature in the width
direction is in the welded area, as the imperfection is mostly caused by the local heating of
the conduction welding process, which results in thermal stresses.
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Figure 3.9: Test setup seen from: (a) stringer side; (b) skin side.

The skin and stringer laminate thickness is measured with a micrometer. The skin
has an average thickness of 2.14 mm, which is thinner than the nominal thickness. The
stringers have an average thickness of 1.66 mm, close to the nominal thickness. The bottom
radius of the stringer is, however, thinner than nominal, with an approximate thickness
of 1.15 mm. The stringer spacing is measured to determine stringer offset and alignment.
Panels 1 and 2 have no considerable offset or misalignment. Panels 3 and 4 have an offset
of approximately 1 mm of the middle stringer.

The numerical analysis of the four panels will include a selection of these imperfections,
which are: the out-of-plane imperfection, the skin thickness, the thickness of the bottom
stringer radius, the middle stringer offset of panels 3 and 4, and finally, the average panel
length of 491 mm. Residual stresses from the manufacturing process are not taken into
account.
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Figure 3.10: Out-of-plane imperfection of test panels: (a) panel 1; (b) panel 2; (c) panel 3; (d) panel 4.

3.5 DAMAGE AND IMPERFECTION SENSITIVITY STUDY

This study considers the interaction between the damage location and size for different
geometrical imperfections. The study is executed for different imperfection amplitudes, as
reported in Table 3.5. The damage size sensitivity study will be done for both panel 1 and 2
imperfections, which are reported in Figure 3.10(a) and (b), respectively, and the damage
location sensitivity study for the panel 2 imperfection.

Table 3.5: Sensitivity study parameters.

Imperfection
amplitude
0
0.5
1
1.5
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3.5.1 DAMAGE SIZE SENSITIVITY

The initiation loads for the damage size sensitivity study with panels 1 and 2 geometrical
imperfections are reported in Figure 3.11 (a) and (b), respectively. For small damage sizes,
a higher imperfection amplitude lowers the initiation load, especially for the imperfection
of panel 2. At a damage size of 40 mm and larger, the initiation load drops considerably for
most cases, except for an imperfection amplitude of 0.5 of panel 2. The average initiation
load for a damage size of 40 mm is 275 kN for the imperfection of panel 2, while it’s 234 kN
for the imperfection of panel 1. This is a decrease in the failure load compared to a pristine
panel of 30% and 17% for panels 1 and 2, respectively. The initiation loads drop further for
larger damages, with the case of no imperfection presenting the highest sensitivity to the
damage.

The failure loads of the damage size sensitivity study are reported in Figure 3.11 (c)
and (d), for panels 1 and 2, respectively. When comparing the results to the initiation loads
in Figure 3.11 (a) and (b), it can be concluded that for damage sizes of 40 mm and smaller,
the panels show final failure at or shortly after the initiation of skin-stringer separation.
At larger damage sizes, the failure load increases for the imperfection of panel 2 and an
amplitude of 1 and 1.5. This is also seen for the imperfection amplitude of 1 of panel 1, while
imperfection amplitudes of 0.5 and 1.5 have varying results. At damage sizes of 40 mm and
larger, the panels without imperfection have the lowest failure loads, and the geometrical
imperfection seems to lower the sensitivity to damage for skin-stringer separation. At
damage sizes of 55 mm and above, the lower bound for the failure load is between 230 and
250 kN, which is a reduction of 26-32 % of the failure load compared to a pristine panel.

The panels present the highest sensitivity to damage size between 25 mm and 55 mm,
at a larger damage size the initiation and final failure load start to plateau. The explanation
for this effect is twofold. Firstly, the initiation of skin-stringer separation seems to occur
when the damage opens, of which the load does not seem to vary considerably above a
certain damage size. Secondly, above a certain damage size, final failure occurs when the
weld in the same stringer, but opposite flange of the damage location, becomes critical and
separates in an unstable matter. This lowers the overall sensitivity to the damage size, as
the opposite flange dominates final failure. The criticality of the opposite flange can be
influenced by the opening of the damage, which is a rather stable increase of loading on
the weld, but also due to buckling shape changes in the bay which can trigger sudden final
failure.

Two damage sizes are investigated further to study the possible effect of imperfections
on the buckling and failure behaviour of panels with damage in more detail.

The first investigation focuses on the damage size of 40 mm for different imperfection
amplitudes of panel 2, as both the initiation load and failure load are highly affected.
The load-displacement behaviour for the three imperfection amplitudes of 0, 0.5 and 1 is
reported in Figure 3.12 (a). For no imperfection, a small load drop is seen at 230 kN, due to
the opening of the initial damage and the start of separation, and final failure occurs at
244 kN. The imperfection amplitudes of 0.5 and 1 have a failure load of 328 and 276 kN,
respectively, and experience no load drop before final failure. Out-of-plane contour plots
are reported in Figure 3.12 (b-d), (e-g) and (h-j) for imperfection amplitudes 0, 0.5 and 1,
respectively. The initial damage of 40 mm is on the left side of the panel. All three cases start
initially with three half-wave buckling shapes with a clockwise skew regarding half-wave
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placement. At higher loads, a fourth half-wave appears in the bay with the initial damage
for no imperfection, while the other two cases present no additional half-waves in the bays.
For an imperfection amplitude of 0.5 the skew of the half-waves rotates anti-clockwise
with increased load, and additional half-waves appear underneath the stringers.
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Figure 3.11: Damage size sensitivity study results for different imperfection amplitudes: (a) initiation panel 1

imperfection; (b) initiation panel 2 imperfection; (c) final failure panel 1 imperfection ; (d) final failure panel 2
imperfection.

The effect of the different buckling shapes, caused by different imperfections, on the
skin-stringer separation behaviour and failure load is considerable. This seems to be related
to the relative position of an outward half-wave w.r.t. to the initial damage, which can
cause opening of the initial damage and start separation. The four half-wave buckling
shape is most critical, where an outward half-wave with a shorter half-wave length is
positioned close to the initial damage location. In this case separation starts at 230 kN, with
a small load drop, followed by stable separation growth until a load of 244 kN. Then the
middle stringer weld, opposite to the initial damage, starts to separate. The least critical
case is with an imperfection amplitude of 0.5, where there is no outward half-wave close to
the initial damage. At higher loads, the outward half-wave only moves further away, with
the buckling shape having an anti-clockwise skew. Also, the curvature of the imperfection
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is highest in the weld region, which can also effect the separation behaviour.
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Figure 3.12: Panels with 40 mm damage and panel 2 imperfection: (a) load-displacement; (b-g) out-of-plane
displacement contour plots.

The second investigation is on the damage size of 70 mm for different imperfection
amplitudes of panel 1. The load-displacement behaviour for the three imperfection am-
plitudes of 0, 0.5 and 1 is reported in Figure 3.13 (a), which present higher failure loads
for a larger imperfection. After buckling, all three imperfection amplitudes experience a
small load drop, which is caused by a small separation event at the initial damage location.
Out-of-plane contour plots are reported in Figure 3.13 (b-d), (e-g) and (h-j) for imperfection
amplitudes 0, 0.5 and 1, respectively. For no imperfection, the initial buckling shape has
three half-waves (b), and the initial damage opens shortly after a small load increase which
results in an anti-symmetric buckling shape (c). The imperfection amplitudes of 0.5 and 1
present opening of the initial damage at the start of buckling (e-h), with an anti-symmetric
buckling shape. All three amplitudes show stable separation growth of the initial damage
after the first separation event, until final failure. The final failure of imperfection ampli-
tudes 0 and 0.5 starts with the right bay switching buckling shape to four half-waves (d-g).
This buckling shape change is not seen for an imperfection amplitude of 1.

At final failure, all three imperfection amplitudes show a similar amount of separation
growth, with the separation length growing from 40 mm to approximately 162 mm. It is
therefore difficult to judge how much the buckling shape change of imperfection amplitude
0 and 0.5 contributes to the start of final failure, and the separation length might be the
main contributor. The imperfection amplitudes and resulting buckling shape differences
do contribute to the differences in final failure, but indirectly by influencing the separation
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behaviour.

A larger imperfection delays the start of separation at 173, 183 and 192 kN for imper-
fection amplitude 0, 0.5 and 1, respectively. Also, for larger imperfections, this separation
event caused less growth while occurring at higher loads. This can be considered counter-
intuitive, as one could expect that a higher load leads to more separation. This might be
caused by the relatively high curvature of the imperfection in the weld region. The larger
imperfection increases the curvature of the welded interface, which might increase the
initiation and the failure load.
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Figure 3.13: Panels with 70 mm damage and panel 1 imperfection: (a) load-displacement; (b-g) out-of-plane
displacement contour plots.

3.5.2 DAMAGE LOCATION SENSITIVITY

The initiation loads for single damage have a lower bound of approximately 230 kN, as
reported in Figure 3.14 (a). For an offset of 0 mm, the initiation load is highly influenced
by the imperfection amplitude, with the imperfection amplitude initially increasing the
initiation load considerably and then converging to an intermediate load level between
230 and 270 kN. The results from different imperfection amplitudes converge for offsets
between 44 and 110 mm, with the highest initiation load for no imperfection. The results
diverge at offsets above 110 mm, with larger imperfections leading to higher initiation
loads. This effect is caused by all cases between 44 and 110 mm offset presenting similar
three half-wave buckling shapes, and more varying buckling shapes below 44 mm and
above 110 mm offset. The higher sensitivity to the damage location between 44 and 110
mm offset is most likely caused by the relative location of the damage w.r.t. an outward
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buckling half-wave. The lower sensitivity at 132 mm for imperfection amplitudes 1 and 1.5
are caused by a buckling shape change underneath the stringers, and results at 154 mm
offset are most likely starting to get affected by the proximity of the potting.

The final failure loads for single damage show less variance than the initiation loads,
as reported in Figure 3.14 (c), with a lower bound of approximately 250 kN. The largest
difference is seen at 0 mm offset, where the highest failure load is for the imperfection
amplitude of 0.5. At high offsets of 132 mm and 154 mm, the imperfection amplitude of 1
and 1.5 shows the highest failure loads, where final failure occurs after the first initiation
of skin-stringer separation. Most cases that present initiation above approximately 270 kN,
collapse after initiation, while cases that experience initiation below 270 kN continue to
carry load until approximately 270 kN.
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Figure 3.14: Damage offset sensitivity study results with Panel 2 imperfection: (a) initiation damage 1; (b) initiation
damage 2; (c) final failure damage 1 ; (d) final failure damage 2.
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The results of the sensitivity study with two initial damages shows initiation loads
between 230 and 280 kN, as reported in Figure 3.14 (b). Imperfection amplitudes 1 and
1.5 result in similar behaviour over the whole offset range, while imperfection amplitudes
0 and 0.5 result in varying behaviour. There are three different ways in which initiation
starts. Firstly, the damage at the middle of the panel starts, followed by the second damage.
Secondly, the second damage with the offset starts, followed by the damage in the middle
of the panel. Lastly, both damages experience initiation simultaneously. Offsets of 0 and
22 mm always experience simultaneous initiation, while 66 mm always initiates at the
second damage. The remaining cases have varying behaviour, due to differences in buckling
shapes and buckling shape evolution. One of the common factors seems the proximity of
an outward half-wave, which increases the criticality of a damage location.

The failure load present little variation for the offset of the second damage, as reported
in Figure 3.14 (d), with most failure loads at approximately 270 kN. Most cases show that
after the initiation of the two damage locations, one tunnel (or one half-wave) is formed
between the two locations, and final failure occurs after one of the side stringers exhibits
skin-stringer separation. An exception is for an imperfection amplitude of 1.5 for an offset
of 55 and 88 mm, which have a higher failure load, and there are two separate tunnels
underneath the middle stringer.

The effect of the imperfection amplitude is investigated in more detail for an offset
of 110 mm, as this offset is chosen for one of the test panels. The load-displacement
behaviour for the three imperfection amplitudes of 0, 0.5 and 1 is reported in Figure 3.15
(a), which shows higher initiation load and a lower failure load for higher imperfection
amplitudes. Out-of-plane contour plots are reported in Figure 3.13 (b-d), (e-g) and (h-j)
for imperfection amplitudes 0, 0.5 and 1, respectively. All three imperfection amplitudes
start with a three half-wave buckling shape (b-e-h). The case of no imperfection presents a
buckling shape change to four half-waves in both bays (c). The buckling shape evolution
between imperfection amplitudes 0.5 and 1 shows differences in half-wave lengths and
skew of the half-wave positions (f-i). After initiation, all three cases experience tunnelling
behaviour underneath the middle stringer (d-g-j). For the case of no imperfection, initiation
starts at the damage in the middle of the panel, while for the cases with an imperfection
amplitude of 0.5 and 1, initiation starts at the second damage at an offset of 110 mm.
After the initiation of skin-stringer separation, it presents a load-drop, followed by stable
separation growth until final failure when one of the side-stringer starts to separate. The
lower imperfection amplitudes have a lower initiation load, and more separation growth
after the separation event, which seems to lead to a higher final failure load.
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Figure 3.15: Panels with two 40 mm damages with a 110mm offset, and panel 2 imperfection: (a) load-displacement;
(b-g) out-of-plane displacement contour plots.

3.6 TEST AND NUMERICAL RESULTS

This section reports the test results of the panels, compares them to the numerical results,
and focuses on the effect of each configuration.

3.6.1 PANEL 1: PRISTINE PANEL

The load, as measured by the load cell and the average of the LDS displacement measure-
ment, is analysed. The load-displacement behaviour of the pristine panel is reported in
Figure 3.16. The panel has an approximate stiffness of 236 kN/mm, buckles at a load of
172 kN and fails at a load of 332 kN. At approximately 275 kN a small load drop is seen
due to a sudden change in buckling shape. The numerical analysis is able to predict the
overall structural behaviour well, but it does not predict the buckling shape change and
resulting small load drop. This also leads to a larger difference in post-buckling stiffness,
as the buckling shape change seen during the test also reduces stiffness.

The strains of the stringer cap are reported in Figure 3.17(a). The loading imperfection
is small, and in the post-buckling range, there is a small jump in strains which is caused
by the sudden buckling shape change. The strains under the stringers are reported in
Figure 3.17(b). The strains underneath the stringer show equal loading and a drop in
stiffness after buckling. The strains only diverge slightly and experience a sudden jump in
strain due to a buckling-shape change.
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Figure 3.16: Load-displacement curves from tests and numerical analysis of pristine panel.
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Figure 3.17: Experimental and numerical compressive strains of the pristine panel: (a) caps; (b) skin under stringer;
(c) bay 1; (d) bay 2.
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The strains in bay 1 show a large jump due to the buckling-shape change, as reported
in Figure 3.17(c). This jump in strain is not seen in the numerical results, due to the lack of
a buckling-shape change. The strains in bay 2, as reported in Figure 3.17(d), show a higher
bending component compared to bay 1, with a similar jump in strains due to the buckling
shape change. The strains, as predicted by the numerical analysis, are very similar but lack
the jump in strain due to buckling shape change.

The numerical analyses are able to predict the overall strains well but present differences
in the post-buckling field, due to buckling-shape changes and skin-stringer separation
events.

The post-buckling shape and evolution of the panels are determined from the DIC
measurement and compared to the results from the numerical analysis. The displacement
is positive for inwards direction and negative for outwards direction, in line with the axis
system reported in Figure 3.1. The panel presents an initial three half-wave buckling shape
until approximately 275 kN, after which a sudden buckling shape change occurs with a
four half-wave buckling shape, as reported in Figure 3.18. The numerical analysis predicts
a three half-wave buckling shape. The number of half-waves underneath the stringer in-
creases in the post-buckling field, similar to the test, but the buckling shape does not change.
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Figure 3.18: Experimental (a-d) and numerical (e-h) out-of-plane displacement of the pristine panel.

The start of final failure is captured at 10000 fps by a highspeed camera. It starts with
skin-stringer separation in the right flange of the middle stringer, which is followed by
separation in the left flange of the middle stringer, as reported in Figure 3.19(a-b). Before
final failure occurs, small ticking sounds can be heard on the GoPro footage, indicating
possible stable separation. The numerical analysis predicts the start of failure in the right
stringer, as reported in Figure 3.19(c-d). This difference can be caused by the differences in
imperfection and buckling shape.
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Figure 3.19: Comparison of failure behaviour of pristine panel: (a) start of failure during test; (b) propagation of
failure during test; (c) start of failure in analysis; (d) propagation of failure in analysis.

