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Summary

The use of fiber-reinforced composites in aerospace stegtas increased dramatically
over the past decades. The high specific strength and sfffribe tailorability, and the
possibilities to integrate parts and reduce the numbersiéfers give composites an ad-
vantage over metals. Automation of the production proceables large-scale production
of composites in a repeatable, reliable fashion. Fiberfoeted composite laminates are
traditionally made of 0, 90° and+45° plies. Automated manufacturing techniques, such
as advanced fiber placement, allow for fiber orientationeratian 0, 90° and+45°, and
for the placement of curved fibers such that the fiber ori@rtatithin a ply is continuously
varied. Laminates that contain plies with spatially vagyfiber orientations have a spa-
tially varying stiffness and are callediriable-stiffness composite3ailoring the stiffness
variation can be used to improve the structural efficiency cdmposite.

Analytical and experimental work on flat variable-stiffeemmposite panels with and
without central holes has shown that large improvementsuctsiral efficiency are feasible,
such as increasing the panel strength or buckling load whitaining the same overall
weight. The research presented in this dissertation exp#redwork on variable-stiffness
composite laminates from flat panels to conical and cyloalrshells. Variable-stiffness
plies with either an axial or a circumferential stiffnesgiaton are defined based on the
shifted course principle, where a full ply is formed by shiftidentical courses in the direc-
tion perpendicular to the direction in which the fiber anglearied. Four different types of
fiber paths are discussed: i) geodesic paths, ii) constgte @aths, iii) paths with a linearly
varying fiber angle, and iv) paths with a constant curvat@eneral mathematical descrip-
tions to define the coordinates of these paths on a conicglinddcal shell and expressions
for the in-plane curvature are derived. The in-plane cumgis limited to a maximum value
to ensure a good laminate quality, assuming the varialffaeests laminate is manufactured
using advanced fiber placement. A procedure to determinexhet stacking sequence for
a given location within a laminate is given.

Structural analyses were carried out using the finite elémeogram ABAQUS. The
stiffness variation was implemented in the finite elemeetishodel as a user-written FOR-
TRAN subroutine, such that each element was uniquely defified design studies were
carried out, using the ABAQUS models to evaluate the stratfperformance of variable-
stiffness composite laminates.

The first design study was the optimization of conical andncylcal shells with dif-
ferent dimensions for maximum fundamental frequency. Hpéy8aminates had a-45+
©(X)]s layup, wherep(x) denotes a ply with an axially varying fiber angle, and the taate
thickness was assumed to be constant. Manufacturabilttyeofariable-stiffness plies was
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judged based on the maximum in-plane path steering allowdtéfiber placement pro-
cess. Numerical examples showed that manufacturabilibtheae a large influence on the
value of the maximum fundamental frequency of conical adohdyical composite shells
with an axial stiffness variation, and that it is necessatgke the manufacturing constraints
into account in the design phase of a variable-stiffnes#iata. It was shown that the fun-
damental frequency of conical and cylindrical shells camntygroved up to 30 percent by
using variable-stiffness laminates, especially for laxges.

The second design study covered the maximization of thelimgcload of a variable-
stiffness composite cylinder loaded in bending. It was ghdkat the use of variable-
stiffness constant-thickness laminates may improve tloklimg load of a cylinder under
pure bending because it allows the redistribution of impléoads between the compres-
sion and tension parts around the circumference by tagadtie circumferential in-plane
stiffness distribution in the cylinder skin. The compreedbads were reduced and spread
out over a larger part of the cylinder circumference thuseasing the buckling load and
changing the buckling mode shape. Loading was also shifted buckling-critical com-
pression loads into buckling-noncritical tension loadsie Tedistributed loads caused the
first buckling mode to change such that a larger part of thiedgt participated in the buck-
ling deformations.

Introduction of curvature, strength and stiffness cotiistsecaused a small reduction in
buckling load carrying capability of the variable-stifsseedesigns. These manufacturable
and more practical laminates showed improvements of up tpet8ent compared to the
optimized baseline consisting of M0 and+45° plies.

The buckling load carrying capability of variable-stifBedesigns that included overlap-
ping fiber courses was optimized by increasing the lamirtdt&ness on the compression
side of the cylinder. The larger laminate thickness, whiltdupled to the fiber angle
variation, was achieved by having a small fiber orientatioritee compression side of the
cylinder and a large fiber orientation near the neutral aXi® increased laminate thickness
and the small fiber orientation caused high axial stiffnessulting in high axial loads on
the compression side of the cylinder. The laminate bendiffgesss on the compression
side increased more than the in-plane laminate stiffnesgeter, such that it compensated
for the higher axial loads and dominated the response.

Including the curvature and strength constraints had aehighpact on the variable-
stiffness designs with overlap than on the ones with a cahsitickness. The amount of
thickness buildup on the compression side was limited, imxthe shift of the neutral axis
associated with the high axial laminate stiffness on thepression side caused failure on
the tension side of the cylinder. The laminate stiffness thitkness on the tension side
became similar to those on the compression side.

One constant-thickness, variable-stiffness specimenaoadaseline specimens were
manufactured using advanced fiber placement technologdi. dasigns were optimized for
maximum buckling load carrying capability under bendindneTsmall dimensions of the
cylinder required a small turning radius, causing pucker®tm during lay-down which
were not visible in the end product. The amount of small gridar gaps and overlaps within
the constant-thickness laminate was minimized by using aes0ent coverage parame-
ter, while long gaps between parallel courses were avoigeatfusting the shift between
courses. The minimum cut length requirement was taken iotownt during the design,
preventing any deficiencies in placing tows on the surfacstii® tows on the outside of a
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steered course caused the tows to straighten, becausednéoves were not restrained and
thus followed a geodesic path. Adjustments are neededungwiariable-stiffness designs
to avoid fiber straightening.

A modal test was carried out on the variable-stiffness andranof the baseline fiber-
reinforced composite cylinders that were optimized fordeg. An ABAQUS finite ele-
ment model was used to predict the modal behavior of the dgim The analytically pre-
dicted mode shapes and modal frequencies showed a goodreggriesith the experimental
results, both for the baseline and for the variable-stiffneylinder. The modal frequencies
of the variable-stiffness cylinder were lower than thos¢hef baseline cylinder due to the
lower laminate bending stiffness in the circumferentiaédtion, which plays an important
role in the formation of waves in the circumferential difeat The larger axial stiffness of
the variable-stiffness cylinder became apparent for madigssan increasing number of ax-
ial half waves and the modal frequency of the variablergit cylinder approached or even
exceeded the modal frequency of the baseline cylinder. Tddaimesponse simulations ex-
ecuted in ABAQUS matched the experimental results bothdoation and amplitude of
the response. Although only 2 cylinders were tested, thegmted results indicated that the
finite element model for the variable-stiffness cylindempdes a good representation of the
cylinder in terms of mass and stiffness distributions.

A fixture was designed to test the baseline and the varialffeess cylinders in pure
bending. Strains and displacements were measured usailg gauges, digital image cor-
relation, LVDT’s and lasers. Three carbon fiber-reinforcglihders were tested: two with
a baseline laminate and one with circumferentially varyaminate stiffness. The variable-
stiffness cylinder was tested in two configurations: i) itswasted in the orientation for
which it was optimized, called the preferred configuratiand ii) it was tested while ro-
tated 180 about the longitudinal axis, such that the loading on théndgr was reversed,
this was called the reversed configuration. This resultefhiiee test configurations: the
baseline, the variable-stiffness in the preferred ortgmaand the variable-stiffness in the
reversed orientation.

A comparison of the experimental response of the two baselfiinders with the finite
element predictions revealed that the experimental bayraaditions were more flexible
than originally modeled in the finite element model. Theddtrction of flexible boundary
conditions in the finite element model resulted in good age® between the experimen-
tal and the analytical results. A final improvement of thetéirelement predictions was
achieved by including geometric imperfections in the meahel by performing a Riks anal-
ysis. The latter model was used to make a prediction for thali-stiffness test results.

A comparison of the experimental results with the finite edatpredictions of the Riks
analysis in general showed a good agreement for all threfiggewations. The match of the
end rotations and strains was equally good for the variatitiess cylinder and the baseline
cylinder. The variable-stiffness cylinder was stifferittibe baseline cylinder when compar-
ing the global behavior in terms of end rotations, which wabé expected because of the
larger laminate stiffness of the variable-stiffness ayéin The variable-stiffness cylinder
response was stiffer in the reversed orientation than ipth&erred orientation due to the
boundary condition effects.

The most important observation resulted from the straitriigion with the vertical
coordinate of the cylinder: at equal load level the maximwmpressive strains of the
variable-stiffness cylinder in the preferred orientativare about 10 percent lower than



iv Summary

those of the baseline cylinder; the tensile strains weree36egmt smaller. This difference
in extreme strain values is a large improvement in perfoceaavhen strain-based strength
criteria are applied. In addition, the circumferentiaffagss variation resulted in a redis-
tribution of the loads, such that the tension side was mdee&fe in carrying loads, the
compressive loads were carried by a larger part of the ogtimthd the compressive load
peak atd = 180" was reduced by 25 percent compared to the baseline cylifder.ad-
justed finite element model predicted an increase in bughtad of 18 percent compared
to the baseline cylinder as a result of this load redistidvut



Samenvatting

Het gebruik van vezelversterkte composieten in luchteaadtructies is in de afgelopen
decennia drastisch toegenomen. De grote specifieke stemkstijfheid, de vrijheid om
effectieve materiaaleigenschappen aan te passen en ddjkimge om onderdelen te inte-
greren en het aantal verbindingen te reduceren werken indoetieel van vezelversterkte
composieten ten opzichte van metalen. Automatisering eapioductieprocess maakt het
mogelijk om op grote schaal composieten te produceren ofhedraalbare, betrouwbare
manier. Vezelversterkte laminaten bestaan traditiegetiat lagen met een vezelhoek van
0°, 9¢° en £45°. Geautomatiseerde productiemethoden zoals advancedpfdmmment
maken het mogelijk om lagen met andere hoeken da®@@ en +45° neer te leggen. Het
is zelfs mogelijk om gekromde vezels neer te leggen, wadiyezeloriéntatie continu
varieert. Laminaten die lagen bevatten met variabele hieeélen hebben een variabele
laminaatstijfheid en wordemariabele-stijfheidslaminategenoemd. Het is mogelijk de
mechanische effeciéntie van een composieten constraatezheteren door de stijfheid aan
te passen.

Analytisch en experimenteel werk op het gebied van vlakligabele-stijfheidslamina-
ten met en zonder gaten heeft aangetoond dat er grote venigetein structurele efficiéntie
mogelijk zijn, zoals het verbeteren van de sterkte of delkstivan een paneel bij hetzelfde
gewicht. Het onderzoek dat in deze dissertatie gepreseintezrdt breidt het werk aan
variabele-stijfheidscomposieten uit van vlakke platearmanische en cilindrische schalen.
Variabele-stijfheidslagen met een vezelhoekvariati@imgterichting of in omtreksrichting
zZijn gedefinieerd op basis van hetrschoven bangrincipe, waarbij een volledige laag
wordt gecreéerd door identieke paden te verschuiven ircti&mg loodrecht op de richting
waarin de vezelhoek wordt gevarieerd. Vier verschillerateten vezelpaden worden be-
sproken: i) geodetische paden, ii) constante hoekpadepaden met een lineaire variatie
van de vezelhoek en iv) paden met een constante krommingnfdge mathematische uit-
drukkingen zijn afgeleid om de coérdinaten van deze padexeoonische of cilindrische
schaal te definiéren en om de kromming van het pad in het viddepalen. De krom-
ming in het vlak is gebonden aan een maximum waarde om eeredarthaatkwaliteit
te waarborgen, aangenomen dat het variabele-stijfheniisteat gemaakt wordt met fiber
placement. De methode om de exacte laminaatopbouw vooreg@ven punt te bepalen is
gepresenteerd.

Structurele berekeningen zijn met het eindige-elememtgrpmma ABAQUS uitgevo-
erd. De stijfheidsvariatie is als FORTRAN subroutine inéietige-elementenschaalmodel
geimplementeerd, zodat elk element unieke gedefinieefhise ontwerpstudies zijn uit-
gevoerd, waarbij de ABAQUS modellen gebruikt zijn om de ctele prestaties van de
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variabele-stijfheidscomposieten te beoordelen.

De eerste ontwerpstudie was de optimalisatie van conistlediedrische schalen met
verschillende afmetingen voor maximale eigenfrequehtat.8 lagen tellende laminaat had
een laminaatopbouw vda:45+ ¢ (x)]s, waarbijo(x) een laag met een vezelhoekvariatie in
axiale richting aanduidt, en had een constante dikte. Remhbaarheid van de variabele-
stijffheidslagen werd beoordeeld aan de hand van de maxtoealahtbare kromming van
het vezelpad in het viak bij fiber placement. Numerieke veettten tonen aan dat pro-
duceerbaarheid grote invloed kan hebben op de waarde varaxienale eigenfrequentie
van conische en cilindrische composiete schallen met emeastijfheidsvariatie en dat
het noodzakelijk is de produceerbaarheidseisen in eegatadium in het ontwerp mee te
nemen. De laagste eigenfrequentie van conische en cittdrischalen kan met 30 procent
toenemen door het gebruik van variabele-stijfheidslateimedit geldt vooral voor grotere
kegels.

De tweede ontwerpstudie richtte zich op de maximalisatie da kniklast van een
variabele-stijfheidscomposiete cilinder belast op buigi Het is aangetoond dat het ge-
bruik van variabele-stijfheids laminaten met een constdikte de kniklast van een cilinder
kan verhogen doordat de interne belastingen van de druk-deataekkant van de cilinder
kunnen worden geleid door het aanpassen van de laminthegigtijn de omtreksrichting
van de cilinder. De drukbelasting nam af en werd over eenegré¢el van de omtrek
verdeeld, waardoor de kniklast toenam en de knikvorm vexated Belasting werd ook
van de knikkritische drukkant naar de niet-kritische trakdgeleid. De herverdeling van de
belasting veroorzaakte een verandering in knikvorm zodatgroter deel van de cilinder
vervormde.

Het introduceren van restricties voor de kromming van heelgad, de sterkte en sti-
jfheid van het laminaat veroorzaakte een kleine afname ioaghaciteit van de variabele-
stijfheidsontwerpen om kniklasten in buiging te dragenz®entwerpen, die produceerbaar
en praktischer zijn, waren tot 18 procent beter dan de geafiseerde referentiecilinder
bestaande uitQ 90° en+45° lagen.

De capaciteit van variabele-stijfheidsontwerpen metlaygingen voor het dragen van
knikbelasting in buiging was optimaal door de toename valamanaatdikte aan de drukzi-
jde van de cilinder. De grotere laminaatdikte, die gekopshan de vezelhoekverandering,
kwam tot stand door een kleine vezelhoek aan de drukzijdeegmte hoek bij de neutrale
as van de cilinder. De toename in laminaatdikte en de kleizelhoek resulteerden in een
hoge axiale laminaatstijfheid, waardoor de axiale belgstian de drukzijde toenam. De
buigstijfheid van het laminaat nam echter meer toe dan denkatstijfheid in het viak en
domineerde de respons, waardoor de hogere axiale belagitggecompenseerd.

Het beperken van de vezelpadkromming en de introductie eastetkte-eis had een
grotere invloed op de variabele-stijfheidsontwerpen nvetrlap dan op die met een con-
stante dikte. De hoeveelheid dikteopbouw aan de drukziglel\weperkt, doordat de ver-
schuiving van de neutrale as als gevolg van grote lamirktatdan de drukzijde materiaal-
breuk aan de trekzijde veroorzaakt. De laminaatstijfhridedikte aan de trekzijde werden
vergelijkbaar aan die van de drukzijde.

Eén optimaal variabele-stijfheidsontwerp met een constdikte en twee referentie-
cilinders, beide geoptimaliseerd om een maximale kniklagtuiging te dragen, zijn ge-
bouwd met fiber placement. De kleine afmetingen van de @lindreisten een grote krom-
ming van de vezelpaden, waardoor er tijdens de productibdistwerden gevormd, die
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niet zichtbaar waren in het eindproduct. De hoeveelheith&ldriehoekige gaten en over-
laps die nodig waren om een constante dikte te verkrijgengeasinimaliseerd door een
dekkingsparameter van 50 procent te gebruiken, terwigdagaten tussen paralelle banen
vermeden werden door de afstand tussen twee banen aan ¢&.pdgslens het ontwerp
is er rekening gehouden met de minimale kniplengte om aimggn tijdens het plaatsen
van de vezelstrips te voorkomen. Het knippen van vezetsagn de buitenkant van een
bocht resulteerde in rechte vezelstrips, omdat de bugerestelstrips niet begeleid werden
en daardoor een geodetisch pad volgden. In de toekomstzigngassingen in het ontwerp
nodig om dit te voorkomen.

Een ftrillingstest is uitgevoerd voor de variabele-stijftse en één van de referentie-
cilinders die geoptimaliseerd waren voor buiging. Een ARMRQeindige-elementmodel is
gebruikt om het trillingsgedrag van de cilinders te vooligpe De analytische voorspelde
eigenvormen en eigenfrequenties kwamen goed overeen netpéeimentele resultaten,
zowel voor de referentiecilinder als voor de variabelghgidscilinder. De eigenfrequen-
ties van de variabele-stijfheidscilinder waren lager danvén de referentiecilinder van-
wege de lagere buigstijfheid van het laminaat in de omtrelking, welke een belangrijke
rol speelt voor de formatie van golven in de omtreksrichtile grotere axiale stijfheid
van de variabele-stijfheidscilinder werd zichtbaar bjjexivormen met een toenemend aan-
tal halve golven in axiale richting en de eigenfrequentie @a variabele-stijfheidscilinder
benaderde of overtrof de eigenfrequentie van de refeglivtider. De simulaties van de
trillingsrespons in ABAQUS correspondeerden goed met geimentele resultaten, zowel
voor de locatie als voor de amplitude van de respons. Hode&hts 2 cilinders getest zijn
tonen de gepresenteerde resultaten aan dat het eindigerdlEnmodel voor de variabele-
stijfheidscilinder de stijfheids- en massadistributiedaveergeven.

Er is testopstelling ontworpen om de referentiecilindedewariabele-stijfheidscilinder
op buiging te testen. Rekken en verplaatsingen werden dalatetvan rekstrookjes, dig-
ital image correlation, verplaatsingsopnemers en lasenseten. Drie koolstofvezelver-
sterkte cilinders zijn getest: twee met het referentieterai en één met een laminaatsti-
jfheid die in omtreksrichting varieerde. De variabelgfiséidscilinder is in twee configu-
raties getest: i) in de richting waarvoor hij ontworpen wiesyoorkeursorientatie genoemd,
en ii) 180 geroteerd om de langsas, zodat de belastingsrichting aiagieldverd, de omge-
keerde richting genoemd. Dit resulteerde in drie test condities: de referentiecilinder, de
variabele-stijfheidscilinder in voorkeursrichting enwiabele-stijfheidscilinder in omge-
keerde richting.

Een vergelijking van de experimentele respons van de twieeergiecilinder met de
eindige-elementvoorspelling toonde aan dat de experelenandvoorwaarden flexibeler
waren dan in eerste instantie gemodelleerd in het eindigaentmodel. Het introduceren
van flexibele randvoorwaarden in het eindige-elementemn@ulteerde in een goede
overeenkomst tussen de experimentele en analytischdatesul Een andere verbetering
van het eindige-elementenmodel werd behaald door ge@tietrimperfecties in het model
te introduceren en een Riks analyse uit te voeren. Dit moded wervolgens gebruikt om
de test resultaten van de variabele-stijfheidscilindeptarspellen.

Een vergelijking van de experimentele resultaten met déiggrelementenvoorspelling
met de Riks analyse vertoont over het algemeen goede okemrasten voor alle drie de
configuraties. De overeenkomsttussen de voorspelde ertgesiadrotaties en rekken was
net zo goed voor de variabele-stijfheidscilinder als vooreferentiecilinder. De variabele-
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stijfheidscilinder was stijver dan de referentiecilindesinneer de globale respons wordt
vergeleken. Dit was te verwachten omdat de variabeldstigtcilinder een grotere lami-
naatstijffheid heeft. De respons van de variabele-stijiémiinder was stijver in de omge-
keerde richting dan in de voorkeursrichting vanwege deoiestlvan de randvoorwaarden.

De belangrijkste observatie komt van de vergelijking vamaléen als functie van de
verticale codrdinaat van de cilinder: bij hetzelfde befagniveau zijn de maximale com-
pressieve rekken van de variabele-stijfheidscilindeeina@orkeursrichting 10 procent lager
dan die van de referentiecilinder; de positieve rekken wa&% procent kleiner. Dit ver-
schil in uiterste rekwaarden is een grote prestatieveringte&zanneer de sterkte criteria op
rekken worden gebaseerd. Bovendien resulteerde de &tgflagiatie in omtreksrichting in
een herverdeling van de belastingen: de drukbelastingeteraloor een groter deel van
de cilinder gedragen en de piek van de drukbelasting ep180° werd met 25 procent
teruggebracht ten opzichte van de referentiecilinder.ddagepaste eindige-elementmodel
voorspelde een verbetering van 20 procent in kniklast teicbpe van de referentiecilinder
als gevolg van de herverdeling van de belasting.