The post-failure state is reported in Figure 3.20(a-b-c). All stringers have large separated
areas, with more separation on the right-hand side of the panel. All stringers have fractures
across the whole stringer width, and the flanges have large delaminations. The areas of the
weld at the top of the panel have elliptical crack fronts.

(@) (b)

Figure 3.20: Post-failure of pristine panel: (a) photo from right side; (b) photo from left side; (c) c-scan.

3.6.2 PANEL 2: ONE INITIAL DAMAGE IN MIDDLE STRINGER

The load-displacement behaviour of the panel with one initial damage in the middle stringer
is reported in Figure 3.21, in a comparison with the pristine panel. The panel has a stiffness
of approximately 237 kN/mm and buckles at a load of 168 kN. Panel 2 fails due to skin-
stringer separation at a load of 295 kN, while the pristine panel fails at a load of 332 kN.
This is a reduction of the failure load of 11.2 % due to the damage in the flange of the
middle stringer. The numerical analysis of panel 2 is able to predict the overall structural
behaviour well. The biggest difference is seen for the failure load, which is conservative
with a 6.4 % lower failure load compared to the test.
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Figure 3.21: Load-displacement curves from tests and numerical analysis of panel 2.

The strains on the cap of the panel are reported in Figure 3.22(a), where it is seen that
S9 shows lower strains compared to S1 and S5. A small loading imperfection can cause
this difference. The strains under the stringers are equal, and there is no sign of unequal
loading of the skin Figure 3.22(b). A slight drop in stiffness can be seen initially when
buckling occurs after which the strains diverge, probably due to the different half-wave
positions underneath each stringer, with more divergent behaviour close to the failure
load.

The strains in bay 1 present slight divergent behaviour initially after buckling, as
reported in Figure 3.22(c). When the buckling-shape further develops, the strains diverge
more and experience a large bending component. The numerical prediction shows less
divergent strains and in opposite direction, due to differences in buckling shape. The strains
in bay 2 are reported in Figure 3.22(d). There is comparable behaviour to the strains in bay
one, with slightly more divergent behaviour. The numerical prediction, however, predicts
almost linear strains, with only a small bending component which switches sign several
times.

The panel shows an initial three half-wave buckling shape, with the half-waves posi-
tioned towards the top of the panel, as reported in Figure 3.23. The buckling shape evolves
to a four half-wave buckling shape, and just before final failure, the outwards half-waves
in the bay and underneath the stringer start to connect. The numerical analysis predicts
a three half-wave buckling shape, which evolves in terms of out-of-plane displacement
magnitude and half-wave length. The difference in buckling shape compared to the test
can be due to the differences in geometrical imperfection and loading imperfection.

The start of failure is reported in Figure 3.24(a), which is captured by a high-speed
camera at 10000 fps. Separation starts in the right flange of the middle stringer, at the
initial damage location. This is followed by separation of the left flange, as reported in
Figure 3.24(b), and then the stringer further separates in upwards and downward directions.
The numerical analysis also predicts this behaviour, as reported in Figure 3.24(c-d). There
is an elliptical crack front shape for the separation at the initial damaged location and in
the opposing flange.
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Figure 3.22: Experimental and numerical compressive strains of the panel 2: (a) caps; (b) skin under stringer; (c)

bay 1; (d) bay 2.

The post-failure state of panel 2 is reported in Figure 3.25(a-b). It is seen that both the
left and middle stringer have large separations. The left stringer has a larger separated area
compared to the middle stringer, while the middle stringer had initial damage in the right
flange. Final failure started with separation at the damaged location, which caused further
large separations in the left-hand side of the panel. The right stringer’s interface has some
small separated areas, and the weld presents small elliptical fronts. The right flange of the
left stringer shows material damage, with a fracture that starts from the lower radius to

the flange edge.
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Figure 3.23: Experimental (a-d) and numerical (e-h) out-of-plane displacement of panel 2.
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Figure 3.24: Comparison of failure behaviour of panel 2: (a) start of failure during test; (b) propagation of failure
during test; (c) start of failure in analysis; (d) propagation of failure in analysis.
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Figure 3.25: Post-failure of panel 2: (a) photo; (b) c-scan.
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3.6.3 PANEL 3: TWO INITIAL DAMAGES IN MIDDLE STRINGER

The load-displacement behaviour of panel 3 is reported in Figure 3.26. Panel 3 has a stiffness
of approximately 236 kN/mm, and it buckles at a load of 173 kN. The panel experiences
a maximum load of 277 kN at 1.29 mm of displacement, after which a load drop occurs.
The panel fails at a load of 270 kN and 1.48 mm of displacement. This maximum load
is 16.6 % lower compared to the pristine panel. The numerical analysis predicts similar
behaviour with a load drop due to a skin-stringer separation event before final failure. It is,
however, seen that this load-drop occurs at a lower load, and the maximum load is 5.8%
lower compared to the test.
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Figure 3.26: Load-displacement curves from tests and numerical analysis of panel 3.

The strains on the caps of the panels are reported in Figure 3.27(a). It is seen that there
might be a small loading imperfection, and a load drop due to a skin-stringer separation
event. The strains underneath the stringer are reported in Figure 3.27(b). Before buckling a
minor difference in strains can be seen in the skin, indicating a small loading imperfection.
After buckling the strains diverge, with large strain changes in the post-buckling field.
These large changes are caused by the skin-stringer separation event, which also leads to a
load drop.

The strains in bay 1 start to diverge immediately after buckling, and show jumps
in strain due to the skin-stringer separation event, as reported in Figure 3.27(c). The
numerical analysis predicts similar behaviour initially, although with opposite bending
component, and larger jumps in strain in the post-buckling field. The strains in bay 2
present a high bending component in the post-buckling field, as reported in Figure 3.27(d).
A strain jump occurs due to the skin-stringer separation event, with S7 also presenting
an increase in strains just before the separation event. The numerical analysis predicts an
opposite bending component with larger jumps of strain in the post-buckling field due to
the skin-stringer separation event.
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Figure 3.27: Experimental and numerical compressive strains of the panel 3: (a) caps; (b) skin under stringer; (c)
bay 1; (d) bay 2.

Panel 3 shows a four half-wave initial buckling shape, with the fourth half-wave barely
visible in bay two, as reported in Figure 3.28. At higher load levels the fourth half-waves
become more prominent. At 277 kN the initial damage opens, with the outward half-waves
in the bay and underneath the stringer connecting. After the skin-stringer separation event
there is large out-of-plane displacement in the middle of the panel, due to the separation
between skin and stringer. At 270 kN, just before final failure, the large half-wave in
the middle of the panel grows towards the side of the panel. The numerical analysis
predicts a three half-wave buckling shape, with an anti-clock-wise skew in terms of half-
wave position. At 218 kN, after the skin-stringer separation event, a large area of high
out-of-plane displacement is seen, similar to the test results. At 263 kN the area of high

out-of-plane displacement has moved upwards, indicating separation growth in an upwards
direction.
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Figure 3.28: Experimental (a-e) and numerical (f-i) out-of-plane displacement of panel 3.

Panel 3 endured a skin-stringer separation event of the middle stringer, which did
not lead to panel collapse, as reported in Figure 3.29(a). The event started with stable
crack growth, heard on the GoPro camera footage, for approximately 15 seconds. This
stable crack growth seems to occur at the initial damage in the middle of the panel, as
DIC measured an increase in out-of-plane displacement at this location. The stable crack
growth is followed by unstable crack growth that results in a large separated area. After
loading continued, final failure occurred with further separation of the middle stringer,
followed by separation of the right stringer, as reported in Figure 3.29(b). Similar behaviour
is predicted by the numerical analysis, as reported in Figure 3.29(c-d). Both flanges of the
middle stringer separate initially, and final failure starts by separation of the right stringer.

(AL

Figure 3.29: Comparison of failure behaviour of panel 3: (a) start of failure during test; (b) propagation of failure
during test; (c) start of failure in analysis; (d) propagation of failure in analysis.

The post-failure state of panel 3 is reported in Figure 3.30(a-b-c). The middle and right
stringer present large separated areas, with the right stringer having the largest separated
area. The right stringer also presents two fractures across the stringer, in the middle of the



3.6 TEST AND NUMERICAL RESULTS 61

panel. All flanges which have separated also have delaminations of the stringer flanges.
The left stringer has no visible separations and no material damage.

Figure 3.30: Post-failure of panel 3: (a) photo right side; (b) photo left side; (c) c-scan.

After the test, the middle stringer of panel 3 is removed to investigate the fracture
surfaces of the failed welds. The weld can be distinguished by the rough surface with
visible fibres Figure 3.31 (b). The area in between the red dashes corresponds to the area
that separated during the test. The two yellow foils of the initial damage are visible on
the skin, while on the stringer two smooth areas can be seen that correspond to the same
initial damage locations. The areas in between the purple and green dashes are highlighted
in Figure 3.31 (a) and (c), respectively. The skin is mostly intact in the area that separated
in the test, with limited fibre pullout and no obvious delaminations. The stringer has a few
locations with delaminations, and small pieces of the stringer ply remain on the skin. The
bottom 0 ply of the stringer is visible in a few small areas where the bottom 45 ply has
delaminated.

On the fracture surfaces, lighter and darker areas can be identified. There are lighter
areas around the middle initial damage and the opposite weld, with an elliptical shape. These
areas correspond to the location where DIC measured higher out-of-plane displacement
before the first separation event. This might indicate that the lighter areas are caused by
stable crack growth, while the darker areas are due to unstable crack growth.

On the fracture surface on the opposite side of the middle initial damage, next to the
elliptical lighter area associated with the stable crack growth, dark elliptical marks can be
seen. These markings indicate crack growth with an elliptical crack front shape. The crack
growth seems to go in a sideways direction towards the bay and a downward direction
towards the second initial damage location.
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Figure 3.31: Fracture surface of welds of middle stringer of panel 3; (a) close-up of the area between purple dashes;
(b) fracture surfaces of middle stringer, with the stringer and skin on the left and right side respectively, with red
dashes indicating the area that separated in the test; (c) close-up of the area between green dashes.

3.6.4 PANEL 4: ONE DAMAGE IN SIDE STRINGER

The load-displacement behaviour of panel 4 is reported in Figure 3.32. Panel 4 has an
approximate stiffness of 236 kN/mm before buckling. It buckles at a load of 177 kN and
fails at a load of 284 kN. This is a reduction of 14.5 % in comparison to the pristine panel
failure load. The numerical analysis over-predicts the failure load by 9.3 %, which is the
largest difference between numerical results and test results of all panels. This might be
due to the location of the damage, which is in one of the side stringers.

The strains of the stringer caps are reported in Figure 3.33(a). They are comparable to
the previous panels, with a small reduction in strains of S9 just before final failure. The
strains under the stringers are reported in Figure 3.33(b). In post-buckling they present
jumps and divergent behaviour due to buckling shape changes, and a sudden increase just
before final failure.

The strains in bay 1 show convergent behaviour initially after buckling, as reported in
Figure 3.33(c). Then they suddenly diverge considerably with a large bending component.
The numerical analysis predicts diverging strains immediately after buckling, with a jump
in the post-buckling field.

The strains in bay 2 present similar behaviour to bay 1, as reported in Figure 3.33(d). In
post-buckling, they present an initial small bending component, after which the strains
diverge due to high bending levels. The numerical analysis predicts divergent strains at a
lower load, indicating buckling in the bay starts at a lower load than the test.
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Figure 3.32: Load-displacement curves from tests and numerical analysis of panel 4.
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Figure 3.33: Experimental and numerical compressive strains of the panel 4: (a) caps; (b) skin under stringer; (c)
bay 1; (d) bay 2.
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The panel has an initial three half-wave buckling shape, with the half-waves positioned
towards the top of the panel, as reported in Figure 3.34. The bottom inwards half-waves
have a higher half-wave length, and at higher loads the fourth half-waves appear at this
position. At the maximum load the damage in the stringer opens, with inward half-waves
connecting between the bay and underneath the stringer. The numerical analysis predicts
a three half-wave buckling shape, with the half-waves initially positioned towards the
bottom of the panel. At higher load levels, the half-waves evolve towards the top of the
panel, and the number of half-waves underneath the stringer increases.

3.62 2.66 1.70 0.75 -0.21  -1.17  -2.13  [mm]
[ —— |

(a) Test 190 kN (b) Test 240 kN (c) Test 273 kN (d) Max load

4.65 3.46 2.28 1.09 -0.10  -129 -248 [mm]

(€) FE 190 kN (f) FE 245 kN () FE 273 kN (h) FE Max load

Figure 3.34: Experimental (a-d) and numerical (e-h) out-of-plane displacement of panel 4.

The final failure is captured by the high-speed camera and starts in the left flange of
the right stringer, where the initial damage is located, as reported in Figure 3.35(a). This is
followed by the separation of the right flange of the same stringer, Figure 3.35(b). Before
final failure occurs, a ticking sound can be heard on the GoPro footage, indicating stable
separation. The numerical analysis predicts the same start location at the initial damage,
Figure 3.35(c). Then separation starts in the right flange of the right stringer and in the
middle stringer’s left flange, as reported in Figure 3.35(d). This behaviour was not seen
during the test.

The post-failure state of panel 4 is reported in Figure 3.36(a-b). Only the right stringer
has large separated areas, with a fracture in the right flange. The middle stringer welds
present small separations at the inner weld edge, as the weld becomes slightly narrower in
some areas.
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Figure 3.35: Comparison of failure behaviour of panel 4: (a) start of failure during test; (b) propagation of failure
during test; (c) start of failure in analysis; (d) propagation of failure in analysis.

Figure 3.36: Post-failure of panel 4: (a) photo; (b) c-scan.

3.7 SUMMARY AND DISCUSSION
The pre-buckling stiffness, buckling load and maximum loads of the four tests and numerical
analyses are reported in Table 3.6. The panels show a similar stiffness of approximately

236 kN/mm, and the numerical analysis overpredicts the stiffness by 3.1% on average.

The buckling load varies slightly between the panels, which can be caused by differences
in initial damage and imperfections. The numerical analysis predicts the buckling load
accurately, with a maximum difference of 2.8 %.

The failure load is highly affected by the initial damage, with one and two damages of 40
mm in the middle stringer decreasing the failure load by 11.2 % and 16.6 %, respectively,
compared to the pristine panel. The damage in the side stringer decreases the failure load
by 14.5%. The numerical analyses predict all failure loads within 10%, with the largest
differences for panel 4, with an overprediction of 9.3%. The failure loads of the other three
panels are predicted conservatively, with a maximum difference of 6.4%.

The post-buckling strains underneath the stringer and in the bays are highly affected by
the buckling shape, which in turn can be affected by the location of the initial damage. Each
damaged configuration shows different behaviour due to the different damage locations,
and the numerical prediction has difficulty predicting the exact buckling shape.
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Table 3.6: Pre-buckling stiffness, buckling load and maximum load from tests and numerical analysis.

Pre-buckling stiffness Buckling load Maximum load
Test FE Diff. Test FE  Diff. Test FE  Diff.
(kN/mm]  [kN/mm]  [%] (kN]  [kN]  [%] (kN]  [kN]  [%]
Panel 1 236.4 243.9 3.2 172 170 1.2 332 325 2.1
Panel 2 236.8 243.7 2.9 168 170 1.2 295 276 6.4
Panel 3 236.4 243.5 3.0 173 171 1.2 277 261 5.8
Panel 4 236.4 243.8 3.1 177 172 2.8 284 310 9.3

All panels show a four half-wave buckling shape in the test. The fourth half-wave
appears gradually for all damaged configurations, while the pristine panel endured a sudden
jump from three to four half-waves. The initial damage locations appear to "attract" the half-
waves and the opening of the initial damage can be seen from the DIC measurement. The
opening seems to grow, indicating that stable separation occurs followed by unstable skin-
stringer separation. Indications of stable separation can be heard from the GoPro footage
of all panels with initial damage, and most notable on the footage of panel 3. The fracture
surface of panel 3 also showed lighter areas around the damage location, indicating stable
separation growth. It is however difficult to determine how much separation growth occurs
before final failure, without utilising other measurement techniques more specifically for
capturing damage growth.

The numerical analysis has difficulty predicting the influence of the initial damage on the
buckling shape. Instead of predicting four half-waves, the three half-wave buckling shapes
show longer half-wave lengths, for the outwards half-waves close to the locations with
initial damage. These structures are highly sensitive to imperfections, and the difference
between test and analysis might be caused by how, and which imperfections are included
in the analysis. The geometrical imperfections, introduced in the analysis, are measured
from the skin-side. Also, the initial damage is modelled as a perfect sharp crack, and no
foil is simulated, which can influence the effect of the initial damage on the weld.

All panels fail due to skin-stringer separation. Panel 3, with two initial damages,
showed a skin-stringer separation event of the middle stringer, where both welds separated
approximately from the bottom to the top damage. This, however, did not lead to stringer
failure, and the panel collapsed due to skin-stringer separation after more load was applied.

3.8 CONCLUDING REMARKS
This research analyses and tests four thermoplastic stiffened panels to investigate the
damage tolerance of the welded joint.

The sensitivity studies show that the initial damage location mainly influences the
skin-stringer separation initiation load for panels with one initial damage, while the final
failure load is less affected. When there are two initial damages, the damage at the middle
of the panel seems critical for final failure, and the second damage location influences the
skin-stringer separation initiation load.

The damage size sensitivity study considered up to a maximum damage size of 100
mm, which allowed for buckling before the start of failure. The geometrical imperfection
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lowers the failure load for pristine panels, while the failure load increases for panels with
initial damage. Damage sizes above 40 mm show stable separation growth. This seems to
delay final failure, as the initiation load decreases more compared to the failure load for
larger initial damage.

Then the four panels are tested, three with initial damage and one in pristine condition.
The initial damage mainly influences the failure load, with the stiffness and buckling load
not considerably affected. The failure load decreased up to 16.6 %, for the panel with
two damages. Including a second initial damage location increases the criticality of the
initial damage in the middle of the panel, as separation still seems to start from the middle
location. The panel with one initial damage in the side stringer showed a lower failure load
compared to the panel with initial damage in the middle stringer. This can be considered
surprising, as the middle stringer is expected to attract more load and therefore be more
critical for damage.

The initial damage seems to make buckling shape changes more gradually, possibly due
to the opening of the damage, which can be seen on the DIC measurements. The panels
with initial damage also show stable separation growth before final failure.

The panel with two initial damages showed that the middle stringer can endure a
considerable skin-stringer separation event without visible damage. This can be aided by
the lower load the event occurs at, leading to less load redistribution within the structure.
Also, the separation event seemed to be contained by the initial damages.

The numerical analysis is able to predict the overall structural behaviour well. It does,
however, have difficulty predicting the buckling shape change to four half-waves. The fail-
ure loads of panels with initial damage in the middle stringer are predicted conservatively,
while it over-predicts the failure load of the panel with initial damage in the side stringer.

This research shows that the welded joint can withstand buckling deformation far into
the post-buckling field with one or two initial damages of 40 mm. It should, however, be said
that the damage size was chosen conservatively because of the unknowns concerning the
weld strength at the time of manufacturing. Nonetheless, the numerical analysis showed
good predictions of failure load, and predicted that panels with larger damage sizes can still
withstand load into the post-buckling field. This shows great promise for thermoplastic
composite primary structures, also taking into account the damage tolerance behaviour.
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DESIGN, ANALYSIS AND TESTING
OF THERMOPLASTIC WELDED
STIFFENED PANELS TO
INVESTIGATE SKIN-STRINGER
SEPARATION IN POST-BUCKLING

Two aeronautical thermoplastic composite stiffened panels are analysed and tested to
investigate the buckling behaviour, the skin-stringer separation and the final failure mode.
The panels are made of fast crystallising polyetherketoneketone carbon composite, have
three stringers with an angled cap on one side, and are joined to the skin by a short-fibre
reinforced butt-joint. The panels contain an initial damage in the middle skin-stringer
interface representing barely visible impact damage. Finite element analysis using the
virtual crack closure technique are conducted before the test to predict the structural
behaviour. During the tests, the deformation of the panels is measured by digital image
correlation, the damage propagation is recorded by GoPro cameras and the final failure
is captured by high speed cameras. The panels show an initial three half-wave buckling
shape in each bay, with damage propagation starting shortly after buckling. A combination
of relatively stable and unstable damage propagation is observed until final failure, when
the middle stringer separates completely and the panels fail in an unstable manner. The
test results are compared to the numerical prediction, which shows great agreement for
both the buckling and failure behaviour.

This chapter is directly based on [@ K.S. van Dooren, B.H.A.H. Tijs, J.E.A. Waleson, and C. Bisagni. Skin-
stringer separation in post-buckling of butt-joint stiffened thermoplastic composite panels. Composite Structures,
304:116294, 2023.
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4.1 INTRODUCTION

Composite structures are nowadays used in the aeronautical field for primary structures
such as wing and fuselage. These primary structures utilise thin-walled designs, consisting
of a skin with stiffening elements which can have a wide variety of shapes with open and
closed cross-sections. Thin-walled structures are prone to buckle under compression and
shear loads and buckling is generally avoided. Allowing primary structures to operate
in the post-buckling field below ultimate loads could lead to a significant reduction of
weight. This, however, requires a complete understanding of the structural behaviour in
the post-buckling field as it is often seen that failure occurs after buckling [39, 48].

This paper considers the experimental test and analysis of two thermoplastic composite
stiffened panels, to get a better understanding of the buckling behaviour and skin-stringer
separation of thermoplastic panels. This research contributes to the development of thermo-
plastic composites for aeronautical structures, and to set the next step towards composite
structures designed for post-buckling. The combination of different material properties and
different manufacturing techniques of thermoplastic composites, compared to thermoset
composites, can lead to considerably different structural behaviour. This difference in
failure behaviour has been demonstrated in literature mainly at coupon levels, for example
on impact tests [49] and tensile specimens [50]. It is, therefore, not well known if the
analysis methods used for the more classical thermoset composites are applicable for ther-
moplastic composites, and if the interaction between the buckling and failure behaviour
shows similarities.

One of the most common failure modes in the post-buckling field for stiffened panels
is skin-stringer separation [12]. Due to the skin out-of-plane displacement caused by
buckling, high stresses occur in the interface between the skin and stringer, which can
lead to separation. Skin-stringer separation is researched mainly on thermoset composite
materials, which show a more brittle failure behaviour in comparison to thermoplastic
composite materials [14, 15, 37].

Orifici et al. [25, 51] investigated single-stringer specimens with a blade stringer, both in
pristine and damaged configuration with a debond, which showed skin-stringer separation
in post-buckling. The pristine panels collapsed when separation started, while the damaged
panels exhibited debond growth before collapse. Riccio et al. [26] presented a numerical
procedure for skin-stringer separation, which included coupon level tests such as Double
Cantilever Beam (DCB) and End Notched Flexure (ENF), and also compared the experimen-
tal data of Orifici et al. [25, 51] for validation of the single-stringer specimen numerical
analysis. The numerical procedure utilised continuum shell elements and skin-stringer
separation was modelled by the Cohesive Zone Model (CZM), and achieved excellent
correlation. The design and analysis of multi-stringer panels with blade stringers was
investigated by Degenhardt et al. [27]. The experimental data of this work were later used
by Orifici et al. [28] for validation of the numerical prediction for skin-stringer separation
in post-buckling. Correlation of the post-buckling behaviour proved to be difficult due to
the influence of geometric imperfections.

Recent work on skin-stringer separation utilises single-stringer specimens with an
omega stiffener. Single-Stringer Compression Specimens (SSCS) were designed by Bisagni
et al. [29, 40], utilising finite element analysis of multi-stringer panels to determine the
desired buckling and failure behaviour of the specimens. A total of six SSCS were tested,
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with and without artificial defects, until collapse. The numerical prediction utilised CZM
for skin-stringer separation and a continuum damage model for stiffener crippling and
showed good correlation with the tests for both failure modes. The SSCS were further
numerically investigated by Vescovini et al. [13], to improve computational efficiency by
using a simplified model and introducing a global/local damage analysis. These methods
allowed for an efficient parametric study of the effect of structural design and numerical
parameters on the buckling, post-buckling and failure behaviour. Davila and Bisagni [52]
presented a combined experimental and numerical investigation for damage tolerance,
where numerical analysis were conducted to determine a selection of initial damage sizes
and load levels for the fatigue tests. The numerical analysis made use of the Virtual
Crack Closure Technique (VCCT) to model skin-stringer separation. Raimondo et al. [30]
presented a numerical study utilising the experimental results by Davila and Bisagni [52],
investigating skin-stringer separation due to fatigue using a VCCT based approach. Another
method of investigating skin-stringer separation on single-stringer specimens is applying
directly the out-of-plane displacement on the skin, as researched by Kootte and Bisagni
[53], instead of inducing buckling by longitudinal compression.

The majority of research on thermoplastic composite materials for stiffened structures
focuses on the design of the structures, the evaluation of manufacturing processes and the
resulting performance [18-20]. More research has been conducted on coupons [10, 54]
and small elements [55].The main advantages of thermoplastic materials lay in the high
toughness [10], leading to less brittle failure behaviour, the chemical resistance and ex-
panded manufacturing possibilities such as thermoplastic welding [9], hot press forming
and co-consolidation processes [3, 4]. These manufacturing techniques can result in cost
reduction due to a lower number of parts to assemble and out-of-autoclave manufacturing
possibilities.

In recent years two projects on thermoplastic aeronautical structures, TAPAS 1 [3] and
TAPAS 2 [4], have been successfully conducted in the Netherlands. TAPAS 1 investigated
the required manufacturing technology for thermoplastic primary structures, delivered
a fuselage shell demonstrator and torsion box demonstrator, which both use the newly
developed butt-joint concept. TAPAS 2 considered a thermoplastic orthogrid fuselage shell
with new stiffening and joining methods, including the butt-joint concept. This resulted in
a fuselage design without fasteners and it shed the need of a so called "mouse hole" in the
frame of the fuselage through which the stringer would pass.

The further development of thermoplastic composites for primary structures is ex-
plored in the ongoing Clean Sky 2 “SmarT mUIti-fuNctioNal and INtegrated TP fuselaGe”
STUNNING project, which focuses on developing the lower half of a thermoplastic multi-
functional fuselage demonstrator [7]. Within STUNNING, the performance of thermoplastic
composite structures is linked to the manufacturing processes, such as thermoplastic weld-
ing and co-consolidation, and a combined experimental and numerical methodology is
under development to analyse primary thermoplastic composite structures in post-buckling
(56, 57].

The thermoplastic stiffened panels investigated in this research have three stringers,
with a butt-joint and angled cap. The panels are designed and manufactured by GKN
Fokker [5]. The panels include an initial damage in the middle skin-stringer interface,
that is representative of Barely Visible Impact Damage (BVID). The buckling and failure
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behaviour of the panels is analysed by the use of Finite Element (FE) analysis, in which
skin-stringer separation is modelled using the VCCT approach [35, 36]. The experimental
tests make use of Digital Image Correlation (DIC) to capture the deformation field during
buckling. Skin-stringer separation is recorded by cameras, and panel final failure is captured
by the use of two high-speed cameras. The FE analysis and the tests were performed at the
Delft University of Technology.

Preliminary analysis results of the first panel were presented by van Dooren et al. [56].
The current study includes the refinement of the analysis of the first panel, the analysis of
the second panel and the test campaign.

4.2 PANEL GEOMETRY AND MATERIAL

The thermoplastic composite stiffened panels investigated in this work are representative
of a business jet fuselage section [5]. The panels have three stringers, with each stringer
consisting of a vertical web and an angled side cap, and are joined to the skin with a
butt-joint. The panels have two potting tabs, moulded to each end of the panel for load
introduction during testing. One of the panels is shown in Figure 4.1.

Figure 4.1: Thermoplastic composite stiffened panel.

The panels are 495.3 mm long including the potting, 445.3 mm long in between the
potting, 344.8 mm in width and the stringer spacing is 152.4 mm, as shown in Figure 4.2.
The web is 28 mm in height, the cap is 15 mm wide and is angled upwards at 105 degrees
w.r.t. the web, as shown in Figure 4.3. Short fibre filler material joins the laminates of
the stringer and skin, to constitute the so-called butt-joint. The panels have an initial
damage in between the bottom of the filler and the top of the skin at the middle stringer,
as highlighted by the red area. The initial damage is approximately 70 mm long and is
considered a typical damage size to represent BVID for this design. To determine the BVID
size, impact tests were performed by GKN Fokker on a larger structure using an indenter
with a diameter of 1/2 inch to obtain an initial indent depth of 1 mm, which is assumed
to be at least 0.3 mm after material relaxation [58]. For the larger structure with 15 ply
skin, an impact from the inside with a dent depth of 1 mm resulted in a 70 mm crack.
Consequently, the initial damage for these three-stringer panels is created by inserting a 40
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mm Teflon insert during manufacturing. After manufacturing the damage is extended in a
testing machine to a length of approximately 70 mm by applying out-of-plane displacement
to the skin. This method creates a sharp crack tip to represent more closely BVID.
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Figure 4.2: Geometry of thermoplastic composite stiffened panel (dimensions in mm), with initial damage location
and strain gauges highlighted in red and blue, respectively.
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Figure 4.3: Stringer cross-section (dimensions in mm), with initial damage location and strain gauges highlighted
in red and blue, respectively.

The skin is manufactured by advanced fibre placement and the stringer sections consist
of pre-forms, which are cut by a waterjet from flat laminates. The stringer sections and
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filler profiles are assembled in an inner mould and held in place with tooling blocks. The
skin is laid on top of the assembled mould with additional glass fibre fabric patches applied
on the outer mould side of the skin at the joint locations to improve surface flatness of the
skin after manufacturing. The whole section is then vacuum bagged, and co-consolidated
in one step in an autoclave. The panels have an additional step purely for test preparation,
where epoxy potting is applied to the end of the panels, by placing each end of the panel
inside a female rectangular mould which is filled with epoxy.

All the laminated sections are made from Fast Crystallizing PolyEtherKetoneKetone
(PEKK-FC) carbon fibre (ASD4) UniDirectional (UD) and are joined by carbon Short Fibre
Reinforced Plastic (SFRP) filler PEKK extrusion profiles. The material properties of the
AS4D/PEKK-FC UD and the filler are supplied by GKN Fokker, based on internal character-
isation, and are reported in Table 4.1 and Table 4.2, respectively. The assumed material
properties of the glass fabric PEKK are reported in Table 4.3. The laminated sections consist
of quasi-isotropic layups which are reported in Table 4.4. The skin has three different
layups, named L1, L2 and L3, due to the additional glass fabric plies in the stringer region.

Table 4.1: AS4D/PEKK-FC carbon UD ply properties.

En Ez Vi2 Gi2 p toly
[MPa] [MPa] [] [MPa] [kg/m’] [mm]
126100 11200 0.3 5460 1560 0.138

Table 4.2: PEKK carbon SFRP filler properties.

Eqn Ez2 =E33 vi2 Giz p
[MPa] [MPa] [[] [MPa] [kg/m’]
13252 6579 0.42 2389 1560

Table 4.3: PEKK glass fabric ply properties.

En Ea V12 G2 p tply
[MPa] [MPa] [] [MPa] [kg/m’] [mm]
25000 25000 0.3 3000 2200 0.1

Table 4.4: Layups and total nominal thicknesses of panel sections, with C and G superscript for carbon and glass
plies respectively.

Section  Thickness [mm] Layup

Skin L1 2.484 [45/—45/0/45/90/—45/45/0/—45]Cs

Skin L2 2.684 [05]9[45/—45/0/45/90/—45/45/0/—45]Cs

Skin L3 2.884 [04]9[45/—45/0/45/90/—45/45/0/—45]Cs
Web 2.484 [45/90/—45/0/45/0/—45/0/45/—45]Cs

Cap 2.760 [45/90/—45/0/45/0/—45/0/0/90]s
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4.3 GEOMETRICAL IMPERFECTIONS

Before the tests, the geometrical imperfections of the panels, considered as the deviation
with respect to the nominal design, are measured. This allows to determine the effect of the
manufacturing process, and to implement the imperfections in the FE model to improve
the accuracy of the prediction.

The geometrical imperfections are measured by DIC. The nominal design of the skin is
flat, and the geometrical imperfections are therefore measured as the out-of-plane deviation
of the skin of the panels with respect to the flat plane. The DIC measurement setup uses
two stereo camera and additional lighting, and is shown in Figure 4.4.