Preface

While reading the preface of other books | thought so mangsiniwhy do authors always
have to thank so many other people?” Over the past four ystagéd realizing that | would
also be one of those authors who would thank a lot of peopledrpteface of my book. |
discovered that even though most of the hard work had to be bgpmyself, | would never
have been able to finish my dissertation without the help lathal people | will mention
below. If | forget to acknowledge someone, it is not becawsm®a hot graceful, but because
of a side-effect of doing a PhD: degradation of the memory.

Let me start telling you how | got interested in the topic ofiable-stiffness composites.
One afternoon in the summer of 2004, just before leaving fgrimernship at Boeing
Helicopters in Mesa, | had a meeting with the new head of th@gmace Structures chair,
professor Zafer Girdal, about a possible subject for mymstép. He started talking about
fiber-reinforced composites with varying fiber angles ané@tdmazing things you could
do with them. To be honest: | didn’'t have a clue what he wagrtgligbout! So even though
it all sounded like abacadabra | agreed that would be theestbj my internship project.
For some reason | ended up doing something else during mygftg and instead it turned
into my Masters thesis project. After reading some litenatihe abracadabra started to
make sense, and Zafers enthusiasm passed over to me. Whenabwat to finish my
Masters thesis Zafer invited me to continue my research mgdoPhD with the Aerospace
Structures group. After some initial doubts | decided toeptthe offer, only because the
topic was so challenging that | couldn’t resist. Now, morartliour years later, | can say
that | am really happy that | did accept that offer. | don'nthianything could’ve surpassed
the experiences, adventures and challenges I've had inastefqur years! So I'd like to
start by thanking Zafer for introducing me to the topic, féfiecing me the PhD position and
for being my advisor for the past five years. Also | would likethank Jan Hol, who was
such an excellent MSc advisor that | decided to stay at TUD@ifanother four years after
my Masters. His straightforward advice often pointed ménaright direction.

I would like to continue by thanking Joost List, Patrick &t&r and Mostafa Rassaian,
for making my Boeing Fellowship and consequently my PhD wswrkh a success! Joost,
| really enjoyed all our discussions, not only the ones egldb my own work, but also
the general engineering and the personal discussionsiciRdtrank you for adopting my
project as your own and for all the effort you spent in seayufimding and defending the
existence of my project internally! And Mostafa, your @il questions often made me
rethink my explanations and definitely improved the quatitymy work! Of course the
fellowship program would not have existed without the suppbAl Miller, Vanessa Gem-
mell, Peter Kortbeek and Peter Flinkerbusch, to whom | wdiklelto extend my sincere

iX



X Preface

gratitude! For the extension of the program | would like tarth Randy Coggeshall.

| had the help of many different people in different stagesgfproject, whom I'd like
to acknowledge here. | would like to thank Brian Tatting floe fruitful discussions we had
and for the advice you gave me over the course of my projearydime we talked | was so
full of ideas that | couldn’t stop working for the weeks aftity first fiber-steered cylinder
ever was built with the help of Bert Thuis, Wilco Gerrits, BBron, and Chris Groenendijk
from NLR. Thank you guys: it made me feel so proud to see ttettffiver-steered cylinder
being built!

My time at Boeing was enriched by the meetings | had with Daeeddn, Geri Mabson,
and Eric Cregger. Dave, thank you for making me feel at honadefanintroducing me to
many other interesting people! Geri and Eric, you made mesrstand that building an
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Chapter 1

Introduction

1.1 Brief History of Aerospace Structures

Since the early days of the aerospace industry structunes theen an important part of
airplane and spacecraft design. The structure of a crafeséo carry all the loads on the
aircraft or spacecraft, protect passengers and payloady@vide a comfortable environ-
ment for the passengers.

The first powered airplane, the Wright Flyer, was made ofitalvood and wire. The
fabric carried the aerodynamic loads, while the wood an@swwere used to support the
fabric and to transfer the loads from the wings to the prinzasriage. During the First
World War Anthony Fokker started replacing wooden frameh wieel frames (century-of-
flight website, 2010). Junkers then designed the first albh@@tplane, consisting of sheet
iron, later replaced by duralumin. In the 1920’s more meigdlanes started to appeatr,
but buckling, corrosion and fatigue were problems that amiteed the competitiveness of
metal airplanes against the traditional fabric, wood an@wirplanes. In the 1930’s newer
types of aluminum were developed, which were more resistacrrosion, and metal air-
planes began to be more popular. It was not until after the@&egVorld War that metal
airplanes became the norm. A major conceptual change threg eath the introduction of
metal in airplane design was a change from a wire-braced stngcture to a stressed-skin
semi-monocoque design in which the skin became an integyeltimg part of the struc-
ture. A typical stressed-skin semi-monocoque fuselagledss in figure 1.1. The current
generation of aircraft is still being designed accordinthis principle.

Figure 1.1: Typical stressed-skin semi-monocoque fugsetawicture (Smith et al., 1995)
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The main drivers behind the changes in material and designegts were the need
to reduce structural weight, whilst increasing safetyathility, and performance of an air-
plane. Saving structural weight allows fuel to be savedctiim turn allows the payload
of the craft to be increased or the range of the aircraft toxteneled. Depending on the
application, one kilogram of weight saving can be expressed monetary value, some
examples of which are given in table 1.1 (Jones, 1999).

Table 1.1: Value of weight savings in structures (Jones9199

Small civil aircraft $55/kg
Helicopter $110/kg
Aircraft engines $440/kg
Fighters $440/kg
Commercial aircraft $880/kg
Supersonic transport $1,100/kg
Near-orbit satellites $2,200/kg
Synchronous satellites $22,000/kg
Space shuttle $33,000/kg

The demand for weight savings in the aerospace industrydaa® Ithe introduction of
light fiber-reinforced composites as an alternative foratsetThe first composite parts flew
on military airplanes in the late 1960’s and early 1970’saoplanes like the General Dy-
namics F-111, the Vought A-7, and S-3A and the Harrier (Joh@89). As their use in the
military sector steadily grew, composites also made thay wnto commercial airplanes.
The first composite parts on commercial airplanes mainlgisbed of secondary structures,
engine cowlings and control surface type structures, éegators, rudders and ailerons. An
overview of the increased use of composite structures iménespace industry is given in
figure 1.2 (Roeseler et al., 2007). Today (2010) thefiilstcompositeeommercial airplanes
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2 50 e @ 7ET —— @ Non-Boeing
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< 40 B-2 C‘ ov-22
£ @ F2
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Figure 1.2: Use of composite structures in the aerospaceastrg (Roeseler et al., 2007)

are being assembled, the Boeing 787 Dreamliner and the $\#350. Approximately 50
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percent of their structure in terms of weight will consistcoimposite materials, as shown
for the Boeing 787 in figure 1.3 (Roeseler et al., 2007).

[l carbon laminate

[ carbon sandwich Composites

[T] other composites Tlt: 5'1';: N 50%
[l Aluminum

[ Titanium

[] Titaniumisteel/aluminum 20%

Figure 1.3: Use of composites in the Boeing 787 Dreamlin@edeler et al., 2007)

1.2 Fiber-Reinforced Composites

Fiber-reinforced composites are materials that consfibers that are embedded in a matrix
material (Jones, 1999). The function of the fibers within ¢benposite are to carry loads
and to provide strength and stiffness. The matrix has to tleaéibers together and provide
stress transfer between fibers. In the aerospace industigrcand glass fibers are most
commonly used reinforcements. Thermoset and thermoplasiymer resins usually serve
as the matrix material.

An important feature of fiber-reinforced composites is tthat material properties de-
pend on the orientation of the material (Jones, 1999). A amit@ has high strength and
stiffness in the direction of the fiber, but a much lower sgtbrand stiffness in the directions
perpendicular to the fiber. This characteristic is calledi@ropy. Orthotropy distinguishes
composites from metals, the properties of which are indépetof the material orientation,
and provides a structural engineer extra design optiorsc&h now make use of the direc-
tionality of the material by tailoring the mechanical prdies to the loads being exerted on
the structure, resulting in lighter structures.

The possibility of tailoring material properties is an inmfamt advantage that compos-
ites have over metals, but it is not the only one. When comgasirength and stiffness per
kilogram of material, i.e. the specific strength and spesiiitness, some advanced com-
posites are as much as three times as stiff as aluminium.ré&sidts in lighter structures,
lowering the raw material costs and importantly, requitiesps fuel when used in aerospace
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structures. Another advantage of composites is that it $¢eedo integrate parts, which
means a lower part count, less fasteners, and less effotaatcheeded for assembly. An
example is shown in figure 1.4, where the stringers and skitmefBoeng 787 fuselage
are integrated into one part. Maintenance costs of congesitictures can also be lower,
because composites are less sensitive to fatigue and igrtban metal structures.

Figure 1.4: Integrated skin and stringers in a compositeefage (photo: Blom)

Fiber-reinforced composites exist in different forms: fibers can be woven, either as
a fabric, or in a 3-dimensional shape; the fibers can be clibppd randomly distributed
in a mould; they can be wound continuously around a mandrehefibers can be laid
down in tape form, basically forming sheets, called plieat tan be layered. The latter are
referred to as composite laminates. Within each layer ofetimenate the fiber orientation is
typically held constant. The stiffness and strength prisgeof the laminate can be changed
by combining layers with different orientations within daeninate and by varying the total
number of layers.

Traditionally composite laminates were manufactured byumadly laying layers of fab-
ric, woven fibers, on a mandrel, after which the matrix matexias applied, and the entire
assembly was cured. For axisymmetric parts, such as peessasels and tubes the de-
position of the fibers can be automated by the use of a filamemer Tape laying is
an automated process which is very suitable for manufagjuairge, low-contoured parts.
Large sheets of uni-directional preimpregnated (prepregjirial are placed on the surface,
considerably reducing layup time compared to hand layuppfeg material already con-
tains both the fibers and the matrix, so that the fibers do ned @ be impregnated after
laydown, and the product can be cured directly after layuphifd automated process for
the production of composite laminates is advanced fibereptent. This production form
bridges the gap between filament winding and tape layingusec# can be used to manu-
facture highly contoured, non-convex shapes. With fibecgrt@ent multiple small strips of
prepreg tape are placed on the surface, making it possilolerte the fibers and to cut and
restart the strips individually. A more detailed descoptpbf the fiber placement process
will be given in chapter 2. The versatility of advanced fiblergement opens up a number
of design possibilities that are not available with any & tither composite manufacturing
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techniqgues commonly used in aerospace.

1.3 \Variable-Stiffness Composites

The composite laminates that are currently applied in thespace industry typically con-
sist of layers with 0, 90°, +45° and-45° fiber orientations. This practice originates from
the time that composites were being made by hand, which ntduded to align fibers ac-
curately with a direction other thar? 090°, +45° or —45°. Plies were made in the form of
orthogonally woven fibers to improve handling qualities.npmsites could be made suit-
able for most load cases by placing these plies/800and+45° with respect to the main
loading directions. Changes in stiffness were made by lp@atreasing or decreasing the
number of plies and by changing the stacking sequence whkifaminate.

The limits on manufacturing laminates with other fiber otigions than 0, 90° and
+45° disappeared with the introduction of automated produgiimeesses. Yet many com-
posite design rules in the aerospace industry are baseésafibur fiber orientations, which
makes it difficult to change the design philosophy to inclotieer fiber orientations. The
current design rules are supported by innumerable couts) & unless there is a strong
incentive in terms of possible weight savings, the cost e&tiping rules for different fiber
orientations is a major factor in preventing large changehis field.

A possible game changer in the application of fiber-reirddrcomposites in the aero-
space industry is the conceptwariable-stiffnessomposites. Variable-stiffness composites
consist of plies that do not have a constant fiber orientatibar a long time variable-
stiffness composites only existed in theory, but advandest filacement has made it pos-
sible to steer fibers in the plane of the laminate, as showmyindi1.5. The stiffness of a
laminate depends on the orientation of its plies, such @atng the fiber orientation within
plies causes a varying laminate stiffness. In additionfiffasss can be varied by designing
the fibers to overlap.

Figure 1.5: Steered fibers laid down by an advanced fiber pleeae machine (photo: IMT)
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In a variable-stiffness composite the stiffness can beredl to create more efficient
load paths, resulting in weight savings that can not be aeldiesing traditional laminates.
A literature review of the research on the weight saving pidéof variable-stiffness com-
posites is given in chapter 2. One example that covers theyale of geometric design,
analysis, optimization, manufacturing and testing of dalde-stiffness composite is pre-
sented in the work of Girdal et al. (2005, 2008), Tatting anddal (2002, 2003), Wu et
al (2001; 2002) and Jegley et al. (2003, 2005). These rdse@optimized flat panels for
in-plane compression and shear, taking into account matwrébility based on advanced
fiber placement. Improvements in load carrying capabilityged from a couple of percent
up to 100 percent when compared to traditional laminatesq&@iet al., 2005, 2008; Jegley
et al., 2003, 2005; Tatting and Gurdal, 2002, 2003; Wu andi&{i2001; Wu et al., 2002),
depending on the panel configuration, loading condition@eglgn method. A picture of
one of the panels that was built as part of this project is showfigure 1.6. The fact
that Girdal et al. manufactured variable-stiffness paaetsvalidated their predictions by
experiments shows that the weight saving potential can &lezeel using fiber placement
technology.

[

Figure 1.6: One of the first fiber-steered panels built byifgtand Girdal (2002)

1.4 Challenges in Composite Design

The use of composites in the aerospace industry has deratatstiear advantages over the
use of metals. At the same time many aspects that are fundalte@these advantages also
cause concerns and problems in composite design and analysi

The first challenge is to predict the structural behaviorwhposites reliably. The struc-
tural response can be divided in two areas: the stiffnegon=se and the strength response.
In general fairly good predictions can be made for the sgfof thin laminates by apply-
ing the Classical Lamination Theory (CLT) (Jones, 1999).ofmbination of the CLT and
a closed-form analytical solution or a finite element analys often used to predict the
stiffness response of a structure. The orthotropy of ther@tmakes it more complicated
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to predict the strength response of a composite comparech&dal, moreover, the response
changes with changing stacking sequence.

Predicting the strength of composites is not as straigivdicd as predicting their stiff-
ness. The presence of multiple materials, the interfacedeat the fibers and the matrix,
and the interface between plies create many differentrialtiodes that are often coupled.
In the aerospace industry strength criteria are usuallyirieafy based, requiring extensive
and thus expensive test programs. In the academic worlepfirdilure theories such as
the Hoffman, Tsai-Wu or Tsai-Hill criteria (Jones, 1999 arost commonly used to predict
composite failure. The World Wide Failure Excercise (WWHEE) established in an effort
to increase the understanding of composite failure mesh@n(Soden et al., 2004). Here
the knowledge of experts from industry and academia arcumévorld is brought together
to develop reliable models to predict the strength of cortpdasminates. Some investiga-
tors taking partin the WWFE are able to capture severalfaitlbechanisms in their model,
but none of the models cover all failure mechanisms simattasly. The composite world
is thus still in need of a reliable model for the predictiorcofmposite failure.

The second challenge in composite design and analysis igploieall the opportu-
nities that composites have to offer. Automating the mactuféng process substantially
increased the number of design possibilities, making itdegible for an engineer to design
a composite without the proper tools. Hundreds of desigiooptalready exist for the de-
sign of a single variable-stiffness ply. These options rneduk limited to make the design
problem manageable. Yet the possible advantages of cotajss in aerospace structures
might disappear if the options are limited too much.

Manufacturability is one limiting factor that can not be @yad in the design of com-
posite laminates. In the past hand layup limited the desigromposites to combinations
of 0°, 9C°, +45° and—-45°, while nowadays fibers can even be curved using fiber placemen
machines. Fiber placement technology also has limitatem®e of which need to be taken
into account in the early design phases of a composite stejovhile others can be dealt
with at a later stage. For the time being the current gerwrati design and analysis tools
do not include the option to use curved fibers, thereby limgithe designer who will not be
able to take full advantage of the capabilities of fiber ptaegt technology.

A condition for a good structural design using compositeiteates is that the designer
understands the behavior of the composite structure, awdcchdain design changes influ-
ence the structural response. Once this condition is metéist design can be determined
using optimization tools that are coupled to the design aradyais tools.

1.5 Research Outline and Overview

The research described in this thesis will cover only a speti of the challenges outlined
above. The work is focused on extending the variable-sgtiffriaminate design concept to
conical and cylindrical shells. At the end of the thesis thiéofving two questions should
be answered:

1. 'Can fiber-placed, variable-stiffness composites be usedduce the weight of con-
ical and cylindrical aerospace structures?

2. How does the varying stiffness influence the mechanicaMehaf these structures?’
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Before these two questions can be answered the currenndasiganalysis tools need
to be extended to cover variable-stiffness conical anddyi¢al shells. The experience of
other researchers and knowledge about the fiber-placensmifacturing process serve as
the starting point for the extension of these tools. A litera survey of variable-stiffness
composite research, and a historical and technologicappetive on fiber placement are
given in chapter 2.

Variable-stiffness ply definitions for conical and cylifghl shells are developed in
chapter 3, where a distinction is made between axial si§nariation on generic coni-
cal shells and circumferential stiffness variation onmgérs. Restrictions on the advanced
fiber placement process are included in the ply definitiond, effects resulting from the
manufacturing process such as fiber angle deviations andeouerlaps are discussed.

A series of conical shells is optimized for maximum fundataéfrequency in chapter
4. A stiffness variation in axial direction is assumed faggl optimizations. Different ply
definitions are compared side by side and the influence of Hrufacturing constraints on
the obtainable improvements is discussed.

A circumferential stiffness variation was applied to stildg possible improvements in
buckling load of a cylinder in bending, which is discussedhapter 5. A distinction is made
between laminates that have a constant thickness and lEsinavhich course overlaps are
allowed. Again, manufacturability constraints are ingddAdditionally, strength and local
stiffness constraints are imposed on the optimization aed influence on the optimum
design is discussed.

Based on the cylinder optimization of chapter 5 one trad@l@nd one variable-stiffness
design were selected to be manufactured using an Ingetmmiidflacement machine located
at Boeing in Seattle (Blonigen and Johnson, 2006). The detégails and the problems
encountered during manufacturing are described in ch&pt&his chapter also contains a
section on the manufacturing of a cylinder with axial stfs variation with overlapping
courses.

Once the cylinders are manufactured it is essential to kfidwmeimechanical behavior
of the manufactured design corresponds to the predicteaviimh Therefore a modal test
was performed on the variable-stiffness cylinder and orbdeeline cylinder. A modal test
provides information about the mass and stiffness dididhun a structure. A compari-
son of the eigenfrequencies, mode shapes and physicahsspof the shells between the
ABAQUS model and the experiment therefore serves as a fidtigtion of the accuracy
of the finite element model. The modal test setup is descidneldthe analytical and test
results are discussed in chapter 7.

A second assessment of the accuracy of the finite elemenitpoedvas made using a
mechanical bending test. A test fixture was designed tohesntanufactured shells in pure
bending. A description of the test fixture, the data acqoisiystem and the test procedure,
and an extensive discussion of the test results are presentbapter 8.

Finally, conclusions about the presented work and recondet@mns for future research
will be given in chapter 9.



Chapter 2

Advanced Fiber Placement and
Laminate Tailoring

An overview of advanced fiber placement technology and caitgdailoring, two areas
closely related to the subject of this thesis, will be préseéim this chapter. First a descrip-
tion of the advanced fiber placement process will be giveth wishort description of the
limitations and an overview of the past and current appticatof advanced fiber placement
in the aerospace industry. Then the concept of compositeiteg and previous work on
composite tailoring will be discussed. Other referencememelated to a specific chapter
will be cited throughout the thesis.

Figure 2.1: General view of an Ingersoll AFP machine (phddoeing)
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2.1 Advanced Fiber Placement

2.1.1 Fiber Placement Principles

Advanced fiber placement (AFP) is a fully automated prooasthe production of compos-
ite laminates that combines the differential payout cdjiglgf filament winding and the
compaction and cut-restart capabilities of automated peg (Evans et al., 1989; Evans,
2001). A variety of machines exist that can deposit diffekémds of materials: thermoset
prepreg (pre-impregnated) materials, thermoplastic rigdge or dry fibers. Carbon fibers
pre-impregnated with thermoset resin are most commonlg irs¢he aerospace industry
and therefore the fiber placement process will be describsahnaing a thermoset material
system.

Most fiber placement systems have seven axes of motion armbameuter controlled.
The axes of motion, i.e. three position axes, three rotabi@s and an axis to rotate the work
mandrel, provide the fiber placement machine flexibilitydsigon the fiber placement head
onto the part surface, enabling the production of com@id@abmposite parts. A picture of
an Ingersoll AFP machine is shown in figure 2.1.

During the fiber placement process tows of slit prepreg tapekaced on the surface
in bands of parallel fibers, called courses. Typical tow hsdire 3.175 mm, 6.35 mm, and
12.7 mm (1/8 in, 1/4 in and 1/2 in). For a tow width of 3.175 mm aximum of 32 tows
can be placed on the surface simultaneously, resulting iexamum course width of 101.6
mm (4 in).

Redirect
roller

Figure 2.2: Schematic view of an AFP machine head (Evans] 200

Each tow originates from an individual spool, seen in thel&fpcorner of figure 2.1,
and is started by pinching rollers that move the tow forwantll it reaches the tool/part
surface, see figures 2.2 and 2.3. The tow is heated beforacies the tool or part surface
to increase the tackiness of the material, needed to overtioenslight tension present in
the tow, and compressed by a compaction roller to get the toadhere to the surface and
to remove trapped air. Once the tow reaches the surface tticbipg rollers are released
and the tow is pulled forward by the friction of the compautioller and the tool surface,
allowing the tow to move at its own speed. The individual payaf tows, the tackiness
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Figure 2.3: Close-up view of the head of an Ingersoll AFP niaeliphoto: Boeing)

of the material and the compaction of tows at the surfacelemdacement of curved fiber
courses and placement of fibers on concave surfaces.

Tows can also be cut and restarted individually, making §i5flule to manufacture parts
that are close to their final shape, thus reducing scrap raestow cut and restart capability
of fiber placement machines also enables variation of theseawidth, which can be used
to eliminate gaps or overlaps between adjacent coursestbataused by geometry and
steered fiber courses. For example, courses laid down inxibedirection on a conical
shell would start overlapping at the small radius if the sewvidth is kept constant, see
figure 2.4(a). A constant-thickness ply can be obtained Iyngu(or dropping) tows on the
outside of the course when going from the large radius torhelgadius. Steered courses
can cause overlaps even if the part geometry does not pldg.dmayeneral course edges of
two steered courses will not match, unless the courses adlgyarallel, and either gaps
or overlaps are formed. Gaps can be avoided by reducing sitende between the course
centerlines, while overlaps can be eliminated by cuttindjrastarting tows. An example of
a gap between two courses is shown in figure 2.4(b), the samedwses overlap in figure
2.4(c) due to a smaller distance between the centerlines.

Overlap

(a) Overlapping courses on a curved surfach) Gap between two curvgd) Overlap between two cur-
courses ved courses

Figure 2.4: Overlaps and gaps between courses
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2.1.2 Restrictions on Manufacturing

Advanced fiber placement has substantially increased thabdéies for manufacturing
composite laminates, butit also has a number of limitatisase of which will be discussed
below.

Minimum turning radius

When afiber course is steered the individual tows are behtiplane of the surface causing
the fibers at the inner radius of the tow to be in compressiohesg& fibers might start
buckling out-of-plane if the turning radius is too smallsh®wn in figure 2.5. The presence
of buckled tows could lead to a reduction in laminate qualiherefore a limit on the
turning radius is imposed, usually defined in terms of a mimmmadius for the centerline of
the course. A typical value for the minimum turning radiusd@?2 tow course with 3.175
mm wide tows is 635 mm (25 in). Smaller radii are possible,ethgling on the material
system, layup rate, and compaction pressure used. Inogets tow width increases the
amount of compression of the fibers on the inside of the cue@yiring a larger turning
radius for courses with larger tow widths. Values for theimimm turning radius of a typical
AFP machine for different tow widths are given in table 2.heTminimum turning radius
constraint is often referred to as the curvature constraingre the maximum curvature is
the inverse of the minimum turning radius allowed.

Table 2.1: Variation of minimum turning radii with tow widtar a 102 mm course width

tow width typical minimum turning radius
3.175mm (1/8in) 635 mm (25in)
6.35 mm (2/4in) 1778 mm (70in)
12.7 mm (2/2in) 8890 mm (3501n)

Minimum cut length

Another important constraint in the manufacturing of fiplaeed composites is the mini-
mum cut length. The minimum cut length refers to the minimom kength that needs to
be laid down before a tow can be cut after it has been startéd/anes between 63 and
152 mm (2.5 and 6 inches), depending on the machine confignrad/hen a tow is started
by the pinching rollers it needs to travel a certain distabefore it reaches the surface.
If a tow is cut before the surface is reached it cannot be phppentrolled and therefore
fiber placement machines are programmed not to place anytt@atsire shorter than the
minimum cut length. The designer might decide to place adopgece of tow and trim the
excess material later if a tow shorter than the minimum cujtle is needed at the boundary
of a part. An example of tows that are too short to be placedeseen on the top left and
bottom right of figure 2.6(a). How tows could be extended plastpart boundary to solve
this problem is shown at the top left of figure 2.6(a). Somesrthe minimum cut length
requirement is violated within a part. For example, it is pagsible to extend the tow when
a local rectangular patch with a 45 degree fiber angle ottientike the one shown in figure
2.6(a) is placed on the surface. Another occasion in whials toight need to be cut within
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(a) Short tows at part or ply boundaries (b) Short tows within a ply

Figure 2.6: Possible minimum cut length issues

a part is when the width of a course is first increased and teeredsed to avoid overlaps
with adjacent courses, as shown in figure 2.6(b). In thesesazither the design needs to be
adjusted or the missing tows need to filled in by hand.

Coverage parameter

The coverage parameter determines where tows are termhiaaterestarted with respect
to a boundary, e.g. the boundary of a part or the edge of acedjaourse. Tows are cut
perpendicular to the fiber direction and therefore smallgatpoverlaps or a combination
of gaps and overlaps are created when tows are cut or restartmatch the edge of a
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neighboring course. A coverage of O percent indicates thatvais cut as soon as one
edge of the tow reaches the boundary of the adjacent coediing in a small triangular
area without fibers. An example is shown in figure 2.7. A smedtangular overlap is
created when a coverage parameter of 100 percent is applech is the case as soon as
both edges of the tow to be cut have passed the boundary ofljheeat course. Coverage
values between 0 and 100 percent represent the intermedkses.

Boundary curve Boundary curve Boundary curve

(a) 0% coverage (b) 50% coverage (c) 100% coverage

Figure 2.7: Tow dropping with different coverage paramst@ratting and Gurdal, 2003)

The choice of coverage parameter is expected to have anno#éiumn the strength and
surface quality of a laminate. The gaps created with a O pém/erage parameter cause
resin rich areas in a laminate and these can locally wealecdmposite. A theoretical
study by Blom et al. (2009) showed that the strength andchst of a laminate are reduced
by the presence of small triangular gaps when compared tmiadde with smooth course
boundaries. The strength was reduced because the resareiab acted as failure initiation
spots. Using wider tows increases the size of the resin nieasaand is therefore more
detrimental for the strength of a laminate with tow dropsisTiegative effect can be some-
what alleviated by spreading out the tow-drop locationsuiisequent plies with the same
ply definition. A coverage of 100 percent could lead to ridgekarger thickness, which
might also influence the laminate strength. In additiongeglwould be undesirable if the
laminate is used as an aerodynamic surface or if it intesfagth other parts. No test data
on the influence of the coverage parameter on the strengthesfiaced composites with
cut tows is publicly available, and therefore it is assunied & coverage parameter close to
50 percent is the least harmful.

2.1.3 Fiber Placement Applications in the Aerospace Indusy

Advanced fiber placement (AFP) technology, also knowtoasplacement technology
automated tow/fiber placemengs developed in the late 1980’s. The first studies were done
as part of the NASA/Hercules ACT and the Boeing ATCAS progé&Anderson and Grant,
1991; Grant and Benson, 1992), for which stiffened panelewailt using Hercules AFP
machines. Some of the first production parts were the F/AL8Brizontal stabilizer skins
and the Bell/Boeing V-22 Osprey aft fuselage (Kisch, 2006¢ckney, 1991), followed by
the V-22 grip (Martin et al., 1997; Measom and Sewell, 1996yio et al., 1997; Pasanen
et al., 1997). Slowly AFP technology found its way into otaerospace applications such
as the Boeing JSF inlet duct, the C17 landing gear pod fairamgl the C17 engine nacelle
doors (Buchanan et al., 1999; Kisch, 2006) and fuselagéssaf the Raytheon Premier
I and Hawker Horizon business jets (Evans, 2001). Costs vezteced on all programs
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compared to hand layup as a result of a reduction in part caurgduction in layup time
and smaller scrap rates. Most recently AFP is applied ongelacale for the production
of the Boeing 787 Dreamliner, the aft fuselage of the A380fandhe Airbus A350 XWB
(McCarville et al., 2008; Morey, 2008), while efforts to imgwe the process and design
tools for the AFP process are ongoing.

Developments in the AFP process are mainly focused on iscrgdahe material lay-
down rate and improving the reliability of the process. &asing the speed and reliability
at which tows can be cut and restarted (DeVlieg et al., 20624 &t al., 2006) and precise
application of heat to the tows (Calawa and Nancarrow, 2@@hjedjewski and Schlarb,
2006) are two factors that greatly contribute to increasireglaydown rate and improving
the process reliability. In addition, improved materiabtities have resulted in less resin
and fiber fuzz build up in the fiber redirects and delivery syt of AFP machines, thereby
contributing to a higher reliability of the process (Benswrd Arnold, 2006). Furthermore,
the process has been made suitable for high temperatureiaa{@enson and Arnold,
2006), e.g. BMI, and in situ consolidation of thermoplastias become possible (Schled-
jewski and Schlarb, 2006). Finally, smaller, more affoldabachines are developed which
are tailored for making specific products so that fiber plaa@nmachines become more
widely available (Grant, 2006; Martin and Hennings, 2008).

Integrating geometric design tools such as CATIA with dinwal analysis tools and
fiber placement simulation software is necessary to impparedesign. Costs can be re-
duced and eventually lay down rates can be increased bygtéhkénmanufacturing process
into account early in the design the pre-production devekaqt (Hale and Schueler, 2002;
Moruzzi et al., 2006; Wyatt and Haj-Hariri, 2008).

2.2 Laminate Tailoring

The termlaminate tailoringrefers to adjusting the properties of a composite laminate t
meet given performance requirements most efficiently, elperformance is expressed in
terms of minimum structural weight for given loads or maximstrength or stiffness for a
given weight. The stiffness of laminated composites aller&dl by changing the number
and composition of plies. Laminate membrane propertiestaaaged by varying the num-
ber of layers with different orientation angles, while bergproperties are influenced by
the sequence in which the plies are stacked in addition tathmate composition.

Traditionally the fiber angle orientation per ply is kept stant, and stacking sequences
are varied on a panel by panel basis to comply with the stractaquirements. Over the
past decades research has shown that a stiffness variattbe plane of a laminate, i.e.
spatial stiffness tailoring, can be beneficial for struatyserformance due to the added
capability of internal load redistribution. Spatial stiéfss tailoring can be achieved by dis-
cretely changing the stacking sequence and number of pleEstioe plane of a laminate or
by spatially varying the fiber orientation angles withinggli
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2.2.1 Tailoring by Discrete Stiffness Changes
Flat Panels

An example of improved strength performance of compreskiaded composite plates
with central holes by spatial stiffness tailoring is givarhe research of Haftka and Starnes
(1988). In this work the cross-sectional stiffness is t&itbto soften the area around the
hole. This was achieved through a redistribution of 0 defjles from the center of the
panelto the edges of the panel in carbon-fiber-reinforcadlgaor by replacing the 0 degree
glass fibers at the edges of a glass-fiber-reinforced parstiffar carbon fibers. Significant
improvements in strength-to-mass ratio were found andiatdid by experimental work.

The compression and shear buckling responses of rectargprigposite plates have
been improved in a similar fashion by Biggers and Pageaud(1 ®dggers and Srinivasan
(1993). A redistribution of uni-directional lamina frometttentral region to the supported
edges results in anincrease in buckling load of 200 peroettin laminates in compression
and an increase of more than 50 percent for thick laminatesinpression. The shear
buckling load increased by 75 percent by rearranging-td® degree plies in a doubly
symmetric diagonal pattern over the planform.

A laminate tailoring concept in the form of multiple concearectangular layups has
also proved to be beneficial for improving the buckling lodganels subjected to shear
loads and in-plane compression, as has been shown by Papdo®@and Kassapoglou
(2004; 2007; 2008).

An experimental and analytical investigation of the buagland post-buckling behavior
of composite plates with a stiffness change at the ceneedfrihe plate has been done by
DiNardo and Lagace (1989), here the stiffness was changedthir a ply drop-off or by
a discrete angle change of several plies and both showedledeffect on plate buckling
and post-buckling behavior.

Cylinders

The response of segmented-stiffness cylinders to endestiogt and internal pressure has
been studied by Riddick and Hyer (1998; 1999; 2002; 2004théir work the cylinders are
divided in 4 segments: a keel and a crown section which hamtiichl stiffnesses and two
sides of identical stiffnesses, but which differs from thstfstiffness. Exact, approximate
and finite element solutions are used to predict the georadifrinonlinear response. The
segmented-stiffness cylinders differ from uniform-stéés cylinders due to the existence
of circumferential displacements, caused by the diffeeeincPoisson’s ratios from one
segment to the next when axial end shortening is appliedd{Bicand Hyer, 1998) and by
the mismatch in extensional moduli when the cylinder is wnaternal pressure (Hyer and
Riddick, 1999).

The buckling loads and modes of two segmented-stiffnesadsls under axial end
shortening were compared using STAGS (Rankin et al., 200@§ felement models by
Riddick and Hyer (2004). One segmented-stiffness cylitdet an axially stiff keel and
crown section and the other had a circumferentially stiffllkend crown section, both had
identical side sections. The axial stress resultants ih sagment were uniform and highly
dependent on the axial stiffness of each segment. In thénaamlpre-buckling range the
more highly loaded segments of the cylinder started to dgvetinkles in the axial direc-
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tion, the other segments remained wrinkle free. When loadt#te post-buckling range the
stiffness decreased such that the axial load dropped byrs@meor the circumferentially-
stiff cylinder and 20 percent for the axially-stiff cylinddRiddick and Hyer showed that the
post-buckling stiffness of the circumferentially-stiffl;mder was also reduced more com-
pared to the axially-stiff cylinder. These differencesdad drop and stiffness reduction are
caused by the difference in buckling mode: the axially sgiffnder only buckled in the stiff
segments, whereas the circumferentially stiff cylindezkbed in all four segments.

Riddick and Hyer (2002) also included the effect of geonsétniperfections, i.e. out-of-
roundness of the cylinder, on the response of segmentéuess cylinders. The imperfec-
tions were obtained by measuring the geometry of two matwfad cylinders. The out-of-
roundness of the axially-stiff cylinder was more than 3 srtfeat for the circumferentially-
stiff cylinder. The most prominent influence of the out-ofindness of the axially stiff
cylinder was on the transition from buckling to post-bucgli Specifically, after buckling
the perfect axially-stiff cylinder developed, simultansty, a deep dimple in both keel and
crown. In contrast, after buckling the imperfect axialtiffixylinder developed a dimple in
the keel, but not in the crown. With a slight increase in enatt&mning this deformed con-
figuration continued until the crown became unstable armddseloped a dimple. Riddick
and Hyer showed that the circumferentially-stiff cylindests unaffected by the measured
out-of-roundness of that cylinder.

2.2.2 Tailoring by Spatially Varying Fiber Orientations
Flat Panels

Two of the first to make use of curvilinear fibers to improve thenpressive load carrying
capability of composite panels with holes were Yau and Ci888), who forced the fibers
to shape around the hole by inserting metal pins into woveridgrior to curing. The
resulting laminates demonstrated better open-hole dtrexagnpared to similar panels with
drilled holes.

The use of curvilinear fibers to improve the tensile loadyiag capacity of a plate
with a central hole has been studied analytically by Hyer @hdrette (1991). The fiber
orientations were designed to be aligned with the princgtiass directions to provide a
more effective load path around a hole compared to the &tréilger counterpart. The re-
sulting laminates outperformed the quasi-isotropic lates in tension, but did not show
any improvements in buckling load. Hyer and Lee (1991) #oeesfocused on improving
the buckling load of panels with a central hole. A sensifiahalysis and a gradient-search
technique were used to find the optimum fiber orientationsnoraber of discrete regions
in the plate. Substantial increases in buckling load wehéeged, while simultaneously the
tensile strength was improved. The most important mechabihind the increased buck-
ling loads was a redistribution of the loads from the unsuggubedge hole to the supported
edges. Subsequently Hyer et al. (1994) manufactured twdlio@ar panels using a Cincin-
nati Milacron fiber placement machine, one of which was teBtdension and the other in
compression. The buckling load carrying capacity of the ufiactured curvilinear panel
was slightly higher than the capacity of the straight-fibanel; the tensile load carrying
capability was considerably less. The latter was causechladpistment of the curvilinear
fiber paths to make them suitable for manufacturing. An itigation of the same panel
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configuration by Nagendra et al. (1995) included manufaufjuconsiderations based on
advanced fiber placement. The fiber angle variation was akfingerms of uniform ra-
tional B-splines (NURBS) to avoid discrete fiber angle chemgdSimilar improvements in
buckling load and tensile strength capability to those destrated by Hyer and Lee (1991)
were found.

The concept of a continuous, linear fiber angle variationglone direction within a ply
to tailor the stiffness of a composite laminate was intrealisy Gurdal and Olmedo (1993).
The resulting laminates are callgdriable-stiffness laminatesn Girdal and Olmedo the
fiber angle variation is defined using a small number of pataraethe fiber angle at the
center of the laminat@, the fiber angler; at a characteristic distanckfrom the panel
center, and the direction angledetermining the direction of variation. These variables ar
illustrated in figure 2.8.

i 4

Figure 2.8: The parametergTTi, d and¢ determining the linear angle variation (Gurdal
et al., 2008)

Gurdal and Olmedo (1993) used a closed-form solution toygtuglin-plane response of
panels with a linear angle variation and the Rayleigh-Ri&thnd was applied to determine
the lowest buckling load of these panels subjected to a umifend displacement. Two
cases of stiffness variation were considered: first, angtff§ variation in the direction of
the load and second, a stiffness variation in the directemp@ndicular to the load (Gurdal
et al., 2008; Olmedo and Giurdal, 1993). The former resultéthprovements of up to 19
percent compared to the best constant-stiffness laminaéthe non-uniform distribution
of transverse stresses induced by the non-uniform stsfdissribution. Improvements of up
to 80 percent were achieved by varying the laminate stiffire¢he direction perpendicular
to the applied load due to a redistribution of the primargd®fom the center section of the
panel to the simply supported sides of the panel. This ngligion of loads is obtained by
having a higher laminate stiffness at the edges of a paneldhthe center, i.e. the fibers
at a panel’'s edges are more aligned with the loading dinedtian the fibers at a panel’s
center, as shown in figure 2.9.

Olmedo and Girdal (1993) also showed that variable-sgfdaminates could have a
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Figure 2.9: Load redistribution due to a fiber angle variatiperpendicular to the loading
direction (Gurdal et al., 2008)

wide range of different axial stiffness values for a givetueaof the buckling load, as
opposed to constant-stiffness laminates, that have ordyconresponding axial stiffness
value. Thisis illustrated in figure 2.10 where the non-disienal buckling load of variable-
stiffness designs with values & andT; ranging from O to 90 degrees is plotted versus the
non-dimensional axial stiffness of these designs. The higid gray line represents the
constant-stiffness designs.
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Figure 2.10: Buckling load versus axial stiffness for vétistiffness designs (Girdal
etal., 2008)

Two methods for constructing a full variable-stiffness plsed on a curvilinear ref-
erence path have been proposed by Waldhart et al. (1996hekhiftedmethod a ply is
constructed by shifting fiber paths identical to the refeegmath perpendicular to the direc-
tion of angle variation. In thparallel method subsequent fiber paths are created by placing
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the new paths parallel to the original fiber path. The shiftedhod proved to be more effi-
cient in redistributing loads than the parallel method dredeéfore higher improvements in
buckling load were obtained with the shifted method. In &ddj the curvature constraint
imposed by the advanced fiber placement process was maietiegtfor parallel plies than
for shifted plies, this reduces the feasible design spacediallel plies.

The work by Waldhart et al. (1996) led to the design and martufa of two variable-
stiffness panels using a Cincinnati Milacron VIPER advahfileer placement machine by
Tatting and Gulrdal (1998). These panels were built to vidittee manufacturability of tow
steering through the application of curvilinear fiber pathrsone of the panels the course
width was kept constant, resulting in a panel with overlagpmourses, see figure 1.6. In
the other panel the overlaps were eliminated by using theciswand restart capability
of the fiber placement machine, so that the panel thicknesskept constant. The first
type of panels where course width was kept constant, ancettend where overlaps were
eliminated, will be referred to asverlappanels andow-droppanels, respectively.