The measured skin-side imperfections are reported in Figure 4.5, where the out-of-
plane deviation is projected onto each panel as a contour plot, and the imperfection is
aligned with the z-axis of the axis system reported in Figure 4.3. The measurements show
a maximum out-of-plane imperfection of 0.65 and 0.56 mm in the outwards direction, and
a maximum of 1.55 and 1.08 mm in the inwards direction, respectively for the two panels.
It is possible to note a slightly V-curved shape in the transverse direction and a slight
curvature in the longitudinal direction. The curvature in the transverse direction is most
likely caused by internal stresses due to the potting curing process and by the mismatch in
stiffness of the potting material and composite laminates.

Figure 4.4: DIC measurement setup.
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Figure 4.5: Out-of-plane geometrical imperfection of skin-side: (a) panel 1; (b) panel 2.

4.4 FINITE ELEMENT ANALYSIS

The buckling behaviour and skin-stringer separation of the two thermoplastic panels is
studied, using Abaqus 2019 [34]. The general mesh size is determined by a mesh size
sensitivity study. The study starts with linear buckling eigenvalue analysis for a mesh
size ranging from 1.25 mm to 10 mm. This was followed by dynamic implicit analysis
for a mesh size of 1.25 mm and 2.5 mm, to investigate the buckling and skin-stringer
separation behaviour. A mesh size of 2.5 mm is chosen, as it shows converged results while
being computational efficient. The laminated sections consist of continuum shell elements
(SC8R). It is chosen to use solid brick elements with incompatible modes (C3D8I) for the
filler, which has improved bending behaviour in combination with wedge elements (C3D6).
The solid brick elements (C3D8R) are chosen for the potting material for computational
efficiency as this element utilises reduced integration.

The modelling approach makes use of shared nodes to connect the different sections, as
shown in the stringer cross-section in Figure 4.6. Shared nodes instead of ties shows better
computational efficiency and more consistent mesh convergence. The interface between
the filler and the skin of the middle stringer is partially bonded by a contact pair definition
with VCCT. This area, which is the length of the stringer between the potting, is 445.3 mm
long and 9.7 mm wide and has an initial damage of approximately 70 mm in the middle. It
is assumed that the pre-crack is present only between the filler and the skin, and that it
also only grows in this interface. The possible crack growth into the filler is neglected to
lower the complexity of the model. This assumption is based on failure behaviour seen
during internal tests by GKN Fokker and three-point bending tests by Baran et al. [55]. It
is chosen to use VCCT as it shows good results for a relatively course mesh [26, 35, 56] ,
needed for large structures as in this work, which was also shown by Bertolini et al [14] in
a direct comparison between VCCT and CZM. Furthermore, VCCT requires a pre-crack,
and this requirement is automatically fulfilled due to the initial damage in the skin-stringer
interface.
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Figure 4.6: FE mesh of the stringer cross-section.

The VCCT definition uses the Benzeggagh Kenane (BK) criterion [34, 59] for mixed-
mode interface behaviour. The fracture criterion is shown in Equation 4.1, which allows
a node at the crack-tip to fail when it is equal to or higher than 1. The fracture criteria
consists of the critical equivalent strain energy release rate Gequivc, defined in Equation 4.2,
divided by the equivalent strain energy release rate Gequiv, given in Equation 4.3. The
equivalent strain energy release rate is calculated for each node. The parameters in the
equation consist of the strain energy release rates for the three different modes, Gy, Gy and
Gyp, which are based on nodal displacements and forces.

The critical equivalent strain energy release rate Gequivc is calculated using the interface
properties Gic, Grc and Gyc, which are reported in Table 4.5. The mode I and II fracture
toughness, Gic and Gyc, are based on tests performed by GKN Fokker. The mode III
fracture toughness, Gc, is assumed to be equal to the mode II fracture toughness. The BK
parameter, 1, is based on data from literature of a similar material, AS4/PEEK [37].

G .
=" >10 (4.1)
GequivC
Gp+G 7
Gequivc = Grc +(Gric — Gre) <G1+HGH+HCI}U1> (4.2)
Gequiv = Gr + G +Gppp (4.3)

The VCCT definition uses a default fracture tolerance of 0.2 and an unstable crack
growth tolerance of 10. This unstable crack growth option is included to improve conver-
gence and computational efficiency when unstable crack growth occurs. The value used
for the unstable crack growth tolerance is chosen to limit the amount of nodes released at
the same time, and to retain multiple data-points during unstable crack growth. Contact
stabilisation is used to stabilise both loss of contact and separation, with a stabilisation
factor of 1e-4, which shows improved convergence and computational efficiency. The
contact definition utilises node-to-surface contact discretisation, with the stringer assigned
as the master surface and the skin as the slave surface.

The analysis includes first ply failure criteria to determine if material failure could
occur in the composite laminates before skin-stringer separation. The following criteria




4 DESIGN, ANALYSIS AND TESTING OF THERMOPLASTIC WELDED STIFFENED PANELS TO INVESTIGATE
78 SKIN-STRINGER SEPARATION IN POST-BUCKLING

Table 4.5: Fracture properties of skin-stringer interface.

Gic Grc G n
(kJ/m?]  [kJ/m?] [k]/m®] []
1.41 1.9 1.9 2.3

Table 4.6: Strength properties of AS4D/PEKK-FC carbon UD ply.

XT XC YT YC SL
[MPa] [MPa] [MPa] [MPa] [MPa]
2559 1575 83.1 284 99

are used: Hashin, Tsai-Hill, Tsai-Wu and Max-Stress. The strength properties for input in
these criteria are reported in Table 4.6, and are based on test results by GKN Fokker.

The geometrical imperfections are included in the FE model, as buckling behaviour of
thin-walled structures is known to be sensitive to imperfections. Any residual stresses, for
example from the manufacturing process, are neglected. The geometrical imperfections are
applied to the nominal mesh by means of a FE linear analysis. The out-of-plane coordinates
of the DIC imperfection are translated into boundary conditions for the linear analysis
using python. This linear analysis outputs a nodefile that only includes the deformation
field. The nodefile can be used to apply the imperfection in the non-linear analysis,
without transferring the stress state of the previous linear analysis. The resulting out-of-
plane displacement fields of the linear analysis for both panels, which are the geometrical
imperfection used for further analysis, are shown in Figure 4.7.

Three types of analysis are performed to determine the structural behaviour of the
thermoplastic stiffened panels. Firstly, a linear analysis is used to determine the linear
stiffness of the panels, which results in a stiffness of 132 kN/mm. Secondly, a linear buckling
eigenvalue analysis is executed to determine the initial buckling shape. The buckling shape
is shown in Figure 4.8, and consists of three half-waves per bay with the out-of-plane
direction of the half-waves anti-symmetric with respect to the middle stringer. The linear
buckling load is 100 kN. Thirdly, a dynamic implicit analysis is used to determine the
non-linear post-buckling behaviour. The longitudinal compression load-case is applied by
displacement boundary conditions. On each end of the panel a reference point is placed.
This reference point is connected to each end of the panel (including potting material) by a
rigid-body-tie definition. This allows to apply clamped boundary conditions on one end
and longitudinal displacement on the other end on only two nodes.

The dynamic implicit analysis includes the contact definition with VCCT for skin-
stringer separation with the initial damage of 70 mm, representing BVID. The dynamic
implicit step utilises the quasi-static application, which uses the backward Euler operator.
The analysis step time is 1 s, with an initial and maximum time increment size of 0.01 s and a
minimum of 1e-08 s. The applied displacement is 3 mm, which results in a displacement rate
of 3 mm/s. The maximum number of attempts for an increment in the time incrementation
controls is increased to 40, to help convergence once separation starts to occur.
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Figure 4.7: FE out-of-plane geometrical imperfection of skin-side: (a) panel 1; (b) panel 2.
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Figure 4.8: FE eigenvalue buckling shape.

4.5 TEST SETUP

The thermoplastic stiffened panels are tested to study the buckling, the post-buckling
behaviour, the skin-stringer separation and the final failure mode using a MTS test machine
capable of 3500 kN under compression. Furthermore, the experimental test results and the
observed phenomena are used to validate the numerical analysis.

The experimental test setup is shown from the skin-side and stringer-side of the panel
in Figure 4.9. The panel is placed between the base and the compression plate of the test
machine, after which a low preload of 0.5 kN is applied to keep the panel in place. The
tests are performed at a loading rate of 0.1 mm/min until final failure of the panel. The
loading automatically stops when the drop in force is measured.

The force and displacement of the compression plate are measured by the load cell
and the transducer of the testing machine. Five Linear Variable Differential Transducers
(LVDT) are used to measure longitudinal displacement. Two LVDTs are placed on the base
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plate and three LVDTs are placed on the compression plate. The different locations are
chosen to determine if a loading imperfection is occurring. The measured displacements
are recorded every 3 s and combined with the force measured by the load cell of the test
machine.

A total of 7 strain gauges are attached to each panel to measure strains. A strain gauge
is attached to each web under the cap towards the bottom of the panel, while the other
strain gauges are attached back-to-back on the free edges of the skin. The locations of the
strain gauges are shown in Figure 4.2 and Figure 4.3, with the strain gauges on the web
and on the skin named W# and S#, respectively. The locations are chosen according to the
results of the numerical predictions, such that the strain gradient is low at each location.
The strain gauges on each web show if each stringer is equally loaded in pre-buckling, and
how the load distribution changes in post-buckling due to the growth of the skin-stringer
separation. The strain gauges on the skin are used to determine loading imperfections due
to bending.

High speed

cameras DIC cameras

(b)

Figure 4.9: Test setup: (a) skin-side; (b) stringer-side.

Two DIC systems are used to capture the displacement field of both the skin and
stringer side of the panels. Each DIC system consists of two stereo cameras and VIC 3D 8
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software for post-processing. Each camera is set up to take a picture every 3 s, resulting
in approximately 500 pictures per camera. The force measured by the load cell of the test
machine is linked to each DIC system to record the corresponding load for each picture. The
DIC measurement is used to determine the out-of-plane displacement of the post-buckling
shape, and the longitudinal shortening of the panels through the in-plane displacement of
the potting.

Three GoPro cameras are used to monitor the test. Two cameras are directed at the
initial damage to capture the crack growth behaviour on both sides of the stringer. The
third camera is positioned further away to capture the test as a whole.

Two high-speed cameras are used to capture the final failure of the panels. Both cameras
are focused on the initial damage at the cap side of the stringer. This side of the stringer
is chosen as the numerical predictions show crack growth on this side only. One camera
captures a side view of the stringer at 3000 fps, while the second camera is positioned
further away to capture the crack growth but also the complete panel at 10000 fps.

4.6 TEST RESULTS AND COMPARISON TO NUMERICAL PRE-
DICTION

This section describes the results of the tests, and compares them to the prediction from
the numerical analysis.

4.6.1 LOAD VERSUS DISPLACEMENT CURVES

The load measured from the load cell of the test machine and the longitudinal displacement
measured by DIC is used for obtaining the load-displacement curves. The longitudinal
displacement by DIC is determined by the difference in displacement from the top and
bottom potting. The curves are shown together with the prediction from the numerical
analysis in Figure 4.10 for panel 1 and 2.

250
4
200 A / :
= 150 1 :
4
= 100 -
—— Test 1 DIC
50 1 —— Test 2 DIC
------ FE 1
------ FE 2
0 r r r : !
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Displacement, mm

Figure 4.10: Load-displacement curves from tests and numerical predictions.

The panels show slight settling behaviour till a load of approximately 20 kN, after which
alinear stiffness of 132 kN/mm is measured until buckling occurs at a load of approximately
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94 kN for both panels. In the post-buckling field the stiffness is reduced, and continues to
be reduced due to a buckling shape change and the growth of the skin-stringer separation.
At a load of approximately 145 kN and 187 kN slight drops in stiffness occur for panel
1, while panel 2 shows only one reduction of stiffness at a load of approximately 138 kN.
These stiffness reductions are caused by crack growth events, which could also be heard
during the test. The panels fail due to skin-stringer separation at a load of 223.0 kN and
215.9 kN for panel 1 and 2, respectively. The difference in load for both the crack growth
events and the final failure between the two panels is most likely caused by the difference
in the initial damage shape and size and in the geometrical imperfections.

The numerical prediction shows a linear stiffness of 132 kN/mm, followed by buckling
at approximately 99 kN. The linear stiffness is predicted accurately and there is a 5.3 %
over-prediction in buckling load. The loss of stiffness due to crack growth in the post-
buckling field can also be seen in the numerical prediction, but the stiffness is less affected
in comparison to the test results and is slightly overestimated. The final failure load is
predicted to be 218.3 kN and 202.8 kN for panel 1 and 2, respectively, with a difference of
2.1 % and 6.0 % compared to the tests. The maximum loads measured during the tests and
the loads estimated by the analyses are reported in Table 4.7.

Table 4.7: Maximum loads from tests and numerical predictions.

Test FE Difference

(kN]  [kN] (%]
Panel 1 2230 2183 -2.1
Panel 2 2159 20238 -6.0

4.6.2 LOAD VERSUS STRAIN CURVES

The strains measured by the strain gauges on the webs of panel 1 are shown in Figure 4.11(a).
It can be seen that initially the pre-buckling strains in the outside webs are slightly higher
compared to the middle web, indicating that there is a small loading imperfection. Then,
all three webs show the same stiffness until buckling. In the post-buckling field the strains
show a decrease in stiffness. At 145 kN and 187 kN small load drops are seen indicating
crack growth events. The strains of the webs of panel 2 are shown in Figure 4.11(b). It can
be seen that there is more settling compared to panel 1, most likely due to a slightly larger
loading imperfection, and there is one load drop indicating a crack growth event at 138 kN.

The numerical predictions capture the load-strain behaviour in the webs well. In the pre-
buckling field there is a small difference in the initial settling, as the loading imperfections
are not taken into account in the numerical predictions. In post-buckling the strains are
slightly over predicted.

The strains in the skin of panel 1 are shown in Figure 4.12(a) and Figure 4.12(b) for
location S1 and S2, respectively, with notation IML and OML for inner and outer mould
line. At location S1 the measured strains show a small difference between inner and outer
mould line indicating a small bending component. At location S2 the influence of bending
is more clear, with a larger difference between IML and OML in the post-buckling field.
The measured strains at location S1 are considerably higher compared to location S2 in
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post-buckling. This difference is most likely caused by the non-symmetric stringer, with
S1 being located on the opposite side of the cap and S2 being located underneath the cap.

The strains of the skin of panel 2 are shown in Figure 4.13(a) and Figure 4.13(b) for
location S1 and S2 respectively. In pre-buckling, location S2 shows a minor bending
component, which is not seen for panel 1. This is most likely caused by a small loading
imperfection. For both location S1 and S2 the measured strains of panel 2 show more
bending compared to panel 1.

The numerical analysis accurately predicts the strain in pre-buckling for both location
S1and S2. A small difference is seen for panel 2 location S2, due to bending in the measured
strains in the pre-buckling field. In post-buckling the strains are under predicted at location

S1, while the strains at location S2 are accurately predicted for both panel 1 and 2 in
post-buckling.
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Figure 4.11: Experimental and numerically predicted compressive strains in stringer webs: (a) panel 1; (b) panel 2.
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Figure 4.12: Experimental and numerically predicted compressive strains of panel 1: (a) S1; (b) S2.
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Figure 4.13: Experimental and numerically predicted compressive strains of panel 2: (a) S1; (b) S2.

4.6.3 OUT-OF-PLANE DISPLACEMENT

The out-of-plane displacements of the two panels captured by the DIC system are reported
in Figure 4.14 by contour plots at four load levels, to show the evolution of the deformation
in the post-buckling field. For each contour plot the maximum and minimum out-of-plane
displacement are reported. A positive sign is for displacement in inwards direction towards
the stringer, and a negative sign is for outwards direction away from the stringer, in line
with the axis system reported in Figure 4.3. The contour plots for both tests are compared
with the results of the numerical analysis.

The test of panel 1 shows an initial three half wave buckling mode, antisymmetric
with respect to the middle stringer. At higher loads the buckling shape changes slightly,
with a fourth half wave appearing at the top of the right bay. It can be noted that there
is a higher inward out-of-plane displacement, in the direction of the stringers, compared
to the outward displacement. Initially after buckling it is seen that the magnitude of the
out-of-plane displacement is approximately equal in both bays. At higher loads the fourth
half-wave becomes more prominent and the magnitude of the displacement becomes higher
in the left bay in both inwards and outwards direction compared to the right bay. The
half-waves in the left bay are also longer compared to the right bay. This difference becomes
more prominent when the fourth half-wave appears in the right bay, and the difference
continues to increase until final failure.