The overlaps were included in a finite element model by Lan@l®99) to assess their
influence on the structural response of the variable-s#$mpanel, because earlier analyti-
cal solutions did not take thickness buildup into accounstédy of the in-plane response
showed that overlaps act as integral stiffeners and that itifeuence should not be ne-
glected.

Thermal and compression testing of the two variable-g#hpanels and one straight-
fiber baseline panel, designed and manufactured by Tattidgzirdal (1998), were con-
ducted by Wu et al (2001; 2002). Improper shifting of ideattislies during manufacturing
caused the variable-stiffness panels to be asymmetricratmalanced, resulting in a warped
geometry after consolidation. The panel edges were fortaid)kt during the compression
test, and therefore thermal and mechanical pre-stressesim@uded in the nonlinear fi-
nite element analysis. A good match between the analytichlexperimental results was
found in the pre-buckling and near post-buckling range fioming that variable-stiffness
laminates can improve the buckling load of composite pangisand Girdal (2006, 2007)
substantially improved the agreement between the preditind the experimental results
in the deep post-buckling regime by extending the finite eleihmodel to include the mea-
sured geometric imperfections and nonlinear materialrdhefaavior.

After the first variable-stiffness panels were built, Tagtand Girdal (2001) performed a
second design study in which genetic algorithms were usedritbination with a Rayleigh-
Ritz solver to optimize a 20 ply rectangular variable-st#f$s panel under axial compression,
subjected to manufacturing constraints. The most progidasigns were evaluated using
STAGS finite element models that accurately represente@gheonditions and geometries
to decide upon the final designs for manufacturing and tgsflihree configurations were
analyzed: a panel without a hole, a panel with a small holeaapdnel with a large hole.
Improvements of more than 60 percent compared to the optiomnstant-stiffness designs
were shown with no appreciable increase in weight. The m&ie-stiffness design was
manufactured using a VIPER fiber placement machine (Ta#timhGurdal, 2002). Again
panels with and without overlap were manufactured, in widemtical plies were shifted
(staggered) with respect to each other to distribute thdap®and tow-drop areas over the
panel, creating smoother load and thickness distributidie effect of staggering on the
thickness distribution can be seen in figure 2.11, where tineber of layers is shown for a
laminate without staggering, see figure 2.11(a), and forarlate with staggering applied,
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see figure 2.11(b) (Tatting and Gurdal, 2002).
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Figure 2.11: The effect of staggering on the thicknessiistion of variable-stiffness lam-
inates (Tatting and Gurdal, 2002)

Both the tow-drop and overlap panels were built based ondbedrop design. An
optimization using genetic algorithms together with a SBA&halysis, also performed by
Tatting and Guirdal (2003), showed that the buckling loadwariap panels could be in-
creased by another 30 percent if overlaps are taken intaat@othe optimization.

An experimental program for the rectangular variablefrstis panels was led by Je-
gley et al. (2003), who showed that experimental bucklirgdkare significantly higher
than buckling loads predicted using the STAGS finite elemmdels of Tatting and Gurdal
(2003). This was confirmed by Lopes et al. (2008) who simdladkgley’s experiments
using the ABAQUS finite element code (ABAQUS, Inc., 2005) pke predicted the non-
linear buckling load and the laminate strength accordinth& physically-based NASA
LaRCO04 failure criteria. Residual thermal stresses indumethe curing process were in-
cluded in the analysis in a follow-up study by Lopes et alQ@2Qwhich resulted in a close
agreement between analytical and experimental bucklihngega Additionally, Lopes et al.
(2007) expanded the first-ply failure model to a continuugpessive-failure model, pre-
dicting the onset of damage and final failure within 10 petoéithe experimental values.

Jegley et al. (2005) used some of the variable-stiffnesslpadesigned and manufac-
tured by Tatting and Giirdal (2002), for additional testir@ne configuration included a
hole in the stiff section of the overlap panel, as opposedtarty a hole in the soft section
of the panel as it was designed. The optimization of overkapefs performed by Tatting
and Gurdal (2003) demonstrated that the mechanism for mmpyohe buckling load carry-
ing capability of overlap panels with central holes couldmge from reinforcement of the
edges, i.e. the dominating mechanism for tow-drop designginforcement of the panel
center, depending on the hole size. In that case thicknelsiipun the center of the panel
causes the bending stiffness at the hole to increase sudhdbainates the stress increase
caused by the higher in-plane stiffness. The additionaktgdegley et al. (2005) was used
to study this effect experimentally. The buckling respoofdbe tested panel was dominated
by the increased stress levels at the center and not by treased bending stiffness due to
the overlaps, such that the buckling load was not improvedpared to the straight-fiber
panel.
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Jegley et al. (2005) also cut a square panel with a centralfnoin the manufactured
variable-stiffness sheet and tested it in shear. The gredgshowed a slight improvement
in buckling load of the variable-stiffness panels over ttraight-fiber panels. A good cor-
relation between the analytical and experimental bucKkidagl was found for the variable-
stiffness panels, but not so good for the straight-fiber heat@. The experimental results
showed a higher buckling load of the straight-fiber paneloftimization to maximize the
buckling load for shear loaded panels with a hole, carrigdguatting and Gurdal (2003),
showed that if the panels had been optimized for shear ihstEia-plane compression, the
tow-drop method would have resulted in a slight improvenoétite buckling load and the
overlap method would have increased the buckling load byerti@n 200 percent compared
to the best straight fiber laminate.

The compression tests of the variable-stiffness panels byet\al. (2002) and Jegley
et al. (2003) demonstrated that thermally induced stresadsa considerable, positive in-
fluence on the buckling load. Abdalla et al. (2009) found thatmechanism responsible for
the improvement in buckling load carrying capability was iresence of tensile stresses at
the center of the panel, induced by the curing process aslt eéshe non-uniform distri-
bution of the thermal expansion coefficient across the pdred tensile pre-stresses relieve
some of the mechanical compressive stresses when an éxteahés applied, resulting in
a higher buckling load carrying capacity. Abdalla et al.q2palso showed that increasing
the cure temperature increases the magnitude of the résehsile stresses so that even
larger improvements in buckling load are obtained.

Other efforts to improve the performance of composite pahglchanging the internal
fiber geometry have been made by Jones and Platts (1996) aph#gd a Michell structure
geometry to reduce the stress concentrations around a@ited hole and showed that
considerable improvements were possible compared to parade of 0/90 woven cloth.

In another study by Tosh and Kelly (2000) and Li et al. (20B02¢&he principal stress
vectors or alternatively the principal load paths were usatktermine the fiber trajectories
in composite panels with the objective to increase the petnerhgth. The panels were man-
ufactured by placing dry steered tows onto a tacky resin filchiaserting them in between
unidirectional or fabric plies. Subsequent testing shothead the specific strength of spec-
imens with an open hole tested in tension increased by 62pe(tosh and Kelly, 2000),
while the bearing strength in bolted joints increased by g&@ent (Li et al., 2002b). Pan-
els with large cutouts that were reinforced by fibers follogvihe maximum and minimum
principal stress trajectories carried a shear load that3wgsercent higher compared to the
guasi-isotropic baseline at a 3 percent weight penaltyt(ai.e2002a).

A near-field material orthotropy distribution was used byaHg and Haftka (2005);
Huang et al. (2003) to maximize the strength of a compos#éeplith a hole based on
the first-ply Tsai-Wu failure criterion. The steered pliesrev divided into 2 fields: a small
concentric field near the hole in which the fiber angle wasnahb to vary continuously,
and a relatively large field away from the hole where the fibefl@was 0 degrees. The
failure loads were maximized by iteratively alternatingvieen a gradient-based search
and a genetic algorithm to determine the optimum fiber anglEse optimum fiber an-
gle pattern contained fiber angles that were almost tangetiiet hole edge close to the
hole and gradually changing fiber directions away from thie tkmbridge with the far-field
longitudinal fibers, thereby resembling the distributidriree principal stress orientations.
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Huang and Haftka (2005) showed that a laminate with 6 idalisteered plies doubled the
load-carrying capacity of a [8,45]s laminate with a hole . The strength improvement was
reduced only slightly by combiningt45 plies with two steered plies, while the robustness
of the design was improved by the presence ofitH& degree plies.

A series of theoretical studies by Alhajahmad et al (200888b; 2008c) focused on
tailoring fuselage skin panels for pressure pillowing gsturrvilinear fibers. Panels were
loaded with out-of-plane pressure loads and corresporidiptane tensile loads to simu-
late the pressure pillowing problem and, in a second logd steplane compression loading
was added. First, the panels were optimized for maximunmgthebased on the Tsai-Wu
failure criterion, where the von Karman plate equationsensalved using the Rayleigh-
Ritz method (Alhajahmad et al., 2008a). A nonlinear angh&atian offered improvements
of up to 26 percent for different aspect ratios comparedriiggit-fiber configurations due
to a stress redistribution over the panel. In a follow-upglgtdlhajahmad et al. (2008c)
expanded the work to panels with window cutouts, subjedbi¢ocsame loading conditions.
Linear and nonlinear finite element analyses were perforasaty an ABAQUS-Python
script. Considerable improvements in load carrying capagere achieved compared to
straight-fiber laminates with one designed layer, howewerimprovements were found
compared to a quasi-isotropic laminate. In addition, thekbng loads of the variable-
stiffness panels were lower than those of the straight-filaerels. An optimization of a
laminate containing 2 variable-stiffness ply definitiohewed that failure load could also
be improved compared to the quasi-isotropic laminate, eMbilckling loads were compa-
rable. Another study by Alhajahmad et al. (2008b) showed tthe strength performance
of panels subjected to pressure-pillowing loads improweshenore by allowing 4 different
variable-stiffness plies in the laminate, but in genera itmprovement was achieved at the
expense of buckling load carrying capability. This studsoashowed that laminates that
were optimal for maximum buckling load carrying capabifigfled at significantly lower
loads than quasi-isotropic laminates.

Other examples of theoretical and numerical studies in lwb@nposite laminated pan-
els are optimized by tailoring fiber orientations and thiegm distributions are given in the
work of Pedersen (1989; 1991), Banichuk et al. (1995), Dtueaal. (2000), Parnas et al.
(2003), Setoodeh et al (2004; 2006c¢; 2009) and Muc and Ukita\2010).

Cylinders

The concept of tailoring material properties by varying fibeentations with circumferen-
tial position in elliptical composite cylinders for the parse of improving axial buckling
load carrying capacity is discussed by Sun and Hyer (2008 .bLickling load carrying ca-
pacity was improved by making the entire cylinder partitéga the buckling deformations.
The fiber angle variation with circumferential position Waessed on a simplified buckling
analysis of circular composite cylinders. It was shown thgirovements in buckling ca-
pacity could be achieved for both small and large cylindezgardless of the boundary
conditions applied. Moreover, material failure charasters were not compromised by
varying fiber orientation with circumferential position.

Elliptical composite cylinders were the subject of studyHKiyani et al. (2009b). A
bi-symmetric linear fiber angle variation was used to stuuy ¢compliance of elliptical
cylinders parametrically under internal pressure and imgndbout the major axis. The
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designs with linear angle variations did not show apprdeiabprovements over straight-
fiber designs under internal pressure or bending, whileldmprovements were achieved
for load cases combining internal pressure and bending.

Possible performance improvements of thin circular cyiical shells using the variable-
stiffness concept have been examined by Tatting (1998)sStanalysis and initial buckling
estimates were formulated for a general variable-stiffregginder to be used in optimiza-
tion studies. Two cases of loading and stiffness variatioatwrt cylinders were selected to
investigate the possible areas of improvements that thablerstiffness concept might of-
fer over constant-stiffness structures. In the first castinfeconsidered was a cylinder with
axial stiffness variation only, subject to constant loatlaxaal compression, pressure and
torsion. The results for these load cases showed littleargment compared to traditional
laminates, mainly due to the presence of a weak link areamiitie stiffness variation that
carried the ultimate load. The second design problem ik cylinder with a stiffness
variation in circumferential direction subject to axiahepression, pressure, torsion, bend-
ing or transverse shear. The most significant improvemaritsaid-carrying capacity were
found for cases that involve loads that also vary circunmfgady, i.e. bending and shear
forces. Tatting (1998) showed that the stiffness variatibthe optimal designs contribute
to increased performance in two ways: lowering the stress#®e critical areas through
redistribution of the stresses; and providing a relatigiff region that alters the buckling
behavior of the structure.

Wu (2008) studied a composite cylindrical shell with cirdenentially varying fiber
orientations. The shell was intended to represent a fusaaction of an aircraft subjected
to bending loads. As such Wu designed the variable-stiffloginders to resemble an I-
beam, with 10 degree fiber angles in the keel and crown sectmresist bending and 45
degree fiber orientations on the side to resist shear|[ih4®, +0|s layup. The change in
fiber angle from the crown to the sides was such that the patlatue was constant and
the complete ply was constructed according to the shiftganathod defined by Waldhart
et al. (1996). Wu (2008) then analyzed a tow-drop and an apetésign for the described
fiber angle variation using STAGS finite element models andpared them to an 8-ply
guasi-isotropic baseline. The shell with overlaps showeaproved buckling load capac-
ity and higher bending stiffness for bending about the tomial axis. No improvements
were found for bending about the vertical axis. The tow-dsbell did not show improved
bending stiffness or buckling load carrying capacity imeitdirection. Wu (2008) therefore
evaluated an angle ply with an orientation smaller than Heks at the keel and crown sec-
tions to improve the shell structural performance, showirag large increases in bending
stiffness were possible for such a configuration.

Two variable-stiffness shells with the fiber angle varyingni 10 degrees at the crown
to 45 degrees at the side, back to 10 degrees at the keel wargantured by Wu (2009)
using an Ingersoll fiber placement machine. Manufactutglséquired small adjustments
of the nominal circumferential spacing and fiber orientatagles of the curvilinear steered
paths to better conform to the desired shell geometry andimémize gaps in the tow-
drop cylinder. The formation of puckers in the steered plias suppressed by debulking
the laminate between plies, reducing lay-down rate anceaging compaction force. Wu
(2009) then performed post-fabrication surface surveythertured shells’ inner and outer
surfaces to determine their initial imperfections andkhiss variations. The cured cross-
sections of both shells vary along the length and are gdpezhiptical with the major
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axis rotated 90 degrees between the shells with and witheartaps. The gaps between
adjacent courses where tows were dropped on the tow-drdpare more prominent than
was predicted during the design. Testing of these shellaised in the near future.

Miscellaneous Structures

An integrated design and analysis system for use in predirgithrough detailed design
phases of a fiber-placed structure was developed by Schetetdr (2004). The Steered
Composites Analysis and Design System (SCADS) tool wastaseddel the tows, courses
and plies of a fiber placed part. Analysis methods to quagtfys, overlaps, and tow level
properties were implemented in SCADS and the generatiofesfffir use by finite element
analysis packages was enabled. Three methods to definegdityer orientations within
plies were implemented. The first method is calledlithad offsetnethod and is identical
to theparallel method as introduced by Waldhart et al. (1996). The secortdades the
fixed angle plynethod, where the ply consists of courses of which the pathdefined by
a vector projected onto the placement surface, presergimgtientations with respect to
the direction vector. The last method introduced by Schetlal. (2004) is thdaminate
family plymethod in which fiber paths are mapped onto a given guiding.plyone of the
two mentioned above, such that the angle between the fiblkerpatthe closest tow in the
original ply is constant, e.g. 45 or 90 degrees.

Hale et al. (2004) studied four simple test problems to itigate the possible payoffs of
using fiber steering with conceptual design. The weight e¢hstructures was minimized
using recursive quadratic programming, while subject taaimum-strain-first-ply-failure
criterion, upper and lower ply thickness bounds and anglentis. Both the fiber angle
and layer thickness were allowed to vary. The steered lassgnaere then compared to
guasi-isotropic laminates. The first test case was a squatie\pith a central circular hole
under various loadings, for which improvements of up to 2fceet were achieved. An
intermediate complexity wing subjected to aerodynamid$oaas improved by 21 percent
when only optimized for strength, while including buckliresulted in a 7 percent improve-
ment. A cantilever rectangular panel under transversesleat improved by 17 percent
and a cantilever cylindrical tube subject to combined caagion, torsion and bending was
improved by 26 percent. After optimization of these four glenstructures proved to be
successful Hale et al. (2004) also optimized three reptagemaircraft structures using the
fiber steering conceptual design. These were a representdta regional jet's primary
wing structure, subjected to aerodynamic loads and intéueh loads at take-off, climb
and landing, constrained by limits on the strength and marinwing tip deflection; an aft
pressure bulkhead under cabin pressure subject to streogstraints; and a representative
horizontal stabilator of a tactical fighter subject to agraimic loads at 2 angle of attack
positions with strength and buckling constraints. The Wweigductions for these three cases
were respectively 17 percent, 4 percent and 30 percent.

Temmen et al. (2006) tailored the fiber orientation withirkested layer of a composite
laminate by aligning them as closely as possible to the time®f the principal stresses.
The reduction of shear stresses in the structure caused@age in load-carrying capac-
ity. The developed method was used to optimize a prelimimargion of the horizontal tail
plane of an Airbus A340-500/600 fuselage structure, rggypih a 60% improvementin ten-
sion and a 79% improvement in compression, while the loayicey capacity for bending
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decreased by 8%. The developed tool set included an optiorizarogram to calculate the
optimum fiber angle distribution and a program to generaedtktribution of fiber rovings
for manufacturing.

2.2.3 Stiffness Tailoring using Lamination Parameters

An alternative method for designing composite laminateth \wpatially varying stiffness
properties is through the use of spatially varying lamimaparameters, as opposed to de-
signing fiber orientations and stacking sequences direlctlynination parameters, first in-
troduced by Tsai and Pagano (1968) and Tsai and Hahn (19@9)¢dp a compact notation
for the description of the stiffness properties of a langrlayup configuration. The A, B
and D stiffness matrices of any laminate can be describediasar function in terms of
12 lamination parameters, which can be reduced to 4 laromgirameters for balanced,
symmetric laminates. The number of lamination parameteirsdependent of the number
of layers such that the complexity of an optimization protlean be greatly reduced by
using lamination parameters instead of optimizing a stagkequence directly. Moreover,
the feasible region of the lamination parameter designesjgconvex. The optimal stiff-
ness design in terms of spatially varying lamination patanseprovides an upper bound
for the best design using plies with spatially varying fibgentations, because lamination
parameters represent the most general layup configuratgsilpe. The stacking sequence
can be constructed once the optimal lamination parametededermined, see for example
the work of Autio (2000) and Diaconu et al. (2002). The staglsequence for a given set of
lamination parameters is not unique, such that the deslpmea range of suitable laminate
designs to choose from.

Flat and Curved Panels

Some of the first to consider spatially varying laminatiomgmaeters for maximizing the
stiffness design of laminated plates were Hammer et al. {L9%wo examples of panels
subjected to in-plane loads were given for which laminapanameters were allowed to
vary from point to point. In a second step the correspondiggapgles and thicknesses
were determined.

Spatially varying lamination parameters were used by Sktbet al. (2005) for solving
the classical minimum compliance design problem, for whiptimization was performed
with a feasible sequential programming solver. Cases ofigérbalanced symmetric lam-
inates and balanced symmetric laminates with equal thategyers were studied. A sim-
plified feasible domain for laminates with equal thicknesgeks for an increasing number
of layers was presented and a restricted problem was prdploaemaintained the convex-
ity of the design space for laminates with equal thicknegerla The compliance of the
variable-stiffness design was shown to be reduced by 42pecompared to the best con-
stant stiffness design, both obtained using laminatiommpaters. Minimum compliance
designs for both in-plane and out-of-plane loading weresittared in a follow-up study by
Setoodeh et al. (2006a). The computation of optimal lareidasigns was performed using
local rules based on optimality conditions. An investigatof a cantilever beam subjected
to a uniform load showed that the variable-stiffness des&ing lamination parameters was
significantly better than the constant-stiffness designgigmination parameter. Compar-
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ison with the best configuration that was obtained using fadrgjles as design variables
showed a small improvement. Similar results were obtaioe@ fsimply supported and a
clamped square plate subject to out-of-plane pressurealkset al. (2007) showed that also
the fundamental frequency of composite panels can be signtfy increased by allowing
the lamination parameters to vary spatially.

An efficient design approach for variable-stiffness lartesainder compressive loading
in which lamination parameters were used as design vagalds proposed by 1Jsselmuiden
et al. (2010). Two examples were studied, yielding buckloap improvements of up to
189 percent with respect to quasi-isotropic laminates gntbul29 percent with respect
to the best constant-stiffness laminate. A survey of thelame load distributions revealed
that load redistribution is the primary mechanism resgaador improved buckling per-
formance, confirming earlier findings of Hyer and Charet&() and Girdal and Olmedo
(1993). Additionally IJsselmuiden et al. (2010) showed thaariable-stiffness laminate
with in-plane stiffness properties equivalent to a quastropic laminate could be designed
to withstand more than twice the compressive load beforklimg:

In a follow-up study 1Jsselmuiden et al. (2009a) used theesapproach to study the
behavior of a curved shell subject to an out-of-plane pressad. The use of in-plane and
out-of-plane lamination parameters resulted in a rethistion of membrane and bending
stiffnesses, leading to smaller rotations about the hirgleg:s and smaller deflections in the
center of the panel. Improvements between 70 and 80 peragstabtained for 3 different
side-length-to-thickness ratios, using both in-planeautebf-plane lamination parameters.

IJsselmuiden et al. (2009b) also combined thickness tlagand in-plane stiffness tai-
loring to study the effect of adding thickness on the bugkfserformance of panels under
in-plane compression as opposed to stiffness tailoringevties thickness is kept constant.
Improvements in the order of 440 percent compared to gsasieipic designs were demon-
strated. The thickness distribution forces the bucklinglestowards the center of the panel,
in addition to redistributing the in-plane loads.

A perturbation approach was used by Rahman (2009) to stuapakt-buckling be-
havior of variable-stiffness laminates designed for maximbuckling load under in-plane
compression. The optimal designs, which were obtained &selthuiden et al. (2010),
typically exhibited two clustered buckling modes. The ext® which the post-buckling
stiffness was reduced with respect to the pre-bucklingnstis depended on which of the
clustered buckling modes prevailed. In most cases the mdatiethve lower post-buckling
stiffness prevailed for the variable-stiffness panelgpresenting the lowest post-buckling
stiffness, although the post-buckling stiffnesses of #ugable-stiffness panels were equiv-
alent or better than the post-buckling stiffness of the gisagropic panel. Rahman (2009)
also showed that the limit load and the ultimate load can fieenced by the pre-buckling
stiffness, the post-buckling stiffness and the buckliregloln the future the post-buckling
behavior could be taken into account in the optimizatiorsghidue to the availability of the
perturbation method presented by Rahman.

The importance of residual thermal stresses on the buckkmfprmance of variable-
stiffness panels was demonstrated by 1Jsselmuiden e8I9€2 for panels defined in terms
of lamination parameters. Panels with thermal residuaksts corresponding to temper-
ature steps of @, -100C and -200C were optimized for buckling performance under
in-plane compression. The predicted buckling loads of aflable-stiffness designs were
increased when thermal residual stresses were presemyvéstigation of the three designs
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over a range of applied thermal loads showed that desigrageal for a higher curing tem-
perature resulted in a higher buckling load and that theegawvgr which a design exhibits
good buckling behavior increased when the panel was desiigmnénigher curing temper-

atures. The maximum buckling load for a given design occlatea temperature below
the chosen design temperature. The improvements in bgdklad were caused by tensile
residual stresses that developed in the midsection of thel glue to non-uniform coeffi-

cients of expansion, as was also shown by Abdalla for cmedr panel designs (Abdalla
et al., 2009).

Methods that use parametric representation of the stdéfnetrices, such as the lami-
nation parameters, as design variables might lead to ttiealig optimal designs, but their
manufacturability requires another step in the designgatace. This step is the construction
of actual stacking sequences that match the stiffness @efireed in the first step. A proce-
dure for retrieving the stacking sequence of a variabléastis panel that was optimized in
terms of lamination parameters was presented by Setoo@dth(2006b). They proposed a
curve-fitting approach to match a given lamination parandiggribution in a least-square
sense. The fiber paths following Lobatto polynomials wetgeeed for a cantilever beam
earlier optimized for minimum compliance (Setoodeh e?8l06a). Setoodeh et al. (2006b)
showed that, depending on the allowed fiber path curvatutetatotal number of plies,
the compliance of the approximate fiber angle design couldib@n 2.5 percent of the
compliance of the optimal laminate parameter design.

A continuation of the work by Blom et al. (2010) focused on thanufacturability of
the obtained fiber paths if they were to be built by advancest fillacement. The most
important constraint, a limit on the in-plane curvatureswalready taken into account while
retrieving the fiber angle distribution. An aspect that was taken into account in the
laminate optimization and fiber path retrieval steps wagthesibility of thickness buildup
when fiber paths are not parallel. Blom et al. (2010) applisleamline analogy to estimate
the thickness buildup for a given fiber angle distributioince increasing thickness can
severely influence the response of a panel. It was shownehtiic fiber angle distributions
would lead to extremely large thickness buildups, whichuar@esirable in practical designs
and which could not be reduced to a constant-thicknessmlesigg the tow cut and restart
capability of an AFP machine. Discrete fiber courses weregead for a design for which
the predicted maximum thickness was reasonable, to shovedséility of the proposed
method for generating manufacturable designs.

Hierarchical shape functions were used by Klees et al. (P@0@trieve the fiber angle
distributions for the rectangular panels optimized byédlssiiden for maximum buckling
load (IJsselmuiden et al., 2010). A multi-objective optiation was performed with both
maximization of the buckling load and minimization of theximaum fiber path curvature
as design objectives. Pareto fronts for different numb&design variables, i.e. the order
of the shape functions and the number of layers, showed ribetasing the order of the
shape functions is more effective than increasing the nurobeariable-stiffness plies.
Improvements of up to 106 percent in buckling load compaodtié quasi-isotropic design
were achieved, which is less than the 189 percent that wasvachwith the lamination
parameter design. The difference in improvement betweewahying fiber angle design
and the design using lamination parameters was expectedude lamination parameters
represent the most general laminate possible.
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Three different stacking sequence retrieval methods weegl by Van Campen and
Gurdal (2009) to find the fiber angle distribution of a balah@ymmetric laminate contain-
ing two different variable-stiffness ply definitions to mhatan optimal lamination param-
eter distribution. The reduction in buckling load compatedhe optimal stiffness design
in terms of lamination parameters was small when using tiheesponding point method
while regularizing the fiber angle variation.

A difficulty with using lamination parameters for the desigicomposite laminates is
the incorporation of strength constraints, because theertional failure prediction meth-
ods need information about the laminate stacking sequeAamnservative failure enve-
lope expressed in terms of laminate strains was derived fhenTsai-Wu stress criterion
by 1Jsselmuiden et al. (2008) and called the strain-egeitalsai-Wu criterion. The enve-
lope guaranteed a failure-free region of the laminatiorapeater space, regardless of the
fiber angle orientations present in the laminate. IJsseleruet al. (2008) showed that the
envelope accurately represented the safety factor ofipahtaminates under in-plane load-
ing, whereas the criterion might be too conservative fordig dominated problems. A
comparison was made between strength-driven and stiffirdgsn designs, which demon-
strated that differences between the two optimal desigiegly depended on material
properties and loading conditions. An increase in safetyofaof up to 48 percent was
obtained by strength-driven designs compared to stiffdeisen designs.

Cylinders

The strain-equivalent Tsai-Wu failure criterion was apglin a strength optimization of
a long elliptical cylinder using lamination parameters asign variables by Khani et al.
(2009a). Approximately 90 percent improvement was foundafaylinder subjected to a
combination of internal pressure and bending about the #otig) of the ellipse compared
to a quasi-isotropic composite cylinder. Khani et al. (280008lso optimized elliptical cylin-
ders for minimum compliance under combined internal pnessaxial loading, bending
about the major axis and torsion by allowing the laminatiargpeters to vary around the
circumference. The results showed that improvements aabterstiffness designs over
constant-stiffness designs rarely exceeded 10 perceocbdfobined load cases, whereas im-
provements over quasi-isotropic cylinders of 238 percamevachieved for internal pressure
and almost 260 percent for pure bending.

2.3 Context of Current Work

Numerical studies on composite laminate tailoring dematesdtl that spatially varying the
stiffness of a laminate has great potential for improvimgatral performance. Advanced
fiber placement technology has made it possible to manufaletninates with continuously
varying fiber orientations in an automated fashion. A nundjdfat panels with continu-
ously varying fiber orientations were produced to validageriumerical studies. Structural
tests of the variable-stiffness panels confirmed that largeovements could be obtained
compared to straight-fiber laminates, but also revealetlectges in the design and manu-
facturing of variable-stiffness panels.



30 2 Advanced Fiber Placement and Laminate Tailoring

At the time the research work covered by this thesis wasestathe only research
on variable-stiffness cylinders by varying fiber orierdag had been conducted by Tatting
(1998). His work is quite thorough, but does not includekhiess buildups due to manufac-
turing using fiber placement in his predictions nor doesdlide experimental validations.

No work on tailoring of composite conical shells exists te #uthor’'s knowledge, al-
though some research has been performed in which the mamtirfigcprocess was shown
to cause stiffness variations along the surface of a coslel (Baruch et al., 1994; Khatri
and Bardell, 1995), and the influence of these stiffnessitiaris on the structural perfor-
mance was investigated (Goldfeld and Arbocz, 2004; Gadoétlal., 2005; Wu and Lee,
2001). When a conical shell is manufactured by filament wigdhe laminate stiffness
varies along the length of the cone, as shown by Baruch e1@94(). Open conical shell
panels that are manufactured by molding prepreg around amlagxhibit stiffness vari-
ation in circumferential direction, as proven by Khatri @dardell (1995). Goldfeld and
Arbocz (2004) and Wu and Lee (2001) demonstrated that tfieests variations resulting
from one of these manufacturing techniques render the getgamof constant stiffness that
is often assumed in the analysis of laminated conical shelidid, because for most cone
geometries and fiber configurations the structural resp@nsignificantly different from
that of a constant-stiffness shell.

The research described in this thesis is aimed to fill in sofribeogaps that currently
exist in the field of tailored conical and cylindrical shelloth numerically and experi-
mentally. To this end the shifted ply method, introduced bgldNart et al. (1996), will
be applied to conical and cylindrical shells, because itsgaightforward way of defining
variable-stiffness laminates and is readily made suitdrienanufacturing with advanced
fiber placement. Fiber paths will be formulated for coniaad aylindrical shells, and their
corresponding in-plane curvature will be derived for euatilon of the manufacturing con-
straint in terms of maximum curvature (chapter 3). Subsetiyye&x numerical optimization
study of conical shells for maximum fundamental frequendylve performed (chapter 4)
and the influence of the curvature constraint on the desifberidemonstrated. A second
design study will be focused on cylinders in bending, with dlvjective to select a variable-
stiffness design for manufacturing and testing (chapteafi¢r which the issues encoun-
tered during manufacturing of the selected variablerstgt shell will be discussed (chapter
6). The results for two experiments that were conductedbgilbresented to show the valid-
ity of the analytical models used to predict the structuedddwior of variable-stiffness shells
(chapters 7 and 8). Finally, conclusions will be drawn atibaetcontributions of the current
work to the field of tailored composite shells and recomménda for future research will
be made (chapter 9).



Chapter 3

Variable-Stiffness Laminate
Definition

The variable-stiffness laminates discussed in this thessconstructed of plies in which
the fiber orientation is varied spatially. Spatial angleiatgwn can be achieved in a wide
variety of ways, even if only restricted to continuous fibeths used in fiber placement.
Methods will be given to define fiber paths to construct a flyllgm the surface of a conical

or cylindrical shell. The fiber orientation for these georizeshapes is defined as varying
in only one direction, either axial or circumferential, Bubat the shifted course method
introduced by Olmedo and Girdal (1993) and defined in suioge2t2.2 can be used to
cover the shell surface. The stacking sequence of the laeninast be recoverable at any
location to enable structural analysis, and therefore arge®n is given on how to track

ply properties such as the local fiber orientation angle aedekistence of overlaps in the
laminate. Furthermore, four specific path definitions wdlibtroduced for the conical and
cylindrical shells, i.e. i) a geodesic path, ii) a constargla path, iii) a path with a linear

angle variation; and iv) a path with a constant curvaturearigles will be given for each

of the path definitions and their manufacturability.

The generation of fiber paths and the tracking of ply propentiill described for three
configurations: i) axial stiffness variation on a conicagl§hi) axial stiffness variation on
a cylindrical shell; and iii) circumferential stiffnessniaion on a cylindrical shell. The cir-
cumferential stiffness variation on a conical shell wasinoluded, because the shifted ply
method can not be used to construct a ply which has a fiber #maglearies in the circum-
ferential direction due to the variation of the circumfdarahength of a cone. Therefore a
different approach has to be adopted for the constructiamy and this was beyond the
scope of this thesis.

3.1 Variable-Stiffness Laminate Construction
Fiber-placed variable-stiffness laminates can be coodiin different ways. The shifted
method has first been presented by Olmedo and Girdal (1988 nfethod is based on a

one-dimensional angle variation, where a reference palifised by the desired fiber angle

31
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variation and is covered by a course. Subsequent courspkasal by shifting the reference
course perpendicular to the direction of variation untl tomplete surface is covered. The
shifted courses are not parallel, except for special caseh as a constant angle path on
a flat plate, resulting in gaps or overlaps between adjacantses. Two courses with an
angle variation as function of the horizontal coordinatdepicted in figure 3.1. They are
shifted in the vertical direction. The effective course thidve, which is defined to be the
course width in the direction of shift, varies with the fibergée if the course widthv is
kept constant, as can be seen in figure 3.1(a). The amounifpissthosen to be smaller
than the minimum effective course widthe min, When gaps are undesirable. The gaps that
exist in figure 3.1(b) are then avoided and overlaps are fdimstead, see figure 3.1(a). In
many situations however, overlaps are also undesired.cHmide solved by using the tow
cut/restart capability of the machine such that a conshackness ply is created. The tows
are cut on both sides of the courses in figure 3.1(c). It is p¢ssible to make the tow cuts
on one side of the course.

Direction of shift

Direction of shift
Direction of shift

Direction of variation Direction of variation Direction of variation

(a) Overlapping courses (b) Gap between two courses (c) Constant thickness

Figure 3.1: Laminate construction by shifting courses

A second method to define a variable-stiffness ply is thellghraethod, introduced by
Waldhart et al. (1996). With the parallel method one mainrseus placed on the surface
and neighboring courses are placed parallel to the mairseaurtil the complete surface is
filled. This method has the following disadvantages. Firsre is less control over the fiber
angle distribution than with the shifted method, becaudg the fiber angle orientation of
the first course is actively controlled. Second, the cumeatd a parallel course becomes
infinite when the in-plane curvature of the original courséarge or when a large surface
needs to be filled, such that the placement of additionallleaurses can become im-
possible. Finally, parallel courses intersect and causeodtinuous angle distributions on
surfaces that loop or close into a continuous surface likedgrs, cones or spheres.

The streamline method developed by Blom et al. (2010) isrd thiethod used to con-
struct a ply with spatially varying fiber angles, this can Isedito generate fiber courses
for a given two-dimensional fiber angle distribution. It Bded on a streamline analogy and
takes into account desired boundary conditions to predtaps or to estimate the amount
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of tow cutting required to obtain a constant-thickness fdlie streamline method can be
applied to flat plates, singly curved open surfaces and d@gtisy but is rather complicated
and computationally expensive for one-dimensional anglétions. The shifted method
introduced by Olmedo and Gurdal (1993) was used in the curesearch.

3.2 Paths on Conical and Cylindrical Shells

A general representation of a conical shell will be definest fito make the theoretical
path definitions that will be derived as widely applicablepassible. Then equations will
be derived that define the in-plane curvature for an arlyitiher path on a generic cone
surface. Finally, the expressions will be simplified foriogkical shells.

3.2.1 Geometry of a Conical Shell

A three-dimensional representation of the geometry of &abshell is shown in figure 3.2.
The generalized coordinates for a thin conical shell ardahgitudinal distance, which
runs along the surface starting from the small radius of thedl,sand the circumferential
anglef, which is measured in the indicated direction with= 0° at the positiveZ’-axis.
The basic parameters used to define the shell are the corecangh the small and large

A= Lcosa

Figure 3.2: Cone geometry

radii at the two endg,p andry, respectively. Alternatively, the axial leng#or the length
along the surface could be defined, together with the two ragjiandr1. The cone angle
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« can then be expressed in terms of these lengths using tbeviiog relations:

ri—ro ri—ro

or sina=

tana =

(3.1)

The radius (x), which is the perpendicular distance from the axis of retiofuto a point
on the shell, varies linearly for a conical shell:

r(X) =ro+xsina (3.2)

The conical longitudinal surface coordinat®) is defined by measuring the distance from
the cone vertex to a point on the surface:

s(x) = @ — O (3.3)

NS T

*2_27r sin o

Figure 3.3: Developed cone configuration

The unit vectors for the longitudinal and circumferentiatface directionsa and¢ and
the surface normai will be used in the fiber path definitions, in addition to thetemgular
coordinate systerfiX,Y,Z} shown in figure 3.2. A two-dimensional view and definition of
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the cone is used for visualization and derivation purpoBke.two-dimensional representa-
tion of the three-dimensional cone, see figure 3.3, was iy performing an imaginary
cut along the longitudinal line &= 180" and developing the surface. The surface coordi-
nates that correspond to the developed configuration anatha distances, which is the
same as the longitudinal surface coordirgaie the three-dimensional representation, and
the circumferential coordinate= 6 sina.

Note that lengths remain the same for both geometrical septations due to the zero
Gaussian curvature of a conical surface. This can be sedrelaxpressions for differential
lengths for the unrolled configuration.

dx=ds r(x)dd = sds (3.4)

3.2.2 Paths on the Shell Surface

General expressions are required for the orientation andgture of a fiber path contained
on the surface of the conical structure, such that a feagliplean be constructed by laying
down multiple paths. The coordinatés, 6} will be used for the derivations below. The
fiber orientation angle, expressed @asis defined as the angle between the longitudinal
surface directior and the tangent to the path see figures 3.2 and 3.3. The fiber angle
can be a function of either the longitudinal coordinate the circumferential coordinate
The fiber orientation angle, using geometrical formulasxisressed as:

tany = r(x) % (3.5)

The path tangent vector in terms of the surface vectors is:
7 = COSpa+singt (3.6)
The curvature of the path can be defined once the tangentre&icown:

_ d7r dfdx
whered| represents an infinitesimal arc length along the fiber pattiowing the deriva-

tions given in appendix A this results in:

K = {% cosp + Sinféj)mﬂ + [—coixs)inch} noif =X

(§rm) e e v

where¢ represents the in-plane vector normal to the fiber pathramgresents the vector
normal to the cone surface. Inspecting equation 3.8 for kncenfigurations, such as flat
plates (= 90°) and cylinders¢ = 0°), the first term turns out to be the in-plane component
of the curvature. Envisioning the head of a tow-placemerutrime moving along a surface,
this in-plane curvature dictates the amount of steeringitheequired to follow the given
path. Conversely, the second term represents the cunvattine direction normal to the

(3.8)
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surface. Again using the tow-steering analogy, this cumeatepresents the change of the
mandrel surface as the conical part is rotated during fabon. That is, this curvature
represents a different degree of freedom of the tow-placém@chine than the in-plane
steering of the tows. The first term will be referred to as theature,x, during design,
since it relates to the curvature constraint discussedlisexttion 2.1.2. The value of the
curvature depends on the variation of the fiber orientatimhan the cone geometry:

K00 = geeospr TR it =l
do . sing () . (3.9)
K(X,0) = (@ +Slna> ) if o =p(0)

Equation 3.9 can be simplified when the shell is a cylinder#ugusR is constant and
the cone angle is zero, such that it is given by:

dep

) = %cowx) 610
k(6) = @Singp(@)

3.3 Ply Construction and Property Tracing

General expressions for constructing variable-stiffipdies on conical and cylindrical shells
are derived in this section. A distinction will be made betwéber paths with axial and cir-
cumferential angle variation. The axial angle variatioapplicable to both general conical
shells and cylinders, while the circumferential angle ation is only derived for cylindri-
cal shells. The determination of the exact stacking seqehthe laminate at a specific
location will also be explained.

3.3.1 Axial Angle Variation on Conical Shells

The first step in constructing a variable-stiffness ply isiéfine a feasible fiber path to be
followed by the centerline of the machine head. This fibehpsitgoverned by the fiber
orientation anglep(x) and is defined by the three-dimensional circumferentiatdinate
6(x), or alternatively by the two-dimensional circumferentiabrdinate3(s), see figure 3.3.
These are related by:

S=g+X

B =6sina (3.11)

A complete ply can be constructed by laying down multiplerses next to each other. A
neighboring course is found by rotating the original courger an offset angle)d, due to
the axisymmetric nature of the cone. This offset angle dépem the number of courses,

N, that is used to build up a ply:
2r
Af = N (3.12)



3.3 Ply Construction and Property Tracing 37

Alternatively, the offset angle can be expressed in thedimaeensional coordinatd s:

27 sina
N

AB = Afsina = (3.13)

Complete coverage of the cone by one ply was desired for thremuresearch, while
a minimum number of courses was used to minimize producitio@.tThis implied that at
every longitudinal location, the number of courses mukighby the width of the course in
the circumferential direction, which was defined as theatiffe head widthye, needed to
be at least as large as the local circumference. The eféectiurse width differs from the
physical width of the coursey, due the non-zero fiber orientation and the cone angle. The
course width can be equal to the head width of the tow-placéme@chinew or, if tows
are dropped, smaller than the machine head width. The asakysded to find the effective
course width will be shown later in this section. The comditior complete coverage of the
cone surface is represented by the following equation:

Nwe > 27r(X) 0<x<L (3.14)
The minimum number of courses, which has to be an integeeyauefined by:

27r (X)

We min

Nmin = { w 0<x<L (3.15)
where the[-] represents a function that rounds the real number to thesigzsigher integer
value.