The test of panel 2 shows the same three half wave buckling shape as panel 1. In
comparison to panel 1, the buckling shape changes with a fourth half-wave at the top
of the right bay at a higher load, and the fourth half-wave is smaller in magnitude. The
out-of-plane displacement at 116 kN of panel 2 is higher in inwards direction and lower in
outwards direction compared to panel 1. This difference might be caused by differences in
the geometrical imperfections or loading imperfections, and becomes less at higher loads
when the out-of-plane displacements of panel 1 and 2 converge.

The three half-wave buckling shape is accurately predicted, with a great level of
similarity in terms of half-wave position and length. The buckling shape change with the
fourth half-wave at the top of the right bay is also predicted, but it happens at a higher
load compared to what is seen in both tests.

The magnitude of the out-of-plane displacements are smaller for inwards direction,
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while the outwards displacements are initially larger. The outwards out-of-plane displace-
ments at the maximum load is accurately predicted for both panels, indicating that the
amount of crack opening due to the outwards displacements might be the dominating
factor for final failure.

[mm] 116 kN 156 kN 192 kN Maximum Load
9.00

7.83
6.67
5.50
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Max = 2.94 mm Max = 5.15 mm Max = 6.85 mm Max = 8.32 mm
Min = -1.84 mm Min = -2.71 mm Min = -3.47 mm Min = -3.82 mm

Max = 2.29 mm Max = 4.56 mm Max = 6.06 mm Max = 7.01 mm
Min = -1.75 mm Min = -2.98 mm Min = -3.64 mm Min = -3.84 mm

Max = 3.13 mm Max = 5.30 mm Max = 6.96 mm Max = 8.13 mm
Min = -1.51 mm Min = -2.66 mm Min = -3.44 mm Min = -3.67 mm

Max = 2.20 mm Max = 4.50 mm Max = 5.94 mm Max = 6.25 mm
Min = -1.8 mm Min = -3.09 mm Min = -3.69 mm Min = -3.76 mm

Figure 4.14: Out-of-plane displacement: (a) panel 1 test; (b) panel 1 FE; (c) panel 2 test; (d) panel 2 FE.
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4.6.4 SKIN-STRINGER SEPARATION
The skin-stringer separation is analysed in more detail with the help of camera footage
from the test and the numerical prediction.

On the camera footage of panel 1 a very small tick is heard at 98 kN, while a slightly
louder tick can be heard at 120 kN. At 98 kN no crack opening can be seen and the sound
seems to origin from the foil for the initial damage being pulled from the skin and chipping
paint. When the tick at 120 kN is heard, crack opening is present and it is therefore
considered the start of the crack growth. On the camera footage of panel 2 a small tick is
heard at 119 kN which is considered the start of the crack growth. During the tests of both
panels loud ticks can be heard in post-buckling where the initial damage grows initially
unstable and then continues with stable crack growth.

As panel 1 and panel 2 show very similar behaviour, only camera footage of panel 1 is
here reported. At 156 kN, approximately between buckling and final failure, crack opening
can be well distinguished, as shown in Figure 4.15. The crack has opened and grown, with
more crack growth in downwards direction compared to upwards direction. The cap-side
of panel 1 is shown Figure 4.15(c). The opposite side of panel 1, corresponding to the side
of the stringer without cap, is shown in Figure 4.16, where no crack opening can be seen.
The one-sided crack opening is due to the buckling shape, where the outwards half-wave
on the cap-side opens the crack, while the inwards half-wave on the opposite side of the
cap tends to close it.

The numerical analysis accurately predicts the combination of stable crack growth
and crack growth events. The corresponding views are shown in Figure 4.15(a-b) and
Figure 4.16(a-b) for the cap and the opposite side, respectively, for a comparison with the
camera footage.

| AN
(a) (b)

Figure 4.15: Crack opening seen from left side of panel 1 at 156 kN: (a) full view of panel; (b) close-up FE; (c)
close-up camera footage with visual separation length marked in red.
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(a) (b)

Figure 4.16: Closed crack seen from right side of panel 1 at 156 kN: (a) full view of panel; (b) close-up FE; (c)
close-up camera footage.

4.6.5 FRACTURE SURFACE

To further investigate the skin-stringer separation, the fracture surface is analysed. It is
shown over a length of 196.5 mm, as highlighted in Figure 4.17(a), which corresponds to
the area that is separated before the final failure. The fracture surface of panel 1 is shown
in Figure 4.17(b), where the foil inserted in the joint for the initial damage can be noted.
The grey marks close to the foil are considered to be caused by the extension process of
the initial damage, as the distance between the markings match the initial damage length.
Larger grey marks can be seen further away from the foil, with a slight elliptical shape.
The shape of these marks is most likely caused by the one-sided crack growth in the
post-buckling field.

On the left side there is a delamination of plies from the skin, with only little short-fibre
filler material still attached to the skin. On the right side no delamination is seen, and there
is more remaining filler material attached to the skin. The remaining filler material is on the
opposite side of the stringer, with the cap-side of the stringer showing no remaining filler
material. This can be caused by the one-sided crack growth before final failure, followed
by the unstable crack growth during final failure where separation also occurs between
the web and the filler material.

The fracture surface of panel 2 is shown in Figure 4.17(e). The fracture surface is very
similar to panel 1, but it shows less grey marks. This might be due to the single unstable
crack growth event in post-buckling compared to panel 1. Also, more filler material remains
attached to the skin, and delaminations can be seen on both sides of the foil.

The skin-stringer interface of the numerical analysis for panel 1 is shown for the initial
damage and at the load of 156 kN in Figure 4.17(c) and Figure 4.17(d), respectively, where red
indicates intact interface, and blue indicates separated interface. The numerical prediction
at 156 kN shows a quasi-elliptical crack front shape, with a narrow horizontal line of intact
interface.
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The skin-stringer interface of the numerical analysis for panel 2 for the initial damage
and at the load of 156 kN are shown in Figure 4.17(f) and Figure 4.17(g), respectively. The
initial damage is similar to panel 1, but is slightly longer. The interface at 156 kN shows
slightly more crack growth compared to panel 1, which might have lead to the lower final
failure load of panel 2.

. Intact

. Separated (a)

Figure 4.17: Top view skin-stringer interface: (a) interface area of interest; (b) test panel 1 fracture surface; (c) FE
panel 1 initial damage; (d) FE panel 1 at 156 kN; (e) test panel 2 fracture surface; (f) FE panel 2 initial damage; (g)
FE panel 2 at 156 kN.

4.6.6 MODE-MIXITY

The mode-mixity of the skin-stringer separation obtained from the numerical analysis is

investigated, focusing on the results of panel 1 for conciseness as panel 2 shows similar

results. The mode-mixity expresses the ratio between peeling (mode I) and shear (mode

II/1I]) loading on the interface. This ratio is of importance as it indicates how the interface

is loaded due to buckling, and which type of loading is critical leading to interface failure.
The mode-mixity is determined by using the energy release rates for mode I, IT and
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III as shown in Equation 4.4, resulting in a value of 0 for pure mode I and a value of 1 for
pure mode II/IIL. In case of an intact interface, a value of -1 is assigned. The interfaces are
analysed over a length of 463 mm, as reported in Figure 4.18(a). The mode-mixity of the
fracture surface at the start of final failure is shown in Figure 4.18(b). The one-sided crack
growth before failure is mode I dominated, with final failure being initiated by a narrow
line of mode II/III fracture. The fracture surface after the final failure of the panel is shown
in Figure 4.18(c). The crack growth towards the left is mode I dominated while the crack
growth towards the right is mode II/IIl dominated. The majority of the fracture surface is
either dominated by mode I or mode II/III, with only small areas of mixed-mode loading.

Mode — Mixity = 7@?](;?2111 (4.4)
Mode II/IIT I
Mode I (a) 5
Intact | 463 i
(b) I b By |
(c) S A — Y B

Figure 4.18: Panel 1 mode-mixity: (a) interface area of interest; (b) mode-mixity at start of final failure; (c)
mode-mixity after final failure.

4.6.7 FIRST PLY FAILURE

Four first ply failure criteria are included in the numerical analysis to determine if material
failure occurs before skin-stringer separation. The values of the most critical ply for each
criterion at the maximum load are reported in Table 4.8 for both panels. It is possible to
see that none of the criteria show first ply failure before final failure, with the Tsai-Wu
criterion reporting the highest value for both panels. The most critical ply according to
the Tsai-Wu criterion is the bottom zero ply in the skin, for which the contour plots of
both panels are shown in Figure 4.19. It can be noted that the most critical locations are
underneath the outer stringers, approximately coinciding with the longitudinal location of
outwards half-waves of each corresponding bay.

Table 4.8: Numerical first ply failure criteria values at maximum load.

Hashin Fibre Compression =~ Max Stress ~ Tsai-Hill ~ Tsai-Wu
Panel 1 0.48 0.72 0.76 0.91

Panel 2 0.37 0.64 0.67 0.82
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Figure 4.19: Tsai-Wu failure criterion of the skin bottom zero ply from the numerical prediction at maximum load:
(a) panel 1; (b) panel 2.

4.6.8 FINAL FAILURE MODE

The final failure mode is captured by two high speed cameras. The area that is recorded by
high speed camera 1 is shown on the FE model in Figure 4.20(a). A frame of the 3000 fps
high speed footage of panel 1 is shown in Figure 4.20(b). It highlights the behaviour during
separation of the middle stringer. The crack in the butt-joint grows in downwards direction
and a tunnel forms between two outwards buckling half-waves. Due to the separation of
the stringer from the skin, the cap and the web of the stringer also start to show failure,
and consequently load carrying capabilities are lost. The numerical prediction of the final
failure of the panel is shown in Figure 4.20(c). The analysis also reveals crack growth in
downwards direction, with a tunnel between two outwards buckling half-waves, similarly
to the failure behaviour seen in the tests.

The sequence of the final failure over the full length of panel 2 is captured by the second
high speed camera at 10000 fps, as shown in Figure 4.21. Final failure starts with the crack
opening (a). Then the crack grows between the web of the middle stringer and the skin
(b), after which the separation between the web of the right stringer and the skin occurs
(c). This is followed by the separation between cap and web of the middle stringer (d) and
failure of the middle cap (e). Then, the web of the left stringer starts to separate from the
skin simultaneously with the separation between cap and web of the right stringer (f). This
sequence occurs within 2.1 ms, and shows that the skin-stringer separation is the critical
failure mode leading to the final failure of the panel.
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(a) (b) (c)

Figure 4.21: Sequence of final failure of panel 2 captured by high speed camera: (a) crack opening of middle
stringer; (b) crack propagation of middle stringer; (c) separation of right stringer; (d) separation of middle cap; (e)
failure of middle cap; (f) separation of left stringer and separation of right cap.
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4.7 CONCLUSIONS

In this research two butt-joint thermoplastic composite stiffened panels with an initial
damage in the skin-stringer interface are successfully analysed and tested. The growth
of the initial damage occurs during post-buckling, but only leads to panel final failure
at considerably higher loads. The skin-stringer separation is heavily influenced by the
buckling shape, as the anti-symmetric buckling shape results in crack opening only on the
cap-side of the stringer. The combination of stable and unstable crack growth before final
failure can be accounted to both the butt-joint stringer design and the ductile behaviour
of the thermoplastic composite material. This structural behaviour is considerably dif-
ferent compared to the more classical designs of the stiffened panels made of thermoset
composites.

Numerical analyses are conducted using the commercial finite element software Abaqus.
Skin-stringer separation is modelled by the use of the Virtual Crack Closure Technique.
The structural behaviour is accurately predicted by the numerical analysis. Even if the
post-buckling stiffness is slightly over-predicted after the crack growth events, the anal-
ysis has accurately predicted the buckling shape, the post-buckling behaviour, the skin
stringer separation and the final failure load and sequence. This shows that the developed
methodology is a reliable tool for the design of new thermoplastic aeronautical structures.
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BUCKLING AND FAILURE
ASSESSMENT OF CURVED
BUTT-JOINT STIFFENED

THERMOPLASTIC COMPOSITE
PANELS WITH ROLLER BOUNDARY
CONDITIONS

Two curved thermoplastic composite multi-stringer panels with roller boundary conditions
are analysed and tested to investigate the buckling and failure behaviour. The panels are
made of AS4D/PEKK-FC thermoplastic composite, have five stringers with an angled cap
on the side and are joined to the skin with the short-fibre reinforced butt-joint technique.
The panels have a roller attached to each loading edge, approximating simply-supported
boundary conditions to apply compression and bending. One panel has barely visible
impact damage in one of the stringer butt-joints, and one panel is in pristine condition.
Finite element analyses are performed to predict the structural behaviour, and different
approximations of the roller boundary conditions are compared. The analyses include
material damage initiation and evolution. The out-of-plane displacement of the panels is
measured by digital image correlation, and failure is captured with high-speed cameras.
The panels fail in a sudden manner when the cap separates from the web, followed by
web failure and skin-stringer separation in the butt-joint. The numerical analysis predicts
the overall structural behaviour but cannot capture well the sudden panel collapse due to
material damage.

This chapter is directly based on a manuscript submitted to Elsevier. [3 Kevin van Dooren, Jan Waleson, Mark
Chapman, Chiara Bisagni. Buckling and failure assessment of curved butt-joint stiffened thermoplastic composite
panels with roller boundary conditions.
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5.1 INTRODUCTION

One of the prominent goals of the aeronautical industry is to lower the environmental
impact of flight by reducing fuel consumption, which also reduces costs. One of the ways
is to reduce the structural weight, as the weight is directly related to the fuel consumption
for flight. The reduction of weight can also lead to a higher passenger capacity per flight,
leading to a lower number of flights needed.

This research targets the reduction of the aeronautical structural weight by the use of
thermoplastic composites and by allowing these structures to buckle below the ultimate
load. Aeronautical structures mostly consist of stiffened, thin-walled designs, which are
known to buckle for compression and shear load cases. The current designs of primary
structures do not allow for buckling below the ultimate load, as the post-buckling behaviour
and failure modes in the post-buckling field are yet to be fully understood. It has been
shown that these structures can sustain load deep into the post-buckling field [16, 38],
indicating a considerable weight-saving potential.

The use of thermoplastic composites can also lead to a reduction of structural weight
due to their structural properties and new manufacturing techniques. They are known to
be more ductile and to have a higher toughness compared to their thermoset counterpart
[17]. Thermoplastics allow for manufacturing techniques such as welding [9, 22] and
co-consolidation [4], which lower the amount of fasteners needed and decrease both the
weight and production time [6].

The common failure modes in post-buckling of aerospace stiffened structures consist of
material failure [39, 42, 60] and skin-stringer separation [30, 32, 61], which are researched
mostly on thermoset composites. The investigations on these failure modes are executed on
a wide variety of specimen designs, consisting of single [29] and multi-stringer [41] panels
with closed omega stiffeners [31], blade stiffeners [62] and I shaped stiffeners [63]. The
tested specimens can be in both pristine and damaged state, where the damage can consist
of, for example, impact damage [64] or a foil at the skin-stringer interface to approximate
Barely Visible Impact Damage (BVID) [65].

The post-buckling behaviour of co-consolidated multi-stringer panels utilising the
butt-joint technique [4, 16] is investigated in this research by analysis and experiments.
Two multi-stringer panels are designed and manufactured by GKN Fokker [5]. The panels
have a convex curvature and five stringers on the outside of the curvature. One panel is
in pristine condition and one panel has initial damage at the skin-stringer interface that
represents BVID. The panels are loaded in a mixed bending and compression load case,
thanks to the aluminium rollers attached on both loading edges, to which compression is
applied in a testing machine. These boundary conditions are uncommon in aeronautics,
with literature limited to sandwich structures [66, 67]. Compression tests on aerospace
structures usually have boundary conditions for the loading edges that are considered
clamped, consisting of epoxy potted edges or similar [12, 40]. Roller boundary conditions
are, however, more common in naval and civil applications, for example, for research on
stiffened steel plates with single-stringer [68] and multi-stringer specimens [69, 70], but
also aluminium plates with both open and closed-section stiffeners [71, 72] and even testing
of corrugated board panels of packaging material [73]. The reason for using the roller
boundary conditions in this research is two fold. Firstly, testing a panel with curvature in
the longitudinal direction in compression with clamped-like conditions achieved by square
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loading blocks can lead to tilting and rotation of these blocks due to the resulting moments,
and it would not allow achieving structural behaviour in post-buckling representative of
an aeronautical structure. Secondly, the rollers allow rotation and consequentially allow
to achieve deformations, which would usually require a longer panel with clamped-like
boundary conditions.