It is necessary to find the course edgasand 5;, shown in figure 3.4, to calculate the
effective course width. The coordinates of the course edgede found by vector analysis
if the course width at one side of the central path is knowne Trtachine head extends
perpendicularto the fiber path and therefore the unit imglzormal vectof, see figure 3.3,

should be multiplied by the course width at one side of thdra¢path,p (—VEV <p< VEV)

and added to the vector pointing to the central path (syitst)ri Both the vector pointing
to an arbitrary point on the course and the normal vectoraitgbint can be expressed in
rectangular coordinates using the geometry of figure 3.3:

Re = S COSBcl +&:8infcj

. , . R (3.16)
§ = —sin(Be+@c)i +cos(fec+pc) ]
The edges (subscrip} of a course with a finite widtlp can then be found as:
Re = [5:€0S8¢ — psin( e + pc)] I + [scSinBe + pcos(Be +¢e)] | (3.17)
The corresponding edge coordinaggandge are:
Se = /S +P?-2pssinge (3.18)
tang, — =30t PCOS e+ ¢c) (3.19)

ScC0SBc — psin(fe + ¢c)
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{sB}

T e

///// //// \‘\\\\p
T e | H{s,B)

Figure 3.4: Course edges

In these two equations and 5 represent a point on the centerline, which is defined by
the path definition. The edge coordinatgss) and 5, (s) are needed to find the effective
course width at an arbitrary locatienThe effective course width is represented by the line
that connectgs, 5} and{s, 5} in figure 3.4. The distances between the central path and

. . I W
the course edges for a laminate with a constant course widtgigen, namely, = > and

pr = _va. The corresponding coordinate on the central gattan be solved for each edge

from equation 3.18, which is then substituted in equatid® 3o find 3, (s) and s, (s). The
effective course width is related to these edge coordirigtes

We = (/i —fr) (3.20)

The minimum number of courses required to cover the comptate surface can be deter-
mined using equation 3.15 once the effective course widtialisulated for every location
along the length of the cone.

Successive courses will overlap when the course width i$ &epstant and no gaps
are allowed between courses, unless the courses are p@ratiieng and Gurdal, 2002). An
alternative is to use the tow cutting and restarting caiegsilof the tow-placement machine
to achieve a constant thickness ply. Consequently, theseomidthw, or actually ever,
andpr, are a function of location. More control over the overlapa®zn courses is also
possible by having a course width which is in-between thenmeeled for constant thickness
and the maximum course width. An example of the thicknedslbpifor a+(x) overlap
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layer with constant course width is shown in figure 3.5.

Number
of layers

Figure 3.5: Number of layers of an overlap laminate, consgbf two plies with opposite
orientations

When calculating laminate properties it is necessary toakttte number of layers
present and the fiber orientation angle. A formulation tlaat be used to determine the
local fiber orientation per layer is given below, see equmsti®.21 through 3.25.

The machine head is perpendicular to the local fiber oriemtathen a course is laid
down. Consequently, every point on a line perpendiculahéofiber direction, e.g{s, 5}
in figure 3.6, has the same orientation as the point at theedam of the machine head,
{s,Bc}. Moving away from the course centerline changesArmordinate with respect

P /4 //T /;C/ _ )

Figure 3.6: Course geometry

to the 5-coordinate of the centerline and the longitudinal surfdicection& also changes.
Therefore, the fiber angle of a point that does not lie on thteckne deviates fronp(s)
and needs to be calculated. In other words, the fiber orientat an arbitrary point is a
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function of boths and 3, instead of only a function of. The s-coordinate £ <) that is
crossed by the center of the machine head at the moment énfiivén at{s, 5} is laid down
needs to be determined first before this angle 5) can be found. Simple geometry is used
to find the desired equation. Equations 3.21 and 3.22 canrbeddrom figure 3.6, where
pis defined as the distance to the central path rather thamtireewidth at one side of the
central path.

ScCOSBe = PSin(fe +c) = scosf (3.21)
ScSinfe+ pcos(fe+ ¢c) = ssinf (3.22)
The perpendicular distangeis also derived from the trigonometric relations in figuré:3.
_ssin(8-f)
COSp¢

Finally, by combining equation 3.23 with either equatio®13or equation 3.22, the relation
betweers, 8 ands; becomes the following:

(3.23)

SCOS(Be+ e — ) = S COSpc (3.24)

This equation can be solved fey since both3 andy are functions ok. The fiber angle at
{s, 8} differs from the fiber angle at the origin as can be seen fromi@.6. This deviation
is caused by the curved surface and results in the follovanalifiber orientatiorp(s, 5):

©(s,8) = pc+fc—p (3.25)

Equations 3.23 and 3.24 can also be used to determine theecwidth at one side of the
centerline if the desired course boundaries are known. Asmgie could be a constant
thickness ply, where the boundary is chosen to lie exactheitween the centerlines of two
adjacent courses. Thegand 3 are known and is the course width at one side of the
central path that is needed to obtain the prescribed boyndlareality the course width
is not a continuous function, because a course is built up fralividual tows so that the
course width has a discrete change when a tow is dropped tartess  Small triangular
holes or overlaps occur, depending on the position of towinguthosen by the designer.
For simplicity, these deficiencies are not taken into actwdmen ply properties are traced,
thereby a smooth boundary is assumed.

A ply is made by offsetting the basic path over an angles, given by equation 3.13,
wheren is an integer number between 0 aNd 1 identifying each course, amiij is the
offset angle between two adjacent courses. The coursewith is assumed to be the basic
course defined by.(s;), such that3?(s;) = 82(sc) +NAS. Property tracing as described
above is only possible when it is known in which course thesigel point{s, 5} is located.
The course identifiem can be found by:

o ﬁ_ﬁr(s)
n= {TﬁJ (3.26)

where the| - | function rounds the real number to the nearest smalleréntegmber.
Each point in a constant-thickness ply with tow drops befotoga unique course, but
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in a ply with overlap an arbitrary point could be part of mpiki courses and the course
numbers of all the courses have to be determined. The ordehich courses overlap
depends on the order in which the courses are laid down dorargufacturing. A regular
overlap sequence is assumed, such that the first courséigtastfound by equation 3.26,
while the presence of any additional courses is found byeasing an integek, starting
from 1, such that:

Nk+1 = N—K (3.27)

provided the following condition is fulfilled:
Br <B-(n-KAB<f (3.28)

The procedure for finding the fiber angle can be followed fargvayer once the course
numbers are identified. Scanning all plies successivelyusing the order in which the

courses are laid down during manufacturing provides thalls@acking sequence, so that
the local stiffness matrix can be calculated.

3.3.2 Axial Angle Variation on Cylindrical Shells

The coordinate transformation frofx, 6} to {s, 5} is not valid for a cylindrical shell, be-
causeax = 0. The developed cylinder surface becomes a rectangle areftine a rectangu-
lar coordinate system is used. Furthermore, the radiugistanot such that(x) become®R.
Now the vector pointing to an arbitrary point on the fiber pattefined by:

Re = Xol + Rl (3.29)

and the path normal vector is: .
£ = —sinyi +cospj (3.30)

such that the vector pointing to the course edge becomes:

|3e = (Xc— psingc) I+ (ROc+ pcosye) | (3.31)

The left and right circumferential coordinates of the ceureed to be determined at a given
x-location to find the effective head widi, defined by:

The following example is given to illustrate the procedure:

Example

Determinewe atx=0 w W
Given: p(X) = ¢, p = > pr = 3 andfp =0

1. Determiné);:
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(a) Determine; andy(xc) for xe =xandp = va:

Xe = Xc — PSiNp(Xc)

gives
W
Xe = Xet+ 5 sing
and
P(Xe) = ¢
(b) Calculated,:
dé _ tanp(x)
dx R
and
0o=0
ive
’ X+ W sing
_ Xctang 2
Oc = R = R tang
(c) Calculatéde:
pcospc  Xtang w . w
= + = + — + —
fe = 0. R R >R singtang >R Cosp
Simplifying this expression results in:
xtang w
h=be=—"7"* 2Rcos)

. . . w
2. Determind), following the same steps as f@r, now withp = _E:

0 _ Xtang  w
""" R 2Rcosp

3. Calculating the effective head width:

We = R(9| _gr) =

R xtan¢+ w _(xtangp  w W
[( R 2Rcos¢> ( R 2Rcos¢>}_@

The example shows that the effective course width for a pathaxconstant fiber orientation
. . w
on a cylinder is equal t%o—.

S
The procedure for calculating the exact fiber angle ori@nteor an arbitrary point is
similar to the one explained above for the conical shellhla tase the arbitrary coordinates
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are linked to the coordinates of the central path by the twispd equation 3.31.:

X=X = PSingc
3.33
= g+ D05 (3.33)

Combining the two equations above to exclydgives:
(X=Xc) cospe = —R(0—6¢) singc (3.34)

Both x and# are known andp; and 6. are functions ofx; so that equation 3.34 can be
solved forx.. Subsequently, the fiber orientatig can be calculated and if the distance
to the central patlp is desired, it can be solved from either one of the equatiod3 By
substitutingx, ¢c andfe.

. . ) 2 .
A ply is generated by offsetting the basic path over an anglé, A = WW wheren is

an integer number between 0 aNd 1, identifying each course amilf is the offset angle
between two adjacent courses. The course with0 is assumed to be the basic course
defined bydc(x.), such that(s:) = 09(sc) + nAF. The course identifier is found by:

1 0-60:(x)

Overlapping courses are identified by reducing the coursebeun by k starting atk = 1
as with the cone, such that:
Nk+1 = N—K (3.36)

provided that:
Oy <0-(n-k)Ab <6 (3.37)

The procedure is repeated for increasing valudsuitil the condition in equation 3.37 is
no longer satisfied.

3.3.3 Circumferential Angle Variation on Cylindrical Shells

The orientation for a fiber path on a cylindrical shell withiecemferentially varying fiber
orientation is defined as:

= p(0) (3.38)

The definition of the circumferential coordin@tand the fiber angle orientatignare shown
in figure 3.7. Again, a rectangular coordinate system is deethe developed cylinder
surface so that the vector pointing to the edges is defined|bgten 3.31:

Re = (X = Ppsingc) i+ (Rfc+ pcospe) | (3.39)
Now the effective course width is defined by:

We = X| —Xr (3.40)
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Figure 3.7: Fiber angle definition for circumferential vation on a cylinder

Therefored. andy need to be determined first, after whixhand finallyxe can be found
for a given head width.

The variation in the circumferential direction has to beigd#ic over 2r to obtain a
continuous angle variation. Moreover, the discrete cauadso need to be periodic. This
is achieved by tailoring the amount of shift along the axie¢ction to the length at which
a fiber path would wrap around the cylinder if the cylinder wafficiently long, i.e. at
x=La,, shown in figure 3.8. The original path is repeated at thetpualirere the path wraps
around the cylinder and thus a discrete number of courseseidad within the distande
to produce a regular pattern. The minimum number of couesgsired for full coverage of
the surface is:

L27'r
Nmin = 3.41
mn ’7We,min—‘ ( )
such that the amount of shift becomes:
_ |L27T|
AX= N (3.42)

The path segments that are present on a short cylinder aed baghe original path, even
if the cylinder is not long enough for the original path to wraround, e.g. the black part
shown in figure 3.8. Therefore the number of courses stiledep on the periodic length.

Equation 3.34 of the axial angle variation can be used taaete the fiber angle:

(X—X¢) €coSpe = —R(0—06¢) singe (3.43)
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Figure 3.8: Fiber paths on an expanded cylinder

x andé are again given, but now andy. are functions o)., so that the equation needs to
be solved fo¥.. The fiber angle and the distanp&an be found oncé; is known.

Course identification is similar to the previous two casde Gourse identifiem can be

found by:
ne {X‘XF(Q)J (3.44)

AX

where Ax is given by equation 3.42 and is the right edge of the course. Overlapping
courses are found by increasikgsuch that:

Nk+1 = N—K (3.45)
provided that the following condition is met:

X <X=(N—-K)Ax< X (3.46)

3.4 Path Candidates

Four different path definitions are suitable for use in aglesinvironment: i) the geodesic
path definition (Goldfeld et al., 2005), which is a path la@eh on a surface in a natural
manner, i.e. no steering is required; ii) a constant angle, pehich is useful from an analyt-
ical and practical point of view; three, a linear angle viamia which is derived, analogous
to the definitions used for flat plates (Tatting and Giurdaf20and four, a path with con-
stant curvature (Tatting and Girdal, 2003) can be definedhngimplifies evaluation of a
curvature constraint that may be imposed because of malimitations.
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3.4.1 Geodesic Path

The first path definition, having zero in-plane curvature geodesic path. This path defi-
nition serves as a basis for other path definitions, becaymience in the field of geodesic
paths for use with filament winding is already available.

Axial angle variation on conical shells

sina:sing(x)

Equation 3.9(n(x) = % cosp(X) + can be solved by a change of variables,

u(x) = r(x)sinp(x), using the fact that = 0. Then, by stipulating the fiber angle at the
small radius to bdyp, the fiber angle variation for a geodesic path is:
__rosinTp  soSinTo

sing = ) S (3.47)

The actual patl#(x) is found by integrating equation 3{5tany = r(x)g . Alterna-

tively, this equation can be written in the coordinates @& tleveloped cone surface, see
figure 3.3:
ds

tany(s) = s& (3.48)
Then, the path of the geodesic is defined by:
B(s) = (Bo+To) —¢(s) (3.49)

wherefy defines the starting position of the path.

Axial angle variation on cylindrical shells

The definition of the in-plane curvature for cylindrical $kevith an axial angle variation
is defined by the first part of equation 3.10:

K(X) = de cosp(X) (3.50)
dx
The curvature can only be zero if eithg% = 0 or if cosp(x) = 0. The first condition is

fulfilled if ¢ = constant and the second4f= +90°, which leads to the conclusion that the
fiber orientation of a geodesic path on a cylinder is constant

Circumferential angle variation on cylindrical shells

The derivation for the axial variation on cylindrical skeelas shown that the geodesic path
has a constant fiber angle. This can be verified by lookingeaetjuation for the in-plane
curvature for a circumferential angle variation on cylicdt shells, the second part of equa-
tion 3.10:

k() = %Sihg@(@) (3.52)
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d . .
Indeedd—g = 0 if ¢ = constant, reducing the curvature to zero.

3.4.2 Constant Angle Path

An alternative to the geodesic path is a constant angle whibh is often used in theoretical
studies because it is easy to analyze, although not alwagsfacurable. The fiber angle
along the entire path is defined to be:

p(x) =¢ (3.52)

Substituting this relation into equations 3.5 and 3.9, theegning equations for a constant
angle path become:

d _ tano
™ giading (353)
T

Axial angle variation on conical shells

Inspecting equation 3.53 it can be noticed that the largastevof the curvature occurs at
the small radius of the cone, which makes it easy to deterthiméeasibility of a path once
the geometry is known. The function defining the path is:

B=Po
B(s) = tangIn (%) +8p  or  s(B)=set@ne (3.54)

Cylindrical shells

The path curvature of a constant angle path is zero on a cidadghell, as shown in section
3.4.1, and the path itself is defined by:

dg tang
x- R (3.55)
So that: R0
X RX0> +00 or X0 = (660)

tang

0(x) = tan¢g ( +Xo (3.56)

3.4.3 Path with Linearly Varying Fiber Angles

The linearly varying angle path, in which the fiber angle ®atinearly fromTp to Ty, is a
path definition that has been used for flat plates.
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Axial angle variation on conical shells

The fiber angle on a conical shell is defined to vary linearbnglthe axial direction from
Tp at the small radius t®; at the large radius:

X
(p(X) = T0+(T1_TO)E (3.57)
The expressions for the three dimensional path definitiortlaa curvature are:
X
do tan(To+(T1—To)E)
dx r(x) (3.58)

T1-To sina:sing

K(X) = R )

Unfortunately, the path definition can not be written as apliei function of x and#, so
that the coordinates have to be determined numerically tegrating equation 3.58:

0(x) = /Xtan(To+(T1—To)E)r?—XX)
0 6o ds (3.59)
= ﬁ(s):/Sotan(To+(T1—To)T>E

The minimum curvature also has to be found numerically.

Axial angle variation on cylindrical shells

The equations for the conical shell can be simplified for thkéndrical shell by stating
sina = 0 andr(x) = R. The equation for the fiber angle variation is the same asuatson
3.57, while equations 3.58 become:

do B tan(To + (Tl_TO)ﬁ)

dx R (3.60)
K(X) = TlETO CoSsyp

Integration of the first of these equations results in thé pafinition:

Hzmln(co&pw

L
T In (cosTp) (3.61)

wherey is given by equation 3.57.

Circumferential angle variation on cylindrical shells

The definition for a fiber path that has a linear fiber angleatam in the circumferential

direction is: 00
p(0) = To+(TL—To) ;— - (3.62)
)
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wherefg andf; are the circumferential locations at which the linear anglgation respec-
tively starts and ends. Substituting equation 3.62 in équa.10 results in the following
expression for the in-plane curvature:

Kk(0) = sin 3.63
The differential equation for the path
do tany
7 .64
dx R (3.64)
can be integrated to obtakas a function ob:
_01-6o L
=TT (Insing —InsinTp) (3.65)

wherey is given by equation 3.62

3.4.4 Constant Curvature Path

Finally, a path with constant curvature will be defined, sat the curvature constraint can
be readily evaluated.

Axial angle variation on conical shells

The angle variation for a constant curvature path is agdinettto start from an angl&
atrp (or sp) and to end at an anglg atr; (or s1) and is given by:

. rosinTo . x (r(x)?-r3
siny(x) = r(x) +sina< 2r(x) 0)

_ a)sinToJm(sz—%)
2s

S

(3.66)

The derivation of this equation can be found in appendix Be @drresponding value of the
curvature is:

rg . ro . 1 — ro+rg
_ (1 -0 = — 3.67
K (T SinTy - — smTo) - [r 5 } (3.67)
The path on the shell surface can be found by numerical iatiegr.
S
B(s) = / @n(s) 4o (3.68)
S S

which can then be transformed back to three-dimensionaé cmordinates using =
fsina.
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Axial angle variation on cylindrical shells

The equation for the fiber angle on a conical shell, equatié6,3an be simplified for a
cylindrical shell and after substituting the expressiartli@ curvature: from equation 3.67
it can be rewritten as:

sinp(x) = sinTo+(sinT1—sinTo)E (3.69)
The curvature is: T —sinT
sinTy —sinTy
= - - = 3.70
5 (3.70)
and the path definition becomes:
- _cos<p—cosTo (3.71)
kR

wherey is defined by equation 3.69.

Circumferential angle variation on cylindrical shells

The definition for the circumferential angle variation canderived, similar to the deriva-
tions for the axial angle variation on cylindrical shells:

cosp(#) = cosTp+(cosT; —cosTp) : — 000 (3.72)
1~bo

while the curvature is: coST- - cosT

0~ 1
=—= 3.73
R(#1-0o) (3.73)

The path is defined by: _ _

" sing —sinTy (3.74)

KR
wherey is given by equation 3.72.

3.4.5 Multiple Segment Angle Variation

The path definitions described above can be used in a mudéglment angle variation. The
multiple segments enable an expansion of the design spé#ile, keeping the number of
design variables manageable. The principles of the mal§pgment variation are explained
below.

Axial angle variation on conical and cylindrical shells

The cone or cylinder is divided in multiple parts for the dxagle variations, so that they
can be considered separate cones or cylinders with theinogle variation. It is necessary
to have continuity at the transition between two segmenénsure manufacturability. The
fiber angle must therefore be the same for both segmentssatahinection. Different
segments can have different types of path definitions, i@nstant, geodesic, linear or
constant curvature, as long as the continuity conditiomatttansition is satisfied. These
angles would be the design variables in a design case.
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(b) Developed cone representation wih= 0°, T, = 80°, To =
-30° and Tz = —60°

Figure 3.9: Multiple-stage angle variations

An example of a three-stage constant curvature angle iariet shown in figure 3.9,
where a conical shell with = 35° has different fiber angle variations betwegrandr,
betweerr; andr, and betweem, andrz. The starting value of one stage is the same as the
ending angle of the previous stage.

The notation for a cone with an arbitrary humber of stajess given below for a
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constant curvature path. The fiber angle variation is defiryed

sina \ 2r(x) (3.75)
i=0,1,2,...,Ns—1
where the curvature per stage is:
Fi+1 . r . 1 ri+ri
i = (%1 S|nTi+1—?'S|nTi) o [r: ! 2”1} (3.76)

In this equatiorl; is the surface length of cone segmeand is defined by = Xj+1 —X;.
The vector with design variables that defines this pij{8 = {Ték),Tl(k), ...,Tl\(,'s()}T, where

each‘l’i(k) represents the fiber angle at the small radius of #1 cone and the fiber angle
at the large radius of thi&' cone.

Circumferential angle variation on cylindrical shells

At least two segments are needed for the circumferentidéaragiation to satisfy the peri-
odicity constraint ab = 27, unless it is a constant angle ply. More segments providemor
design freedom and consequently a better chance of imgrdvédesign and therefore itis
beneficial to use more than 2 segments. Too many segmentsindgiase the design space
too much and may result in a slow optimization process, ragga balance between the
amount of design freedom desired and the amount of time Wded#ptimize the design.

The path definition for the circumferential angle variatiormultiple segments is de-
fined similar to the axial angle variation. The constant atuve variation, for example,
becomes:

0-6
Cosp () = cosT +(CosTi1 ~CosTy) £ '0 (3.77)
i+ —0i
In this equatiorT; is the fiber angle at th@ location around the circumference, where there
is a transition between two segments. At the transition ther fingle is continuous, but the
in-plane curvature changes. The in-plane curvatuvgthin one stage for a cylinder with
radiusRis:

coslj —cosTi+1
K= ———F"
: R(6i+1—6))
The curvature for each segment can easily be calculated theetiesign variable§ are
known.

(3.78)

3.5 Examples of Fiber Paths and Curvature Constraints

A conical shell with a small radiug = 0.125 m, a large radiug = 0.8 m and a cone angle
« = 40° will be used to demonstrate some of the theoretical fiberspdéscribed in the
previous section. A minimum turning radius @fi» = 0.635 m (= 25 in), or equivalently a
maximum curvature ofmax=1.57 n1(= 0.04 irr1) is assumed to incorporate the limitations
of a typical fiber placement machine.
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Example 1

The fiber paths, fiber angle variations and curvature vanatfor three different fiber paths
are shown in figure 3.10. The three courses correspondirigetdifferent path definitions
are plotted on the three-dimensional cone surface in figif@&). The centerline, the left
edge and the right edge are shown for each course, wherelibergaisl andr represent
the left and right edges. The displayed constant curvatatie, gonstant angle path, and
geodesic path all have the same starting afigle 45°, while the constant curvature path
also hag; = 45°. The constant angle path can be considered as a speciafthsdiwearly
varying angle path witfTy = T1, which is why linear fiber angle variation is not present in
this example. The constant angle and constant curvatuhes pae completely different,
even though they have the same starting and ending angéefigsees 3.10(a) and 3.10(b).
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Constant angle
- - Geodesic

- - Constant curvature
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- - Geodesic
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Figure 3.10: Different fiber paths withy = 45° and | = 45°

The geodesic path is represented by a straight line on thedafeed cone surface, which
deviates considerably from the other two paths. The fibeleavayiations are plotted in
figure 3.10(c). The fiber orientation of a geodesic path viiligg/'s go to zero when moving
from the small to the large radius of a cone and thereforelitngver resemble paths that
have a (relatively) large angle at the large radius. Theeldifierence between the constant
curvature and constant angle path is caused by the variatithe fiber angle in-between



54 3 Variable-Stiffness Laminate Definition

the small and large radius, see figure 3.10(c).

Manufacturability, which is determined by the maximum @tuore of a path, also varies
from one path to another. The curvature variation of theettpaths is plotted in figure
3.10(d), together with the maximum allowed curvature. Thedgsic path can always be
manufactured, because it's curvature is zero by definitmmthermore, the constant curva-
ture path does not violate the maximum curvature constfairis combination of starting
and ending angles. The constant angle path exceeds the oradatiowed curvature, which
means that this particular configuration cannot be manuifadtusing a typical fiber place-
ment machine.
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Linear variation
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Linear variation
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Figure 3.11: Different fiber paths withy= 0° and T, = -70°

Example 2

Another example of three courses with varying fiber oriéatet is shown in figure 3.11,
the paths in this figure all have a zero starting angle, whitelinearly varying angle path
and the constant curvature path h&ye= —-70°. The last two paths are very similar, as
can be seen from figures 3.11(a) through 3.11(c). The mdifereince between the two is
again the curvature, shown in figure 3.11(d). The constamiature path just satisfies the
curvature constraint, whereas the linearly varying angté piolates it. The sharp variation
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of the curvature along the length implies that linear fibeéemtation variation should be
implemented with care for conical structures.

Example 3

A more general overview of feasible combination3@andT; is given in figure 3.12, where
a contour plot of the maximum curvature is given as a funatibthe design variable®
andT;. The feasible design space consists of the combinatiofig ahd T; for which
the maximum curvature is less than or equal to the fiber plao¢tmachine dependent
curvaturesmax= 1.57 mt. The maximum curvature value is indicated by the white marke
The feasible designs for both the linear angle variationtaedconstant curvature variation
are in the middle, while the infeasible designs are on thessaf the design space. The
linear angle variation, figure 3.12(a), shows a consideradduction in design space due
to manufacturing limitations for this particular cone cguofiation. This emphasizes the
need to determine the manufacturability of a fiber path leefizing it in a design such that
structural analyses of infeasible designs is avoided. Dhetant curvature variation, figure
3.12(b), has a considerably larger design space than tearlangle variation, but is still
limited by maximum curvature.
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(a) Linear angle path definition (b) Constant curvature path definition

Figure 3.12: Maximum path curvature, maximum allowed ctuv@smax = 1.57 nit

3.6 Conclusions

A method for tracing local fiber orientations and overlapgonical and cylindrical shells
with a variable-stiffness ply constructed by fiber placetnveas developed. Four different
theoretical path definitions that describe the angle vianah axial or circumferential di-
rection were defined: a geodesic path, a constant anglegbtiearly varying angle path,
and a constant curvature path. The latter two path defimitipovide an extended design
space compared to traditional straight fiber paths, eslbegiaen multiple segments are
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used, although curvature constraints imposed by the filz@eptent process can consid-
erably limit the amount of variation in fiber angle orienteti It is therefore important to
investigate the manufacturability of a fiber path beforagst in a design. The four path
definitions, and the procedure to calculate the stackingeseoe locally, provide a firm ba-
sis for constructing stiffness models that take into actearying stiffness in the form of
varying fiber orientation angles and varying thickness.

The path definitions derived in this chapter will be used tiindevariable-stiffness plies
in the following chapters. The axial angle variations wil @mployed in chapter 4, where
the laminate of conical shells will be optimized for maximéumdamental frequency. The
different fiber paths will be compared and the influence ofdherature constraint on the
optimum design will be studied. The procedure to calculagestacking sequence is used
to construct finite element models to predict the structoealavior of the variable-stiffness
conical and cylindrical shells. The circumferential angdeiation will be applied to opti-
mize a cylindrical shell under bending in chapter 5, wheedfiuence of overlaps will also
be discussed.



Chapter 4

Optimization of the Fundamental
Frequency by Axially Varying
Stiffness on Conical and
Cylindrical Shells

Conical shells and cylinders with various dimensions aréngped for maximum funda-
mental frequency in this chapter, using the fiber path dedimstintroduced in chapter 3.
A comparison with existing work by Hu and Ou (2001) is made] #dre influence of the
curvature constraint on the attainable frequency is alstuated. Conclusions are drawn
based on the numerical examples and recommendations tbefurork are provided.

4.1 Introduction

Earlier research on the design of fiber-reinforced conikalls for maximum fundamental
frequency was done by Hu and Ou (2001). In their work theyysthé influence of the
fiber orientation on the fundamental frequency of conicallstusing sequential linear pro-
gramming (Schittkowski, 2004). The fundamental frequeiscgptimized by finding the
optimum fiber orientatiorp in composite laminates with fat¢/90,/0]n s layup, wheren
indicates the number of repetitions of the stacking seqeigrithin the brackets anglindi-
cates a symmetric layup. Hu and Ou (2001) showed that thenaptiangle depends on the
shell thickness and on the large radius over length ratie. dgtimum fiber angle is shown
to be insensitive to the boundary conditions.

In the research reported here the variable-stiffness tiefisiintroduced in the previous
chapter were used to optimize cones with the same dimenagti®se studied by Hu and
Ou (2001) for maximum fundamental frequency, where st#ffneas only allowed to vary
in the axial direction. The manufacturability of the optimuesigns obtained by Hu and
Ou were judged based on the maximum curvature constraineeTlarger conical shells
were optimized in addition to the cone geometries used byrduGu (2001) to show the

57
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merit of stiffness variation for potential aerospace aggilons.

The geodesic path, the constant angle path, and the coestamature path derived in
section 3.4 were used to construct the variable-stiffneagal shells. The constant angle
path, which produces a constant-stiffness laminate, desigea baseline for the variable-
stiffness designs. Furthermore, the manufacturing caimésr for fiber placement were
taken into account during the optimization of the variatiéfhess laminates to ensure that
the optimal laminate was manufacturable. The curvaturstcaimt was both applicable to
the variable-stiffness paths and the constant-angle gathto the conical shell geometry.
The influence of the manufacturing constraint on the peréoree and the advantages of a
variable-stiffness shell over a conventional constaiffasss shell is demonstrated below.

4.2 Problem Definition and Optimization Procedure

The optimization problem was formulated as the maximizaté the fundamental fre-
qguencyf for a given number of layers, assuming a given shell geom€wowstraints apply

on the value of the curvatureof the fiber paths since the composite shells were designed
to be built using a fiber placement machine. The curvaturepaith had to be smaller than
the maximum allowed curvaturen.x. Elements of a vectdF¥ are used to represent a fi-
nite number of design variables for each lakerThese design variables determined the
variation of the fiber orientation on the surface of the col&ximizing the fundamental
eigenvalue\ is equivalent to maximizing the fundamental frequeticys they are related
by: A = (27 f)?. The design problem was formulated as:

=

Maximize MNTH) k=1,2,....N

. B} (4.1)
Subjectedto  [s(TX)| < Kmax x € [0,L]

whereN is the number of layers in the laminatds the longitudinal surface coordinate and
L is the length of the cone along the surface. The fundameig@healue\ was obtained
by solving the general eigenvalue problem using the finiegneint program ABAQUS:
K = AMC. HereK andM are the global stiffness and mass matrices @isithe modal
displacement vectorx is the maximum value of the curvature of a path angy is the
inverse of the minimum turning radius. The actual value efdliowed curvature depends
on the feed rate used to place the fibers on the surface (Maualk, 2006) and also varies
for different types of fiber placement machines. The impletaton of the varying stiffness
in ABAQUS will be explained in section 4.3.

The occurrence of multiple eigenvalues caused the obgfttivction,\, in equation 4.1
to be non-differentiable and therefore a bound formulatésrintroduced by Olhoff (1989),
was applied to the optimization problem. The bound optitdreproblem is formulated
as:

Maximize ¥ k=212,..N
Subjectedto  \(T¥) -y >0 i—=1234 “.2)
|’f(fk)| < Kmax x € [0,L]

An additional variabley is introduced with the bound formulation, which also becenfe
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new objective function. The variablerepresents a lower bound for each of the eigenvalues,
resulting in additional constraints in the optimizationmfmlation requiring the variablg to

be smaller than the lowest eigenvalues. The four loweshgaglees were taken into account
using the bound formulation.

The optimization was performed by sequential quadratiggnmming, where the con-
strained nonlinear optimization problem with inequalipnestraints was solved using a For-
tran implementation of Schittkowski’s NLPQLP optimizec{fttkowski, 2004). The partial
derivatives of both the objective function and the constsawith respect to the design vari-
ables were required for the optimization process, whiledérévatives of the new objective
function~ with respect to the design variabl€§ was zero. The sensitivities of the eigen-
value constraints with respect to the design variablesere computed using forward finite
differences with a step size ofZb°, for which the eigenvalues were calculated using finite
element analysis. The derivatives of the curvature coimstravere calculated analytically.
An overview of the optimization routine is shown in figure 4.1

(k)
Yinit, Tinjt

v
Fortran ‘ ‘ FEA (T™) HFEA (T(")-&-dT(’“))‘

‘ Fortran ‘ @(k’)
v
‘ NLPQLP optimizer } o > Yopts To(;;z)
Converged? yes

Figure 4.1: Optimization scheme

4.3 Finite Element Analysis

The fundamental frequency was calculated using the fingeneht package ABAQUS
(ABAQUS, Inc., 2005). The stiffness variation resulted mmque stiffness properties for
each element, which were calculated using the propertygacethods discussed in section
3.3. The stiffness variation was implemented using S4 shethents in combination with
the UGENSuser subroutine. The S4 shell element is a fully integragetgeral-purpose,
finite-membrane-strain shell element, with four nodes anut fntegration points. The
UGENSsubroutine is a user-written FORTRAN subroutine that pasise shell stiffness
for each integration point to ABAQUS. The local stacking seoce was calculated based
on the position of the element, the material properties hadaminate definition. Then the
ABD matrix was calculated using Classical Lamination Tlygdones, 1999) and the ABD
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matrix was provided to the ABAQUS solver. An overview of thabysis sequence is given
in figure 4.2.

ABAQUS
CAE
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Fortran |
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ANALYSIS

Data input:
geometry, materials)

laminate definitio

. Python
U:El\:S finite ellement
subroutine "ABD matrix analysis
Analysis outpuj

Figure 4.2: Finite element analysis scheme

The computational performance was compared for the apprdescribed above and a
method that used direct input of the stacking sequence gira.composite shell element,
but the latter needs more than twenty times the amount of atatipn time needed for the
USER subroutine method. Hence, the subroutine method heettearpreferred method for
the implementation of variable-stiffness properties.

The local stacking sequence was calculated using the ldatpould result from the
manufacturing process, which deviated slightly from theaidvariation. This is shown for
a circumferential angle variation in figure 4.3. The fiber lasgare plotted in a surface
contour plot. Ideally, the fiber angle is only a function of tircumferential coordinate, see
figure 4.3(a), however, there is some deviation from thelifileer angle distribution due to
the finite width of the courses, see figure 4.3(b). The lagt@nddeled by discrete elements
in ABAQUS, see figure 4.3(c). A regular analysis can be dorthiwiABAQUS once the
stiffness is defined for all the elements.

4.4 Numerical Results

Twelve conical shells with different geometries were cdastd in the design study de-
scribed in this chapter. The dimensions of these cones @em g table 4.1. Cones 1
through 9 had the same dimensions as those used by Hu and @) {@80the optimization
of fundamental frequencies, i.e. the large radiusas 0.10 m and the small radiagwas
0.06, 0.08 or 0.10 m, while the axial length of the sheMas either 0.10, 0.25 or 0.40
m. These cones were used to study the impact of the curvatasgraint on the optimum
design. They were also optimized using different axiafrstiés variations. Three addi-
tional cone geometries were defined, which could be usedpt@sent realistic aerospace
structures. Cone number 10 represents a cylinder that rngghsed as a satellite bus, cone
number 11 has the dimensions of a typical helicopter tainbashile cone number 12 has
the dimensions of a satellite end cap.
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(a) Ideal fiber angle distribution (b) Fiber angle distribution due to manufacturing

Figure 4.3: Fiber angle distributions within one ply

(c) Fiber angle distribution modeled in ABAQ&S

Figure 4.3: Fiber angle distributions within one ply (comtied)

The last three structures are often subjected to vibratiadd, which might excite the
structure with it's eigenfrequency, possibly resultingairstructural failure. Maximizing
the fundamental frequency of the conical or cylindricallssteucture could be required to
avoid the structure to be excited by low frequency vibration

The cones were designed with the same Graphite/Epoxy rabtesed by Hu and Ou
(2001), the material properties of which are given in tab® 4 different laminate layup
was chosen from that of Hu and Ou, who uségeta/90,/0], s layup for their optimization,
to show the true merits of variable-stiffness designs. Blyap used wag=+ ¢(X)]ss, Wwhere
thess notation indicates that the stacking sequence within thekats is repeated five times
and the laminate is symmetric. [A& ¢(X)]ss laminate thus resulted in 20 layers of material.
This layup will be denoteftt To]ss for the geodesic and constant angle paths, since the angle
variationy(x) is defined byTg. The constant curvature path, which is a function of the two
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Table 4.1: Cone geometries

Cone Small radius Large radius Axial length Cone angle
number ro (m) ry (m) A(m) a(9)
1+ 0.06 0.10 0.10 21.80
2* 0.06 0.10 0.25 9.09
3* 0.06 0.10 0.40 5.71
4 0.08 0.10 0.10 11.31
5* 0.08 0.10 0.25 4.57
6* 0.08 0.10 0.40 2.86
7* 0.10 0.10 0.10 0.00
8* 0.10 0.10 0.25 0.00
9* 0.10 0.10 0.40 0.00
10 0.30 0.30 0.725 0.00
11 0.30 0.35 1.000 2.86
12 0.125 0.80 0.804 40.00

* From Hu and Ou (2001)

Table 4.2: Graphite/Epoxy material properties used by Hd &u (2001)

E11 128 GPa
Exo 11 GPa
V12 0.25

G12 4.48 GPa

toly 0.125 mm
P 1,500 kg/nd

variableslp andT, will be denoted+ < To|T1 >]ss. A multiple-segment constant curvature
variation was also used for the optimization. A two-segmemtation was selected with
T2 = To, so that only two variables were used. This laminate is dalet < To|T1|To >]ss.
The design variablesly and T1, were allowed to vary betweer89° and+89° to avoid
discontinuities during production. The cones were fulpneped at both ends for the natural
frequency analysis.

A mesh study was performed to investigate the influence oftlmber of elements in
the longitudinal and the circumferential direction indegently. A mesh with 30 elements
in the longitudinal direction and 100 elements in the ciréemential direction was selected

for all the cone geometries, because it provided accuratétsawithin a reasonable calcu-
lation time.

4.4.1 Influence of the Curvature Constraint on Design Feasibty

Some examples will now be given to demonstrate the consegaeaf the curvature con-
straint on the feasibility of different fiber orientationsr fdifferent cone geometries, even
though the curvature constraint was automatically takém &ccount in the optimization
process.

Two different values for the allowed curvature were usedltstrate the consequences
of the maximum curvature value on the feasibility of a desifme first maximum curvature
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value was 1.57 mt, which corresponds to a minimum turning radius of 0.635 misTh
value is the minimum allowed turning radius for a typical filgacement system. The
second maximum curvature value was 4.08 mvhich corresponds to a minimum turning
radius of 0.25 m. A reduction in feed rate is required if thisning radius is used, but
manufacturability is guaranteed, see Moruzzi et al. (2006)

The maximum curvature values for a constant angle path asdaidn of the design
variableTy are shown in figure 4.4 for multiple values of the cone angld he values for
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Figure 4.4: Maximum curvature values for constant angléhgat

cones that have a small radis=0.06 m and a large radiug=0.10 m are shown in figure
4.4(a), while the values for cones that have a small raja8.08 m and a large radius
r1=0.10 m are shown in figure 4.4(b). The influence of the smadliuson the curvature
can be seen by comparing figures 4.4(a) and 4.4(b). Note:ctilesson the vertical axes
are different. The curvatures of the cones wih0.06 m were more than 30 percent higher
than the curvatures of the cones witr0.08 m for equal values of the cone angleThis
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resulted in severe restrictions on the design space forahescwithrg=0.06 m, whereas
few restrictions applied to the cones wit§=0.08 m. For example, a cone with=0.06

m, r1=0.10 m andr = 21.80° could only have a constant fiber orientation betweémd

15° for a maximum curvature of 1.57 Th whereas the maximum fiber orientation was 40
if the larger curvature of 4.00 This used. The maximum feasible fiber orientations using
advanced fiber placement are listed side by side with thenoti fiber angles obtained
by Hu and Ou (2001) in table 4.3. Comparison of the maximursifda fiber angles with
the optimum fiber angles obtained by Hu and Ou showed that ofdke optimum fiber
angles for the cylinder witlp=0.06 m andr;=0.10 m could not be manufactured using
fiber placement technology if a maximum curvature of 1.5% /e assumed. Relaxing the
curvature constraint to 4.00henables fiber placement of the optimum fiber angles for all
cones, except for the one with=0.06 m,r;=0.10 m, andA = 0.10 m.