5.2 PANEL GEOMETRY

The curved multi-stringer panels are representative of the fuselage section of a business jet.
The panels are manufactured and potted to the rollers by GKN Fokker and are received as
shown in Figure 5.1. The rollers are made of aluminium, and the panels are attached to the
rollers with epoxy potting. The panels have an approximate curvature and length of 6277
and 497 mm, respectively, and the total length including rollers is 585 mm, as reported
in Figure 5.2(a). The rollers have a radius of 45 mm, and the loading edge and bending
neutral axis of the panels coincide with the rollers’ centre of curvature. The panels have
five stringers, with a stringer spacing of 152.4 mm, which results in a total width of 650
mm, as reported in Figure 5.2(c).

The butt-joint technique is used to join the stringer to the skin. The stringer consists
of a web and an angled side cap. The cap is 15 mm wide, angled at an angle of 105 degrees
w.rt. the web, which is 28 mm in height, as reported in Figure 5.2(b). The skin-web
joint, which is called the butt-joint, and the web-cap joint consist of carbon Short Fibre
Reinforced Plastic (SFRP) filler PolyEtherKetoneKetone (PEKK) extrusion profiles, of which
the material properties are reported in Table 5.1. One of the panels has initial damage at
the skin-stringer interface that represents a BVID. The location of this BVID is highlighted
in red in Figure 5.2(a, b). The BVID is created by including a 40 mm foil at the skin-stringer
interface during co-consolidation, after which the BVID is extended to 70 mm by applying
out-of-plane displacement to the skin in a test machine [16, 74].

Figure 5.1: Panel: (a) stringer-side; (b) skin-side.




5 BUCKLING AND FAILURE ASSESSMENT OF CURVED BUTT-JOINT STIFFENED THERMOPLASTIC COMPOSITE

9 PANELS WITH ROLLER BOUNDARY CONDITIONS
_________ 15.0
1
S ~So O [inl I
0| ool
o
, R6
1 K 1 Z
1 1
| L1 121 L3 11217 L1 'é—'
1 T 1 1 M 1 Y
! I 200 & 1o
1 ! 30.0 ! 1
497|585 ()
S1 S2 S3 S4 S5
i 504 20 ¥
650 ’
(c)
sQ4 SGS8 SG10 SG12 SG16
5(;2'1 SG6 1 1 1 SG14 '15(;1&
SG1SG3  SG5  SGT SG9 SGI1  SGI3 SG15SGIT
(a) (d)

Figure 5.2: Panel geometry: (a) side-view illustration ; (b) stringer cross-section; (c) panel cross-section; (d) strain
gauge positions.

Table 5.1: Properties of PEKK carbon SFRP filler [16].

En Ez2 =E33  vi2 Gi2 p
[MPa] [MPa] [[] [MPa] [kg/m’]
13252 6579 0.42 2389 1560

The laminated parts are made of Fast Crystallizing PolyEtherKetoneKetone (PEKK-FC)
carbon fibre (ASD4) UniDirectional (UD), of which the properties are reported in Table 5.2,
and of additional glass fabric patches, of which the assumed properties are reported in
Table 5.3. The layups of the laminates are reported in Table 5.4. The three different skin
layups are due to the glass fabric patches applied underneath the stringer. The skin is
manufactured by advanced fibre placement, while the web and cap laminates are pre-forms
cut from a larger laminate. The web and cap are then assembled with the short fibre filler
extrusion profiles and tooling blocks in an inner mould. The skin is placed on top of the
mould, followed by the placement of the glass fibre patches at the stringer locations. The
assembly is then vacuum-bagged and co-consolidated in an autoclave.

The panels are instrumented with 18 strain gauges at the positions reported in Fig-
ure 5.2(d), in the middle of the panel along the longitudinal direction. Strain gauges are
attached back-to-back on the skin on the free edges, in the middle of the outer bays,
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underneath each stringer and on the top of the vertical web. They can capture loading
imperfections and allow to determine how the load is redistributed due to buckling, material
damage and skin-stringer separation. White paint and black speckles are then applied on
both sides of the panels as well as on the flat surfaces of the rollers.

Table 5.2: Ply properties of AS4D/PEKK-FC carbon UD ply [16].

Ein E2o Vi2 Giz p tply
[MPa] [MPa] [] [MPa] [kg/m’] [mm]
126100 11200 0.3 5460 1560 0.138

Table 5.3: Ply properties of PEKK glass fabric [16].

Eny Bz viz  Gr p tply
[MPa] [MPa] [] [MPa] [kg/m’] [mm]
25000 25000 0.3 3000 2200 0.1

Table 5.4: Layups and nominal thicknesses of laminate sections, with C and G superscript for carbon and glass
plies, respectively.

Section  Thickness [mm] Layup

Skin L1 2.484 [45/—45/0/45/90/—45/45/0/—45]Cs

Skin L2 2.684 [02]6[45/—45/0/45/90/—45/45/0/—45]Cs

Skin L3 2.884 [04]6[45,/—45/0/45/90/—45/45/0/—45]Cs
Web 2.484 [45/90/—45/0/45/0/—45/0/45/—45]Cs
Cap 2.760 [45/90/—45/0/45/0/—45/0/0/90] s

5.3 NUMERICAL METHODOLOGY
The post-buckling behaviour of the curved multi-stringer panels is analysed with the
commercial Finite Element (FE) software Abaqus 2021 [34].

The model utilizes continuum shell elements (SC8R) for the composite laminates, while
solid brick and wedge elements (C3D8I, C3D6) are used for the short fibre filler material.
The epoxy potting and aluminium rollers consist of solid brick elements with reduced
integration (C3D8R) for better computational efficiency. The mesh of the stringer and skin
cross-section is reported in Figure 5.3.Figure 5.3.

Dynamic implicit analysis is used in this study. The implicit step adopts a quasi-static
application with a backward Euler operator. The total step time is 1 s, with the initial
and maximum time increment size set to 0.01 s and the minimum to 1e-8 s. To improve
convergence when separation starts, the maximum number of attempts for an increment is
increased to 40 in the time incrementation controls.
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Figure 5.3: Mesh of the stringer cross-section.
5.3.1 COMPARISON OF BOUNDARY CONDITION APPROXIMATION
The roller boundary condition is approximated in three ways, as shown in Figure 5.4.
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Figure 5.4: Comparison of the three approximations of the roller boundary conditions: (a) method 1, panel only;
(b) method 2, roller; (c) method 3, roller with contact.

The first method utilises a reference point in the centre of the roller radius, as shown in
Figure 5.4(a). This reference point is tied to the region of the panel that is inside the potting
material, but no actual potting material is modelled. The reference point is constrained in
all degrees of freedom except for rotation of the axis in the centre of the roller radius, and
compression is applied in the longitudinal direction.

The second method models the potting and roller as shown in Figure 5.4(b). The panel,
potting and roller are connected with shared nodes. There is a reference point in the centre
of the roller radius, which is tied to a small region on the outside of the roller radius. This
region is kept small to approximate a contact area. The reference point is free to rotate
around the axis in the centre of the roller radius, compression is applied in the longitudinal
direction, and the remaining degrees of freedom are constrained. The load is transferred
from the reference point to the contact area through the rigid body ties. This method aims
to approximate the application of compression through contact without the need for a
contact definition and improves computational efficiency.

The third method adds contact between the roller and a contact surface to apply
compression, as shown in Figure 5.4(c). This method still uses a reference point in the
centre of the roller radius, which is tied to a region on the outside of the roller. This
region is to the left of the initial contact point of the roller with the contact surface. It does
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not come into contact with the contact surface, as the roller rotates in an anti-clockwise
direction under compression. The reference point is constrained in all degrees of freedom
except for rotation around the axis in the centre of the roller radius and the longitudinal
direction. The purpose of the reference point is to keep the panel in place and shed the
need for modelling friction, as it is assumed that there is no slipping of the rollers in the
test.

The three models are compared using a mesh size of 2.5 mm for the laminated parts.
The models with potting have a variable mesh size for the potting, ranging from 2.5 mm
to 10 mm. The mesh size of 2.5 mm is where the potting is connected to the panel with
shared nodes, and it increases in size in an outwards direction and is 10 mm in size at the
connection with the roller. The roller uses a similar meshing technique, with the mesh
size also ranging from 2.5 mm to 10 mm, for the model without contact. The model with
contact uses a locally refined mesh at the contact surface of 1 mm.

All analyses use the same total displacement of 6 mm. The analysis of the three models
run on the same CPU, and the wall clock time is 1589s, 3837s and 4752s, respectively. It
should be noted, however, that the model with contact has an initial clearance between the
contact surface and roller and displaces the roller 5.78 mm in total, which could lead to a
slightly lower wall clock time.

The load-displacement graph of the three analyses is reported in Figure 5.5(a). The
difference in load-displacement behaviour is minimal between the three different boundary
condition methods. Method 1 shows an initial higher stiffness compared to methods 2 and
3, but converges with method 3 at higher displacements. Method 2 matches with method 3
initially but shows a slightly lower load at higher displacements. The roller load-rotation
of the three analyses is reported in Figure 5.5(b). Only the top roller rotation is reported for
conciseness, as the rotation of both rollers is indistinguishable in the analysis. All analyses
show similar behaviour, with method 3 initially presenting a higher rotational stiffness
and method 2 a lower overall stiffness. The two outer stringers, stringers 1 and 5, displace
in the lateral direction during loading, as illustrated in Figure 5.6(a). The maximum lateral
displacement of stringer 1 and minimum of stringer 5 are reported in Figure 5.6(b) and (c),
respectively. Method 2 and 3 have very similar behaviour, while method 1 has a higher
stiffness, especially for stringer 1. This is most likely caused by the rigid body tie in the
potting region of method 1, instead of the physical modelling of the potting for method 2
and 3.

This comparison shows that method 1is an efficient option for a similar load-displacement
behaviour compared to method 3, which should be the method closest to reality. However,
taking into account the differences in the deformation of the panel and the implementation
of damage evolution in the following analyses, method 2 is considered a good compromise
in terms of results and computational time. All analysis results in the following sections
are obtained using method 2.
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Figure 5.5: Load displacement (a) and rotation (b) curves of the analyses with different boundary conditions.

300
[

250 A 250 =
200 200 /

. \\ 2

: 150 : 150

g N E /’
100 100
504 FE Method 1 \ 50 / ——— FE Method 1 |

—— FE Method 2
----- FE Method 3
]

—— FE Method 2
----- FE Method 3
T

]
0
-5 —4 -3 -2 -1 0 1 0 1 2 3 4 5

Displacement U2, mm Displacement U2, mm

(b ©

Figure 5.6: Load versus lateral displacement of the analyses with different boundary conditions: (a) contour plot
FE method 2; (b) negative displacement; (c) positive displacement.
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5.3.2 DAMAGE AND MESH SIZE SENSITIVITY

The Hashin criterion [75] is included in the analysis for initiation of material damage,
followed by damage evolution [76]. The criteria for fibre tension, fibre compression,
matrix tension, and matrix compression failure are reported in Equation 5.1, Equation 5.2,
Equation 5.3 and Equation 5.4. The criteria are expressed as F, with superscript ¢ and ¢
for tension and compression, respectively, and subscript f and m for fibre and matrix,
respectively. A value of 1 or higher means the criterion is met. The equations consist of
the components 611, 633 and 712, for fibre direction, matrix direction and shear, from the
effective stress tensor. The remaining terms are the material strengths, with X and X¢
for fibre tension and compression strength, Y and Y© for matrix tension and compression
strength, and lastly, S” for shear strength. The material strength properties for the criteria
and the fracture properties are reported in Table 5.5.

Fiber tension (611 > 0)

~ 2
t _ 011
e (2) "
Fiber compression (611 < 0)
6_ 2
11

Matrix tension (652 > 0)

« 2 A 2
t [ 022 T12
F, = <YT> +<SL> (5.3)

Matrix compression (622 < 0)
6' 2 7'/«_ 2
c 22 12
B = (Yc) +(5L> (5.4)

Table 5.5: Strength and fracture properties of AS4D/PEKK-FC carbon UD ply [9, 16].

XT x¢ ‘4 Y© St
[MPa] [MPa] [MPa] [MPa] [MPa]
2559 1575 83.1 284 99
GxT ch GICp GHCp
(kJ/m?]  [kJ/m?] [k]/m?]  [k]/m?]
125 61 1.12 2.35

A mesh size sensitivity study is executed incorporating material damage and damage
evolution, which are also compared to the results without damage evolution. The considered
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mesh sizes are 0.75, 1.25 and 2.5 mm, with one element through the thickness of the
composite laminates.

The load-displacement results are reported in Figure 5.7. The analyses with damage
evolution start to show material softening at 2.56 mm of displacement for a mesh size of
2.50 mm, and at 2.50 mm of displacement for a mesh size of 1.25 and 0.75 mm, which can
also be partially attributed to increment timing. At higher displacements, however, there is
a sensitivity to mesh size, with a larger mesh size leading to more softening. The difference
is more pronounced between the analysis with a mesh size of 1.25 and 2.5 mm, above an
applied displacement of 4 mm. Consequently, the analysis results in the following sections
are obtained using a mesh size of 1.25 mm.

300

250 -
200
7.
~d
~g 150
100
..... FE No dam.
) FE 2.5mm
50
—— FE 1.25mm
—— FE 0.75mm
0
0 1 2 3 N ’ ’

Displacement, mm

Figure 5.7: Load displacement curves of mesh-size sensitivity study of damage.

5.3.3 SKIN-STRINGER SEPARATION

It is chosen to model skin-stringer separation only in the panel with BVID. The skin-
stringer interface of the stringer with BVID is investigated using a contact pair definition
with the Virtual Crack Closure Technique (VCCT) for a partial bond. The bonded area is
approximately 445 mm long and 9.7 mm wide, with 70 mm not bonded in the middle of
this area to account for the BVID. In the model, separation can only occur in between the
filler and skin, and no crack migration into the filler is allowed to lower the complexity
of the model. This assumption is based on the failure behaviour of compression tests of
three-stringer panels [16] and three-point bending tests on single stringer specimens [55].
VCCT is chosen over the cohesive zone method based on results achieved in previous work
[16], where VCCT is chosen because of the courser mesh-size requirement [14, 35].

The VCCT definition includes mixed-mode interface behaviour with the Benzeggagh
Kenane (BK) criterion [34, 59], for which the equations are reported in Equation 5.5 and
Equation 5.6. The equations for the critical equivalent strain energy release rate Gequivc
and the equivalent strain energy release rate Gequiv consist of the fracture toughness of
the three different modes: Gic, Gc and Gy, and the strain energy release rates of each
mode: Gy, Gy and Gry. Fracture of the interface occurs when Geqyuiv divided by Gequivc is
equal or greater than one. The strain energy release rates are based on the nodal forces
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and displacements. The fracture toughness of mode 1 and 2 are based on internal tests of
GKN Fokker, and it is assumed that the fracture toughness of mode 3 is equal to mode 2.
The BK parameter, 7, of a similar thermoplastic composite is used, of which the properties
are available in literature [37]. The interface properties are reported in Table 5.6.

Gu+Gm \"
Geoouive = Gic + (Grje — G o (o >
equivc = Gic +(Gric — Gic) <G[+GH+GHI) G3)
Gequiv = G1+ G +Grr (5.6)

Table 5.6: Fracture properties of skin-stringer interface [16, 37].

Gic Gic Gric n
(kJ/m*]  [kJ/m?] [k]/m?] []
1.41 1.9 1.9 2.3

The fracture tolerance and unstable crack growth tolerance of the VCCT definition are
0.2 and 10, respectively. The unstable crack growth tolerance allows for multiple nodes
to be released within one increment, and can improve convergence and computational
efficiency. The contact pair definition uses node-to-surface contact discretization, with the
filler material as master and skin as slave surface, and contact stabilisation, for which a
stabilisation factor of 1e-4 is used.

5.4 TEST SETUP

The curved multi-stringer panels are tested to investigate the post-buckling behaviour and
the final failure mode and to validate the numerical analysis. A MTS test machine is used,
which is capable of 3500 kN in compression.

The experimental test setup is shown in Figure 5.8 from the stringer-side of the panel
(a), from the skin side (b) and with a top-view illustration (c). A female test fixture is
clamped to the top compression plate and base of the test machine. The female test fixture
is a machined aluminium profile with vertical uprights to limit the movement of the rollers,
and to which white paint and black speckles are applied for Digital Image Correlation
(DIC). The top and bottom female text fixtures are aligned such that the uprights on the
right side, as seen in Figure 5.8(b), can be used to align the panel at the start of the test.
The top fixture has hangers mounted to the side to catch the top roller in case of panel
collapse. When compression is applied, the panel rolls to the left. When the panel fails, the
female test fixtures are able to keep the panel in place. After panel alignment, a preload of
approximately 2kN is applied to keep the panel in place.

The tests of panel 1 and panel 2 are executed at a loading rate of 0.25 mm/min. The
force is measured by the load-cell of the MTS test machine and the displacement of the
compression plate is measured by three Linear Displacement Sensors (LDS). Two LDS are
placed next to the panel and one LDS is placed on the corner of the compression plate.
The different locations allow to determine load imperfections, as shown in Figure 5.8(c).
The displacement field of the panels is measured by two DIC systems, one system on the
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stringer side of the panel and one system on the skin side of the panel. The systems have
two cameras each, and the pictures are post-processed with VIC 3D 8. This measurement
allows to determine the buckling shape from the out-of-plane displacement of the skin, the
longitudinal shortening from the in-plane displacement of the female text fixtures, and the
rotation of the rollers from the out-of-plane displacement.

The tests are also captured with four GoPro cameras, one placed on the skin-side, one
placed on the stringer-side, and one placed on each lateral side of the panel. The cameras
record phenomena such as buckling and skin-stringer separation events, besides capturing
the sound of events which might not be visible, such as material failure.

Two high-speed cameras are used to record the final failure of the panels. One camera is
placed on the cap-side of the stringers, focusing on the middle three stringers, that captures
at 5600 and 5200 fps for the test of panel 1 and 2, respectively. The second high-speed
camera is placed next to DIC system 2, which captures the whole panel at 10000 fps for
panel 1 and 9600 fps for panel 2.
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Figure 5.8: Test setup: (a) stringer side; (b) side-view; (c) top-view illustration.
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5.5 TEST AND NUMERICAL RESULTS

This section discusses the results of the tests till failure of the two panels and compares
them to the numerical analysis. Panel 1 was pre-tested till a displacement of 4.56 mm,
which did not lead to failure, and the panel was then tested till failure. This section will
only include the results of the test till failure for conciseness.

5.5.1 LOAD VERSUS DISPLACEMENT CURVES

The load-displacement curves of the tests and numerical analysis are reported in Figure 5.9.
The panels show a decreasing stiffness due to the curved geometry and roller boundary
condition, clearly seen at loads above approximately 120 kN. At higher loads close to failure,
the load-displacement behaviour starts to plateau. The stiffness of panel 1 and panel 2 are
similar. The stiffness of panel 1 is slightly lower between approximately 1 and 4 mm of
displacement, which can be caused by material softening due to the pretest. Panel 1, with
BVID, fails at a load of 251 kN and 5.22 mm of displacement, while panel 2 fails at a load of
249 kN and 5.06 mm of displacement. Unexpectedly, the panel with BVID shows a slightly
higher failure load and displacement, which indicates that the BVID is not critical for the
failure mode that causes the collapse.

The numerical analysis predicts the initial stiffness well, but above 100 kN it starts
to over-predict the stiffness. However, the plateau behaviour at higher loads is predicted
well. The analysis with VCCT is conservative in predicting failure due to skin-stringer
separation, which did not appear to be the critical failure mode in the test. The following
sections, therefore, only show results from the analysis without VCCT.

Load, kN

l' —— Test P1
Test P2

]

i FE

j ----- FE VCCT

0 1 2 3 4 5 6

Displacement, mm

Figure 5.9: Load-displacement curves from tests and numerical analysis.

5.5.2 LOAD VERSUS ROTATION CURVES

The rotation is calculated from the average out-of-plane location of the top and bottom half
of the flat vertical plane of the rollers, as measured by DIC, in combination with the height
of this plane. The load-rotation curves of the tests and numerical analysis are reported in
Figure 5.10. The load-rotation curves are similar to the load-displacement curves, with a
decreasing stiffness with an increase in load and a plateau at higher applied displacements.
There is a small difference in rotation between the top and bottom rollers initially for all
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tests, which stays constant after settling. Panel 1 seems to have a slightly lower amount of
rotation than panel 2, indicating a higher bending stiffness.

The numerical analysis predicts the rotation of the rollers well, with an under-prediction
of the rotation at higher loads, above approximately 1.5 and 3 degrees of rotation for panels
1 and 2, respectively.

300 300

250 250

200 200

< <
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100 100
- —— Test P1 top - —— Test P2 top
0 —— Test P1 bottom 0 —— Test P2 bottom
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0 0+
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(@ (b)

Figure 5.10: Load-rotation curves from tests and numerical analysis: (a) panel 1; (b) panel 2.

5.5.3 STRAIN GAUGE CURVES

The measured strains of the test till failure of panel 1 are reported in Figure 5.11. The
strains measured by the skin strain gauges show negative strains, indicating compression,
and the strain gauges on top of the stringer webs show positive strains, indicating tension.
This is due to the combined compression and bending loading. The strains also reach
higher values than the more typical compression tests, with strains up to 19400 microstrain.
The strains show a slight loading imperfection in the skin, while the stringers are equally
loaded. The outer stringers, strain gauges 4 and 16, do show differences, but this can also
be caused by geometric differences instead of a loading imperfection. The highest strains
are in the stringer area and free edges, with lower strains in the middle of the bay.

The measured strains of the test till failure of panel 2 are reported in Figure 5.12.
The behaviour is very similar to panel 1. When the results of strain gauge 10 and 11
are compared between panel 1 and 2, no clear influence of the BVID of panel 1 can be
distinguished.

The numerical analysis predicts the overall behaviour well, with a similar over-prediction
of stiffness, and thus under-prediction of strain, at higher loads as for the load-displacement
curves. The analysis does not consider loading imperfections, which is most noticeable for
strain gauges 17 and 18. The strains in the stringer region seem slightly better predicted
than in the skin region.
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Figure 5.11: Experimental and numerical compressive strains of panel 1 with initial damage: (a) bays; (b) top of

side stringers; (c) top of middle three stringers; (d) free edges; (e) bottom of side stringers; (f) bottom of middle
three stringers.
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Figure 5.12: Experimental and numerical compressive strains of panel 2 in pristine condition: (a) bays; (b) top of

side stringers; (c) top of middle three stringers; (d) free edges; (e) bottom of side stringers; (f) bottom of middle
three stringers.
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5.5.4 OUT-OF-PLANE DISPLACEMENT

The out-of-plane displacement of the skin is measured during the tests by DIC, and is
reported in Figure 5.13. Negative displacement corresponds to an outward direction, and
positive displacement corresponds to an inward direction, in line with the axis system
reported in Figure 5.2(b). The scale of the contour plot is based on the out-of-plane
displacement of the skin at the maximum load. For each plot, an offset is applied to
the displacement field, such that the scale’s maximum is at the maximum out-of-plane
displacement point of the panel. This eliminates the contribution of the rolling motion of
the panels to the out-of-plane displacement and results in a clearer comparison.

The out-of-plane displacement of the test of panel 1 is plotted in Figure 5.13(a-€) in steps
of 1 mm of longitudinal applied displacement and at the maximum applied displacement.
The panel shows a single half-wave in each bay, with the highest out-of-plane displacement
at the left side of the panel. The evolution of the out-of-plane displacement is gradual, with
an exponential increase of displacement w.r.t. the load. The three bays on the right initially
have similar out-of-plane displacement, but at higher applied displacement, the bay on
the rightmost side starts to have higher displacement than the middle two bays. At the
maximum applied displacement, the difference in out-of-plane displacement is 2-2.5 mm
between the middle two bays and most left bay, and a 1 mm difference between the most
left and right bay. These differences can be due to loading imperfections but are also due
to geometric differences. The middle two bays are stiffer due to the adjacent bays, while
the two outside bays have a free edge nearby. The difference between the most left and
right bay is partly due to the anti-symmetric stringer, which provides more stiffness when
the cap is pointed towards the bay. In terms of loading imperfections, the differences can
be due to both the difference in applied compression between left and right, in terms of
roller rotation and the resulting out-of-plane displacement of the roller itself. With only
a 1 mm difference in out-of-plane displacement between the most left and right bay, and
considering the geometric differences, the loading imperfections are estimated to be small.

The out-of-plane displacement of the test of panel 2 till failure is plotted in Figure 5.13(f-
j)- The out-of-plane displacement behaviour of panel 2 is similar to panel 1, in terms of
total out-of-plane displacement and the differences between the four bays. There is no
visible difference in the out-of-plane displacement of panel 1 and 2 due to the BVID of
panel 1.

The out-of-plane displacement of the numerical prediction is reported in Figure 5.13(k-
0). The numerical analysis accurately predicts the out-of-plane displacement behaviour,
with only minimal differences due to loading and geometric imperfections not considered
in the analysis. The differences between the bays are lower than what is measured in
the tests, with the most left and right bay having a 0.3 mm difference in out-of-plane
displacement at 5 mm of applied displacement, and the middle two bays a 1 mm difference
compared to the outer bays.
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Figure 5.13: Out-of-plane displacement: (a-e) test panel 1; (f-j) test panel 2; (k-o) FE.
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5.5.5 PANEL COLLAPSE

High-speed cameras are used to capture the collapse of the panels at a frame rate of 10000
fps for panel 1 and 9600 fps for panel 2. For the test of panel 1, the camera is positioned such
that the BVID in the butt-joint is visible from the cap-side of the stringers, which results in
only four visible stringers. This is, however, considered acceptable, as the stringers at the
edges are not the main priority. The camera is positioned to the right side during the test
of panel 2. The whole panel is captured, which requires lowering the frame rate to 9600
fps to compensate for the higher resolution.

The panel collapse sequence of panel 1 is reported in Figure 5.14 over a total time period
of 1.1 ms. Panel collapse starts with the cap separating from the web of stringer 4 (a), the
stringer with a BVID in the butt-joint skin-stringer interface. The cap completely separates
in the following two frames and fractures at the top of the panel (b-c), followed by failure
of the web (d). Then, the cap of stringer 3 separates from the web (e), and the cap fractures
at the bottom of the panel (f). The web of stringer 3 fails next, and the web of stringer 2
shows delaminated plies at the web-cab interface (g). The cap of stringer 2 then separates
almost completely from the web within one frame (h). The butt-joint of stringer 5 is the
first visible skin-stringer interface that shows failure (i), with the failure occurring at the
top of the panel. Due to the separation of the caps from the webs, most butt-joints can no
longer be seen. After the butt-joint failure, the cap of stringer 5 separates from the web,
simultaneously with the web fracture of stringer 2 (j-k). Lastly, the web of stringer 5 fails
.

The frames of the high-speed footage are further analysed. When the caps separate
from the web, the caps displace towards the skin in the middle of the panel. The caps hit
the skin once or multiple times, with the skin also displacing out-of-plane in waves. When
web fracture occurs, a few caps detach further and pull partially out of the potting material.
After failure is completed, the caps return close to their initial position.

The panel collapse sequence of panel 2 is reported in Figure 5.15 over a total time period
of 2.3 ms, as every 2nd frame is reported. Panel collapse starts with the separation of the
cap of stringer 2 in the middle of the panel (a-b), with a fracture in the cap at the bottom
of the panel. The butt-joint of stringer 2 then separates from the skin at the bottom of
the panel (c), which grows in an upward direction and is followed by fracture of the web
(d). The cap of stringer 2 then separates from the web and fractures at the bottom of the
panel (e). The butt-joint of stringer 2 fails at two locations, in the middle and bottom of the
panel, and the web fractures (f). In the same frame, the cap of stringer 4 starts to separate,
followed by further separation and fracture of the cap and failure in the butt-joint (g). The
web of stringer 4 then separates, while the cap of stringer 1 also separates from the web
(h-i). The web of stringer 1 then fails and the cap of stringer 5 separates from the web
(j)- The butt-joint of both stringer 1 and 5 then fails (k), and lastly, the web of stringer 5
fractures (1).
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Figure 5.14: High-speed footage panel 1: (a-b-c) stringer 4 cap separation; (d) stringer 4 web fracture; (e-f) stringer
4 cap separation; (g) stringer 3 web fracture; (h) stringer 2 cap separation; (i) stringer 5 butt-joint failure; (j-k)
stringer 2 web fracture, stringer 5 cap separation; (I) stringer 5 web failure.
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Figure 5.15: High-speed footage panel 2: (a-b) stringer 2 cap separation; (c) stringer 2 butt-joint failure; (d) stringer
2 web fracture; (e) stringer 3 cap separation; (f) stringer 3 butt-joint and web failure, stringer 4 cap separation;
(g) stringer 4 butt-joint failure; (h-i) stringer 4 fracture, stringer 1 cap separation; (j) stringer 5 cap separation,
stringer 1 web fracture; (k) stringer 1 and 5 butt-joint failure; (I) stringer 5 web fracture.
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5.5.6 POST-FAILURE INVESTIGATION

Photos of panel 1 after failure are reported in Figure 5.16(a-c). The caps, once separated
from the webs, show fractures in several locations. The caps of stringers 1, 2 and 5 are also
partially pulled out from the potting material. The failure between cap and web seems
to occur in two different ways, with the top ply of the web being delaminated and pulled
off partially, and with separation between web and the short fibre filler. In the middle of
the panel, it seems that failure and delamination of the web plies is more common, with
small pieces of the ply still attached to the cap, while towards the top and bottom of the
panel, failure occurs at the interface between the web and short fibre filler. All the webs
separated from the skin at the butt-joint. The webs present one or more fractures in each
web and parts of the web are no longer attached to the panel. The failure in the web and
skin region is mostly in the butt-joint. Stringer 1 has a part of the ply delaminated from the
skin at the bottom of the panel, and the remaining butt-joints only show minimal pulled-off
fibres. Failure in the butt-joint can be roughly divided into three types of failure: failure at
the interface between skin and butt-joint, failure in the short fibre filler and failure at the
interface between web and butt-joint. There are no visible fractures in the skin, but there
is likely damage inside the laminate. There are indications of damage at the back of the
skin, with paint chipped off.

Photos of panel 2 after failure are reported in Figure 5.16(d-f). The failure modes,
that are initially visible, are similar to panel 1. Stringer 2 fails first and has considerable
amounts of fibre pullout from the skin, especially towards the top of the panel. The biggest
difference, however, is that the edge of the skin, on the side of stringer 5, shows a large
fracture. A close-up picture of this fracture is reported in Figure 5.17. The skin is fractured
across the thickness of the laminate and has a visible length of approximately 60 mm as
seen from the stringer-side of the panel. Further propagation is visible on the back side
of the skin, with propagation in a downward direction, leading to a total visible length of
approximately 100 mm.

Both panels show failure first in the web-cap joint area. The cap-web failure of panel 1
occurs in the stringer with a BVID in the butt-joint, but the BVID itself is not necessarily
critical, with no indication of crack growth before panel collapse. From panel 1, a close-up
of the stringer 4 cap and of the web is reported in Figure 5.18(a-b). There are web plies still
attached to the cap, both the -45 ply and parts of the 90 ply, which indicate that the critical
failure mode is a combination of both the failure of these plies and delamination. Panel 2
fails in stringer 2, and the criticality of this stringer out of the three middle stringers is most
likely due to imperfections. The stringer 2 web of panel 2, as reported in Figure 5.18(c),
shows similar damage as stringer 4 of panel 1. The 45 ply is visible at the top of the web, as
the -45 ply and 90 ply present failure as well as delamination, indicating the same failure
mode as panel 1.




5 BUCKLING AND FAILURE ASSESSMENT OF CURVED BUTT-JOINT STIFFENED THERMOPLASTIC COMPOSITE
114 PANELS WITH ROLLER BOUNDARY CONDITIONS

Figure 5.16: Post-failure photos: (a) panel 1 left-view; (b) panel 1 right-view; (c) panel 1 side-view; (d) panel 2
left-view; (e) panel 2 right-view; (f) panel 2 side-view.

Figure 5.17: Skin fracture of panel 2.



5.5 TEST AND NUMERICAL RESULTS 115

Although the numerical model is not able to predict the sudden failure of the panel, as
it does not take into account delamination between each ply, it is able to correctly identify
the critical plies. Contour plots of the Hashin matrix tensile damage variable are reported
in Figure 5.19 for the middle three webs (a), the skin (b) and the full panel (c). The top -45
ply is most critical in the web, closely followed by the 45 ply. At 5.26 mm of displacement,
the area with a damage variable higher than 0.99 for the -45 ply reaches the bottom of the
cap-web joint. This means that the short fibre filler joint is locally connected only to a
failed ply, at the free edge of the web laminate.

The skin also has areas with a damage variable above 0.99, and the top 45 ply is the
most critical. However, this can be considered less critical than the web, as the top skin
plies are in tension, with no free edge and continuous fibres underneath the joint, making
it less likely for this ply to delaminate compared to the web plies.

(c) ©

Figure 5.18: Fracture photos: (a) panel 1 web and Figure 5.19: Matrix tensile damage variable contour plot,
stringer; (b) panel 1 web; (c) panel 2 web and cap. at 5.26 mm of displacement: (a) middle three webs; (b)
skin; (c) panel.
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5.6 CONCLUDING REMARKS

Two curved multi-stringer panels with butt-joint and roller boundary conditions were
successfully tested and analysed, with one panel in pristine condition and one with initial
damage in the butt-joint representing BVID.

The load-displacement behaviour of the panels shows a gradual decrease in stiffness for
an increase in applied displacement due to the initial curvature, roller boundary condition
and buckling of the bays. The bays show a single half-wave buckling shape, with a slight
variation in out-of-plane displacement between the bays, due to the anti-symmetric stringer
and a small loading imperfection. The load-displacement curve starts to plateau at higher
applied displacement, followed by panel collapse. The panels can sustain considerably high
strains before failure, up to 19400 microstrain. The panels fail when the caps separate from
the web, followed by failure in the skin-stringer butt-joint and web fracture.

Three different approximations of the roller boundary conditions were analysed and
compared, and the Hashin damage criterion is included in the analysis to determine damage
initiation followed by evolution.

The analysis can predict the load-displacement and buckling behaviour well, but cannot
predict the panel collapse and sudden loss of load-carrying capability due to the cap-web
failure. The model with VCCT for skin-stringer separation predicts a conservative failure
load, which might be caused by the idealized BVID with frictionless contact. Predicting
the cap-web failure would require a more detailed model to allow each ply to delaminate.
However, the model predicts the correct critical plies and shows that these have almost
fully softened in the joint area, close to the failure displacement of the tests. This shows
great promise for the ability to predict such a complex test and failure behaviour.

This research demonstrates that the roller boundary conditions approximate a loading
condition that is likely to be more representative of aeronautical fight, and showcase the
excellent capabilities of thermoplastic composites for primary structures in post-buckling.
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RECOMMENDATIONS

6.1 CONCLUSIONS

This thesis presents analyses and testing of thermoplastic composite stiffened panels in
post-buckling, investigating skin-stringer separation. Two different configurations of
stiffeners are considered. First, panels with welded interfaces are designed based on the
structural behaviour of a fuselage panel and further analysed for damage tolerance. Then,
a more non-conventional stringer design with butt-joint skin-stringer interface is analysed
and tested. The research demonstrates the extensive possibilities w.r.t. designs and man-
ufacturing of thermoplastic composites for stiffened panels and the robustness of using
classical analysis methods developed initially for thermoset composites. The conclusions
of each chapter are summarised as follows:

« In chapter 2, the conduction welded skin-stringer interface of the thermoplastic com-
posite fuselage demonstrator of the STUNNING project is investigated, by the design,
analysis, and testing of three-stringer panels. Initial analysis of a fuselage section is
the reference for the panel design, with emphasis on the post-buckling behaviour and
failure. The critical failure mode of the fuselage is skin-stringer separation, which
starts from underneath the stringer, and grows towards the bay. The initial analysis
of the three-stringer panel design indicates a high level of similarity in structural
behaviour with the fuselage section, albeit with a higher number of failure locations,
possibly due to the differences in boundary conditions.

Two pristine three-stringer panels are manufactured and tested, presenting con-
sistent pre-buckling stiffness, buckling load, and an initial buckling shape of three
half-waves. One of the panels shows a buckling shape transition to four half-waves,
while the buckling shape of the other panel remains three half-waves. This can
be due to differences in geometrical imperfections or loading imperfections. The
welded joints demonstrate great performance in post-buckling, with the ability to
sustain the deformation of buckling far into the post-buckling field. The buckling
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load and final failure load ratio reaches 1.94 and 1.87 for panels 1 and 2, respectively.
The high-speed footage indicates that skin-stringer separation is the critical failure
mode, which starts from underneath the stringer and develops in both outward
and longitudinal directions. Both panels show the number of half-waves increasing
beneath the stringer before the final failure, highlighting the importance of this
region’s buckling shape.

The numerical analyses, with geometrical imperfections included, accurately predict
the structural behaviour, with a minor difference in the evolution of the panel 1 buck-
ling shape and a high level of similarity for the skin-stringer separation behaviour.
These findings establish the methodology as a reliable tool for the post-buckling
analysis of panels with welded interfaces. Furthermore, the impressive post-buckling
performance and predictability of the structural behaviour hold promise for the
application of thermoplastic composites in primary aeronautical structures.

In chapter 3, four thermoplastic stiffened panels are analysed and tested to investigate
the welded interface damage tolerance.

The sensitivity studies reveal that for one initial damage, the initial damage location
mainly affects the initiation of skin-stringer separation, while its impact on the
final failure load is considered minimal. When two initial damages are present, the
damage in the middle of the panel remains critical for final failure. However, the
initiation load for skin-stringer separation is influenced by the damage location that
is off-centre.

The maximum damage size for the sensitivity study was 100 mm, chosen such that
buckling can still occur before final failure. The study demonstrated that geometrical
imperfections decreased the failure load of pristine panels, while it increased the
loads for panels with initial damage. Stable separation growth occurs for damage
sizes above 40 mm, and appears to delay final failure, as larger damages affect the
initiation load more than the failure load.

Then, three panels with initial damage and one panel in pristine condition were
tested. The initial damage primarily affects the failure load, with minimal effects on
the stiffness and buckling load. The maximum decrease of the failure load due to
initial damage is 16.6%, for the panel with two damages. Initial damage in the middle
of the panel remains critical when a second initial damage is present off-centre.
However, the off-centre damage increases the criticality of the initial damage in the
middle of the panel. Damage in the side stringer appears more critical for one initial
damage, with a lower failure load than the panel with initial damage in the middle
stringer. This is unexpected, as the middle stringer should attract more load and
consequently be more critical for damage.

The introduction of initial damage appears to make buckling shape changes more
gradual, possibly caused by the opening of the damage, which was evident from
the DIC measurement. Panels with initial damage present stable separation growth
before final failure. The panel with two initial damages demonstrated that the mid-
dle stringer can withstand a considerable skin-stringer separation event without
showing signs of damage. However, due to the lower skin-stringer separation load,
there is also less load to redistribute within the panel. Additionally, the separation
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growth seems to be stopped at the initial damages.

The numerical analysis is capable of predicting the overall structural behaviour well
but has difficulty predicting the buckling shape evolution to four half-waves. The
predictions of failure loads are conservative for panels with initial damage in the
middle stringer, while the failure load of the panel with initial damage in the side
stringer is over-predicted.

This research demonstrates that the welded joints can endure considerable buckling
deformation well into the post-buckling field with one or two initial damages of
40 mm. It should be noted that the chosen damage size was conservative due to
uncertainties regarding weld strength when manufacturing started. Nevertheless,
the failure loads are predicted well by the numerical analyses, and the sensitivity
study showed that panels with larger damage sizes can still withstand load into
post-buckling. This work underlines the great potential for thermoplastic composite
primary structures, also considering the damage tolerance behaviour.

« Chapter 4 reports the study on thermoplastic composite stiffened panels that use the

butt-joint technique. They are tested and analysed with a representation of Barely
Visible Impact Damage (BVID) in the skin-stringer interface. The panels present an
anti-symmetric three half-wave buckling shape, with a fourth half-wave appearing
in one bay at higher loads. The buckling shape greatly influences the skin-stringer
separation behaviour, as the crack is opened on the cap-side of the stringer and
closed on the other side due to the anti-symmetry. The initial damage separates
further in post-buckling, consisting of stable growth and unstable separation events.
This can be attributed to both the thermoplastic composite material and the design
of the butt-joint and stringer. This behaviour continues till more than double the
buckling load, when the middle stringer separates in an unstable matter, and the
panel collapses. The behaviour in the post-buckling field differs considerably from
the more conventional designs of thermoset stiffened panels.
Finite Element analyses are performed, which include the Virtual Crack Closure
Technique (VCCT) to model skin-stringer separation. The analyses accurately predict
the structural behaviour, with the post-buckling stiffness slightly over-predicted
following separation events. However, the analysis accurately predicts the buckling
shape, the behaviour in the post-buckling field, the skin-stringer separation behaviour
and the final failure load and sequence. The results demonstrate that the numerical
analyses are a reliable design tool for thermoplastic aeronautical structures.

« Chapter 5 investigates curved multi-stringer panels with the butt-joint technique,
featuring roller boundary conditions, by test and analysis. One panel has initial
damage in the skin-stringer interface, representing BVID, and one panel is in pristine
condition. The panels show load-displacement behaviour with a gradual stiffness
decrease with increasing applied displacement. This behaviour can be attributed to
the roller boundary conditions, the initial curvature and the buckling of the bays.
The bays buckle with a single half-wave buckling shape, with minor differences in
out-of-place displacement for each bay. These differences are most likely caused
by the anti-symmetric stringer design and slight loading imperfections. At higher
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applied displacement, the load-displacement curve reaches a plateau before the panel
collapses. The panels are able to withstand considerably high strains before the
collapse, with the strain gauges measuring up to 19400 microstrain at the free edges
of the skin.

Panel collapse starts with the cap separating from the web, after which the butt-join
fails and the web fractures. The BVID is not the critical factor leading to failure,
as there is no visible indication of the damage growing before the panel collapses.
Further investigation of the failed panels indicates that the failure of the cap-web
joint is caused by failure and delaminations of the top plies of the web, which remain
attached to the cap at the initial failure locations.

The roller boundary conditions are approximated by three different methods in
the numerical analyses. The method that models the roller and connects the roller
contact surface to a reference point is considered the best. This eliminates the need
to model contact for better computational efficiency while maintaining an accurate
prediction of the structural behaviour. Initiation of material damage is modelled
with the Hashin damage criterion.

While the analysis is capable of predicting the load-displacement and buckling be-
haviour, it is not able to predict panel collapse and abrupt loss of load-carrying
ability due to the failure of the cap-web joint. However, the analysis predicts the
critical plies, with almost complete softening in the joint area, close to the failure
displacement of the tests. This indicates great promise for further developments to
predict this complex failure mode.

This research highlights the excellent structural capabilities of thermoplastic compos-
ites in post-buckling for primary aeronautical structures. Using the more complex
roller boundary conditions allows for more representative loading conditions for
curved aeronautical structures.

The extensive analysis and testing of thermoplastic composite stiffened structures in
this thesis highlight the great potential for thermoplastic aeronautical primary structures.
The panels demonstrate great load-carrying capabilities in post-buckling, also when initial
damage is present, and failure loads of almost double the buckling load are achievable. The
tests have a high level of repeatability, demonstrating the maturity and high quality of the
manufacturing processes.

The different design philosophies of the investigated stiffened structures caused consid-
erably different behaviour in post-buckling, both in terms of the buckling shape evolution
and the skin-stringer separation behaviour.

The omega stringer displays quite complex buckling behaviour, with more possibilities
in terms of buckling shapes in the bay and underneath the stringer, and shape changes
occurring both gradually and suddenly. Although there are indications of stable separation
growth, the majority of separation events with the omega stringer are unstable and sudden,
both for pristine panels and panels with initial damage.

The stiffened panels with butt-joint tested in pure compression showed more gradual
buckling behaviour, with no sudden shape changes. The only shape evolution is an
additional fourth half-wave in one bay at higher loads. The separation behaviour in
post-buckling displayed a considerable amount of stable separation growth before panel
collapse, with the growth clearly visible from the cap-side of the stringer.
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The test with curved butt-joint panels on rollers allowed to investigate a different
testing method and the resulting failure mode. The panels demonstrated the ability to
withstand considerably high strains before the collapse, highlighting the performance of
joints with short fibre filler material such as the butt-joint technique. The testing method
is demonstrated to be reliable, even though it’s a more complex boundary condition, with a
relatively small contact surface being loaded and a rolling motion. The complex boundary
conditions did not hinder the ability to predict the structural behaviour with numerical
analysis.

The numerical modelling approach demonstrated capabilities to model different struc-
tural behaviours in post-buckling, depending on the geometry and materials. The modelling
of skin-stringer separation with VCCT is usually limited to structures with initial damage,
which is overcome by the presented approach for pristine welded interfaces. This allows for
efficient modelling of larger pristine structures. The unconventional skin-stringer interface
of the butt-joint technique is approximated with solid elements for the short-fibre filler and
shell elements for the laminates, with the VCCT at the interface. The complex separation
behaviour is predicted accurately compared to the tests and shows the robustness of such
techniques, even for unconventional designs resulting from new manufacturing techniques.

This work shows great promise for thermoplastic composites, the ability to predict
their structural behaviour, design tests by numerical analysis, and limit the number of tests
needed in the development of new aeronautical structures for sustainable aviation.
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6.2 RECOMMENDATIONS

The work presented in this thesis describes methods for the testing and analysis of thermo-
plastic composite stiffened structures, a method for designing representative panels and a
wide variety of test results and numerical predictions. Recommendations are formulated
based on this research, separated into recommendations for testing and numerical work,
which are as follows:

Testing

« The current testing methodology utilises cameras, high-speed cameras, strain gauges
and digital image correlation to capture the structural behaviour of the panels, such
as buckling and skin-stringer separation events. To capture local phenomena in
more detail, techniques such as acoustic emission monitoring, optic strain sensors
and thermography could be interesting. The tests of the welded stiffened panels,
both in pristine and with initial damage, indicated stable separation growth, but the
extent of this growth is difficult to determine. The proposed methods would provide
a higher level of detail to investigate the local phenomena and provide more details
for further developments and improvements of the numerical analyses. Testing at
panel level is an expensive venture, and maximising the knowledge gained per test
is therefore of utmost importance.

« The stiffened panels in this thesis are tested under quasi-static conditions. The
panels have shown that stable separation growth can occur in the post-buckling field,
both relatively early after buckling and far into the post-buckling field, depending
on stringer geometry and the initial damage, and it is therefore recommended to
test the panels for fatigue in post-buckling. There is extensive literature on the
fatigue behaviour of thermoset composite stiffened panels, but very minimal, if any,
literature on the thermoplastic counterpart. These tests will increase the required
knowledge of thermoplastic composites and aid in developing thermoplastic primary
structures while providing more data to extend the numerical tools.

Numerical

 The geometrical imperfections are included in the numerical analysis of most panels
efficiently with a linear analysis to create a nodefile. The imperfections are measured
by DIC from the skin-side of the panels and applied to the skin-side of the numerical
models. This method was initially developed for the panels with butt-joint stringers,
and also applied to the welded panels with omega stringers. The panels with omega
stringers seem more sensitive to imperfections and have a wider variety of buckling
shapes, which can increase the importance of including imperfections. This leads to
the recommendation to study the effect of including imperfections on the stringer
side of the panels, mainly consisting of the shape of the omega web and cap. This
will require combining DIC measurements of both sides of the panel, to create a
realistic representation of the panels with imperfections. The new approach could
first apply the imperfections of each stringer while keeping the skin flat, followed
by restraining the imperfect stringer shape and allowing it to move as a rigid body
while applying the skin-side imperfection.
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« For the numerical analysis of panels with butt-joint technology, it could be of interest
to explore alternative modelling techniques for pristine joints, such as the cohesive
zone method. It could also be considered to combine modelling techniques, for
example, to model initiation with the cohesive zone method in critical areas and
model propagation with the VCCT to retain a coarser mesh in less critical areas.

« The current implementation of VCCT in the numerical analysis is based on a single
fracture toughness value per mode of interface loading. It can be of interest to
separate the behaviour for initiation and propagation, as VCCT is used to model
both pristine interfaces and interfaces with initial damage. The commercial software
package Abaqus, as used in this work, does support initiation and propagation values
with the enhanced VCCT implementation, which can be further explored but requires
more material data.

« The test and analysis of the curved multi-stringer panels presented material failure
and delamination of plies in the web, which led to the failure of the web-cap joint.
Modelling each ply separately to allow for failure and delamination is complex and
computationally inefficient, especially for larger structures. It would, therefore, be
interesting to investigate how this type of failure mode can be modelled efficiently.
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