Table 4.3: Comparison of maximum feasible fiber orientagiosing AFP and optimum
fiber angles from Hu and Ou (2001)

Axial length ro=0.06 m,r1=0.10 m ro0=0.08 m,r1=0.10 m

A ¢max(o) ¢gpt(o) ¢max(o) Q%pt(o)
k=157m1 k= 4.00m? k=157m"

10 15 40 45 40 46
15 22 69 48 72 45
20 29 - 44 - 50
25 37 - 43 - 46
30 45 - 46 - 42
35 56 - 65 - 43
40 72 - 61 - 62

* values from Hu and Ou (2001), lay(6, 90,, 0|25

The curvature values for the constant curvature paths aifuns of two variables and
therefore it is more difficult to compare the feasibility bétdesign space for many different
cone geometries. Here, only two cone geometries are choshiustrate the differences in
feasibility. The curvature values for different combiwais of To and Ty for a cone with
ro=0.06 m,r1=0.10 m andx = 21.80° are shown in figure 4.5(a). The curvature values for
a cylinder withrg = r; = 0.10 m and an axial length = L = 0.40 m are shown in figure
4.5(b). White markers indicate the two maximum curvatulees, xmax = 1.57 mi* and
kmax=4.00 nl. The area in between the two markers with the samgaxis the feasible
design space. The feasible design space for the cylindegunefi4.5(b) is larger than for
the cone in figure 4.5(a) due to the larger dimensions of tme ¢o figure 4.5(a) and the
zero cone angle.

4.4.2 Influence of the Curvature Constraint on the Optimum Design

Cone number 1, with a small radius of 0.06 m, a large radiusl th and a cone angle of
21.80 degrees, was used as an example to illustrate therinéwd the curvature constraint
on the maximum fundamental frequency, because this conéahgel restrictions on fiber
orientation due to the curvature constraint. The resultlidbur path definitions for the
two curvature values are given in table 4.4. The percentagedle 4.4 indicate the rel-
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Figure 4.5: Curvature values for constant curvature paths

ative increase in eigenfrequency with respect to the basttaat-stiffness design that was
obtained with a maximum curvature of 1.57mn

Table 4.4: Influence of the curvature constraint on the maxinfundamental frequency of
cone number 1,g0=0.06 m, p = 0.10 m,a« = 21.80°

Kmax = 1.57 m_l

Path definition To (°) T1 (°) f (Hz2)

Geodesit 60.6 - 4374+ 32 %)
Constant angle 14.7 - 32920 %)
Constant curvature 49.5 36.2 444735 %)
Constant curvature, two segments 19.8 19.1 3694)

Kmax — 4.00 m_l

Path definition To (°) T1(°) f (Hz)

Geodesit 60.6 - 4374+ 32 %)
Constant angle 40.3 - 448836 %)
Constant curvaturé 41.4 42.4 4476+ 36 %)
Constant curvature, two segments 40.0 42.1 4500%)

* The path curvature is always zero
** The curvature constraint was inactive

A comparison of the optimal fundamental frequencies of gaath definition for the
two different curvature values showed that the value of thgimum curvature had a major
influence on the attainable maximum fundamental frequenrye constant angle path and
the two-segment constant curvature path. The fundameet@héncy for these two paths
increased by respectively, 35 and 25 percent when the @imisivas relaxed from 1.57 Th
to 4.00 mL. The maximum fundamental frequency for the one-segmerstanhcurvature
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path was only slightly influenced by the tighter curvaturastaaint, while the frequency of
the geodesic path was not influenced because of the zerauread the path.

The constant curvature path had the highest maximum funci@hfeequency of 4447
Hz for a maximum curvaturemax = 1.57 ni’%, a 35 percent improvement compared to the
best constant-stiffness laminate which had a maximum &equof 3292 Hz. The curva-
ture constraint of 1.57 m was active for all configurations. The maximum frequencies
of the constant angle path and both constant curvature pathes close when the maxi-
mum curvature was relaxed to 4.00inand only the geodesic path, which always has zero
curvature, had a slightly lower maximum frequency. The tamsangle laminate and the
constant curvature laminate with two segments were réstrioy the maximum curvature
of 4.00 m. The influence of the curvature constraint on the perforraariche conical
shell is illustrated by this example, and although for soroeres the effect of the curva-
ture constraint was more evident than for others the matwriaaility of a cone cannot be
ignored during the design.

4.4.3 Frequency Results

The optimization results for the rest of the cones of tablewith a curvature constraint
of 4.00 nT! are given in table 4.5. The last column in table 4.5 gives #reentage in-
crease of the fundamental frequency of the best variabifaests laminate, which for all
the cases considered was the two-segment constant curyetthr design, with respect to
the optimum frequency of the constant-stiffness laminab&ipged in the fifth column. The

Table 4.5: Frequency results, fixed boundariagax = 4.00 nit, 30 x 100 finite elements

Cone Geodesic Constant Constant Constant curvature, ivieelat
number angle curvature two segments increase

To f To f To Ty f To Ty f

()  (Hz) ()  (Hz) ) ) (Hz) ) ()  (Hz) (%)
1 60.6 4374 40.3 4488 41.4 424 4476 40.0 42.1 4500 0.3
2 60.6 1858 43.8 1837 65.4 28.0 1860 29.0 53.7 1971 7.4
3 89.0 1110 25.6 1123 27.1 25.4 1122 23.3 89.0 1294 15.2
4 47.4 4675 42.4 4705 43.0 429 4702 36.8 46.5 4751 1.0
5 35.5 1741 31.0 1748 31.2 31.0 1748 33.0 73.4 1935 10.7
6 39.0 1083 34.5 1082 39.3 30.0 1083 16.8 89.0 1185 9.6
7 42.0 4593 42.0 4593 42.0 420 4593 35.5 51.1 4680 1.9
8 37.6 1706 37.6 1706 37.6 37.6 1706 30.0 89.0 1819 6.6
9 40.6 1019 40.6 1019 54.1 28.0 1022 16.4 89.0 1145 12.5
10 32.9 334 32.9 334 33.1 33.1 335 16.6 89.0 393 17.7
11 42.2 227 25.6 227 26.1 25.3 227 15.6 89.0 273 20.4
12 89.0 149 33.9 187 89.0 31.3 186 16.3 88.9 211 12.8

following conclusions can be drawn from the results showiabie 4.5.

1. As stated the variable-stiffness laminate with the optimtwo-segment constant
curvature variation had a higher fundamental frequency tha optimum constant-
stiffness laminate for all cone geometries. The stiffnes$ation caused a different
modal behavior, resulting in a higher fundamental freqyeiticis expected that as
the number of segments is increased even better desigrsantbtained.
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2. The geodesic laminates had a lower maximum fundameet@iéncy than the other
path definitions for the cones with larger cone angles, bees 1, 4 and 12. This can
be explained by the fact that if the ratio between the largktha small radius of the
cone increases, the fiber orientation angle decreases wbengrtowards the large

rosinTo

r(x)

consequently causing a lower maximum fundamental frequenc

radius, i.e. sip = , causing a low stiffness in circumferential direction and

3. The differences between the geodesic, constant anglearaiant curvature cones
were relatively small for the cones with small cone angles, ¢ones 2, 3, 5, 6 and
11. This was due to the similarity of the paths for small congles.

4. The geodesic path and the constant angle path were exaetsame for cylinders,
i.e. cones 7 through 10, and for these cylinders the bestansurvature path also
had zero curvature, which also reduced the constant cue/p#ith to a geodesic path.

5. The improvements of the two-segment constant curvatuméniate compared to the
constant-stiffness laminate were negligible when thetleafpng the cone surfack,
was small, i.e. cones 1, 4 and 7. More steering was requirgdttthe desired vari-
ation in fiber orientation when the length along the surfaes wmall. The surface
length became so small that almost no steering was allowetidogurvature con-
straint, which especially restricted the angle variatibnihe two-segment constant
curvature variation.

6. The improvements of the variable-stiffness laminatesibee larger when the overall
size of the cone became larger, i.e. cones 10 until 12. ThHiséause curvature no
longer restricted the amount of steering of the fiber pathwrsa possible due to the
large dimensions of the shell.

4.5 Conclusions

The numerical examples discussed above showed that mé&maflaitity can have a large
influence on the value of the maximum fundamental frequeriayoaical and cylindri-
cal composite shells with an axial stiffness variation, #mat it is necessary to take the
manufacturing constraints into account in the design pbaevariable-stiffness laminate.
Furthermore, it was proved that significant improvementsaximizing the fundamental
frequency of conical and cylindrical shells can be made bggugariable-stiffness lami-
nates, especially for larger cones.

Using multiple-stage angle variations could result in ggeémprovements, because a
multiple-stage variation provides more design freedommiiesigning composite lami-
nates. In addition to varying only the fiber orientation t@aeobe the laminate stiffness,
as was done in this chapter, thickness of the laminate cdstdtee varied to change the
laminate stiffness locally. Ply repetitions are usuallpided in practical applications and
therefore a complete laminate optimization would be the sip for assessing the possible
benefits of variable-stiffness composites in the desigrooiaal and cylindrical shells for
maximum fundamental frequency. In addition, working witle tmultiple-segment angle
variation could result in larger improvements in structeféiciency if the fiber angle at the
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large radius]y, is allowed to differ from the fiber angle at the small radilis,as opposed
to the example shown above.



Chapter 5

Optimization of a Cylinder in
Bending by Circumferentially
Varying Stiffness

5.1 Introduction

A cylindrical shell was optimized for buckling under a carstbending moment by vary-
ing the fiber angle within a ply as a function of the circumfeia coordinate. Tailoring
the stiffness in the circumferential direction was expédte lead to improved structural
performance, since bending causes loads to vary aroundtuederence of a cylinder.

Earlier work on circumferential stiffness variation hagbe&one by Tatting (1998) who
uses a linear membrane solution to find the optimum fiber avaliation for cylinders
with multiple, combined load conditions. He notes thatwmnderential stiffness variation is
most beneficial for load conditions that also contain vaiain the circumferential direc-
tion. Tatting applied a linear angle variation within segmseof the cylinder circumference,
in which the design variables could vary in 15 degree incram&om one segment to an-
other. Optimization was done using genetic algorithmstiigconcludes that the stiffness
variation of the optimal designs contributes to the inceelgserformance of the cylinder in
two ways: i) it lowers the internal loads in the critical asghrough redistribution of the
stresses; and ii) it provides a relatively stiff region i ttylinder that alters the buckling
behavior of the structure.

The difference between the current work and that of Tatth®98) is that the current de-
sign study also included laminates in which courses weosvalll to overlap within a single
ply, as opposed to laminates with a constant thickness. Xdne &ber angle variation based
on manufacturing by fiber placement was included explidgitlghe finite element imple-
mentation. Furthermore, the influence of strength comggaind manufacturing constraints
on the optimum buckling moment were investigated in prefi@rdor manufacturing and
testing of one of the variable-stiffness designs.

69
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5.2 Design and Optimization Formulation

5.2.1 Definition of the Optimization Problem

The objective of the design study was to maximize the bugKliad of a cylinder with a
diameter of 610 mm (24 in) and a length of 813 mm (32 in) in begdiy varying the fiber
orientation in the circumferential direction, see figur&(8). The design variables were
defined byTik, wherek represents the ply number anthe location of the design variable
T within that ply, as shown in figure 5.1(b).
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. |
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(a) Application of the bending moment (b) Definition of the design variables per ply

Figure 5.1: Schematic view of loading conditions and degigrameters

Three different optimization problems were considered:

1. optimization of the buckling load, with a constraint oa thinimum value of the fiber

angle:
maximize Mecr for constant-thickness laminates
My for overlap laminates
subjectedto  TK>1° fori=0,1,2,3and 4, ank = 1,...,Np
for constant-thickness laminates
Tk>10 fori=0,1,2,3and 4, ank = 1,...,Np

for overlap laminates
(5.1)

2. optimization of the buckling load, while taking manufarihg constraints and strength
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into account:

maximize Mer for constant-thickness laminates
Mer for overlap laminates
subjectedto T > 10° fori=0,1,2,3and 4, ank = 1,...,N,
1K < Kmax fori=0,1,2and 3, ank=1,...,N,
M¢ > Mg in all elements

(5.2)

3. optimization of the buckling load, including manufaétgrconstraints, strength, local
and global stiffness constraints:

maximize Mer
subjectedto  TX>10° fori=0,1,2,3and 4, ank = 1,...,Np
|5K| < Kmax fori=0,1,2and 3, ank=1,...,N,
M¢ > Mcr in all elements
Eg > Emin ford = 0°,90°,+45°,-45°, in all elements
El > 0.95El,

(5.3)

A distinction was made, in chapter 3, between variabldérgtifs laminates that have a
constant thickness and those that allow overlap betweersesuThe optimization results
for the first group are presented in section 5.3, the optitiizaesults for the overlap lam-
inates are presented in section 5.4. The structural mase @instant-thickness laminates
was identical to that of the baseline cylinder, allowing Bedi comparison of the buckling

. . . . — M .
load M¢r. A new objective function, the specific buckling moméfd, = — was intro-

duced for the overlap laminates to account for the struttoaas added by allowing courses
to overlap within a ply, wherenis the cylinder mass.

Optimization case 1 was focused on maximizing the bucklragllunder bending with
a constraint on the minimum value of the fiber angle. The fibbgjlefor the constant-
thickness laminates was required to be equal or larger thawHich arose from the ply
definition for circumferential angle variation that was ciésed in section 3.3.3. The fiber
path does not continue around the circumference when oneeadésign variables is°p
causing numerical problems in the calculation of the plyperties. For this reason the
design variables were required to be equal or larger than 1

The minimum fiber angle orientation for the overlap lamisatas set to 1Q because
a minimum fiber angle of °L.could possibly result in a ply thickness of 58 layers logally
see appendix C, producing unrealistic designs. The maximumber of overlaps within
one ply was reduced to 6 by setting the minimum fiber angle o f&ulting in feasible
designs.

The last constraint of this optimization case required thekbng loadMc, to be lower
than the bending moment at which material failure occurkéd,to ensure that the cylinder
was buckling critical and not strength critical. The stréngonstraint was implemented
using a strain-equivalent Tsai-Wu criterion for each of ghements in the finite element
model. The strain-equivalent Tsai-Wu criterion, devetbpg IJsselmuiden et al. (2008),
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makes the stress-based first-ply Tsai-Wu failure critemaiependent of the fiber orienta-
tions within the laminate. A conservative failure enveloys defined and a failure index
was formulated that can be related to the factor of safetg.details of the strain-equivalent
Tsai-Wu criterion are given in appendix E. A unit bending nemrnwas applied to the cylin-

der in the finite element analysis and the safety factor wisilzgded for each element. The
smallest safety factor over all elements then represehtbaid at which material failure

would first occurMs.

The laminate strength of the variable-stiffness laminates calculated in the same way
as that of the traditionalQ 90° and+45° laminates. The strength of the variable-stiffness
laminates is likely to be affected by the presence of tow drapd overlaps, which may
weaken the laminate locally, and possibly by the curvatfitbefibers. These effects were
not taken into account during the optimization. Furtheeagsh is needed to address these
issues.

The third optimization case included two stiffness coristgin addition to the man-
ufacturing and strength constraints of optimization caseTRe first stiffness constraint
required the equivalent laminate stiffnesses in thed®® and+45° directions to be larger
than a minimum valug&n,i, = 29 GPa. The lower limit on the laminate stiffnesses was mean
to provide robustness to the laminate in case holes are ddedéasteners and can be re-
garded as an equivalent to the 10 percent rule that currexigys for traditional laminates.
The constraint was calculated at each element because leasdne had a unique stacking
sequence.

The second stiffness constraint that was added was a glofiaéss constraint. The
bending stiffness of the variable-stiffness cylinédy was required to be at least 95 percent
of the bending stiffness of the baseline cylinédg.

The third optimization case was not considered for desigitis everlap, because the
overlapping courses have similar fiber orientations, teguin a laminate stack that is bi-
ased in one direction. Limiting the equivalent in-plandfiséiss in the 0, 90° and +45°
directions would therefore eliminate too many designs tmteresting.

5.2.2 Optimization Using a Surrogate Model

The optimization was performed using the surrogate modtniger in Design Explorer
(Audet et al., 2000; Booker et al., 1999) to minimize the nembf finite element (FE)
analyses. A general overview of the optimization proceskasvn in figure 5.2(a). A design
of experiments was generated first to sample the design syatematically. Secondly,
surrogate Kriging models (Matheron, 1965; Watson, 1984pwenstructed to approximate
the responses given by the detailed finite element analyBeese models were used to
analyze the influence of the design variables on the resppasd to serve as a basis for
the optimization. After the design of experiments was penfed, the optimizer selected
a set of points that served as a starting point for a localtpalefine the surrogate model
near these optimum points. Additional points, determinsihg: orthogonal array-based
Latin hypercubes, were evaluated using the FE analysispiocoine the surrogate model on
a global level and to reduce the chances of ending up in a tgtachum. The models were
updated once the new results were added and a new iterat®stared, until one of the
termination criteria was met. The optimization algorithenshown in figure 5.2(b). The
termination criteria were defined in terms of a maximum nunabéerations, a maximum
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number of function evaluations or a maximum number of randachpoint searches. After
the optimization was finished, convergence of the objedtinetion was examined and if
convergence was not reached the optimization was restahiéelloosening the termination
criterion that caused the optimization to finish.
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Figure 5.2: Optimization process

The surrogate model optimizer was selected for the desigviggm under consideration,
because derivative information needed for the optimiratiould be taken from the surro-
gate models, removing the need to determine the derivatisieg) finite differences. The
structure was optimized for the lowest buckling load anddfare the objective function
might not have been completely smooth due to changes of #idiickling mode between
different designs. In addition, strength and effectivératiss were determined for each el-
ement, after which the most critical value over the entirmdim was used to evaluate the
constraints. This could also have introduced irreguksith the constraint functions. The
surrogate models introduced smoothness and filtered osk tiodt could be present in the
objective and constraint functions.

5.2.3 Laminate Design

The laminate was 24 plies thick, symmetric and balancedhEad of the cylinder was
attached to a rigid end plate, such that the edges of thedeyliwere clamped to the plate,
while the plates were able to move. Opposite and equal bgnmdoments were applied
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to the centers of the plates. A linear bifurcation analysisg the finite element program
ABAQUS was applied to calculate the buckling moment. Theivey stiffness was imple-
mented in the finite element model as described in section®h@ finite element model
consisted of 71 elements in the axial direction and 170 ettsnia the circumferential di-
rection, which was sufficient to capture the varying stiffsand the buckling modes.

The material used for the design study was a typical graqaptexy AS4/855-2 (Lopes
et al., 2007) for which the mechanical and strength progedre given in table 5.1. Part
of the optimization was repeated for another graphite-gpoaterial system, BMS8-276,
to decide on the layup to be manufactured, because BMS8-ag@ised for the manufac-
turing of the variable-stiffness cylinder. The resultshdttoptimization are summarized in
subsection 5.3.4.

Table 5.1: AS4/855-2 Mechanical properties (Lopes et 80,7

E1 129.8 GPa
E> 9.1 GPa
G12 5.3GPa
V12 0.32
tply 0.183 mm
D 1589 kg/n?
X 2070 MPa
Xe 1160 MPa
Yt 132.7 MPa
Ye 199.8 MPa
S 117.1 MPa

A conventional 24-ply laminate consisting of 0, 90 ahd5 degree plies was optimized
for buckling under bending to serve as a baseline designotitex plies were defined to be
+45° for robustness against impact. Furthermore the laminase@&guired to be symmetric
and balanced to avoid extension-shear and extension+igendipling. The laminate was
balanced by tying &45° ply to a—45° ply in the laminate definition. The 10 percent rule
was also applied. This rule is standard in the aerospacesinydand requires a laminate
to contain at least 10 percent of each of the four standaehtaiions: 0, 90° and+45°.
Finally, 4 consecutive plies with the same orientation amggre not allowed in the laminate
stack.

The variable-stiffness laminates also consisted of 24 ptiewhich the outer plies were
+45°. The inner plies were allowed to be either steered,£e(#), or a combined stack
of 0° and 90, resulting in a hybrid laminate with both straight and steleplies. The
combination ofty(0) with —¢(0) plies ensured that the laminate was locally balanced. In
addition, the laminate was designed to be symmetric. A Seleof the available stacking
sequences was made to reduce the overall optimizatiort.effbe stacking sequences that
were optimized are listed in table 5.2. Straight-fiber lagés with fiber orientations other
than @, 90°, +45° or —45° were also optimized. The variable-stiffness laminatesiarmted
by "VS" in table 5.2. Note thap represents a ply with varying fiber orientations. The non-
traditional, straight-fiber laminates are denoted by "G@8hEtant stiffness) antirepresents
a constant-angle ply with a non-traditional fiber oriertati
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Table 5.2: Variable-stiffness laminate definitions

Ply number (half of the symmetric layup)

1 2 3 4 5 6 7 8 9 10 11 12

Laminate CS-1 +45 -45 +¢1 —¢1  +¢2 —¢p2  +p3  —¢3  +Ps —ps  +ps  —¢5
number CS-2 +45 -45 +¢p1 @1 0 90 +p3 —¢3 0 90 +ps5  —¢s
CS-3 +45 45 0 90 +¢p2 ¢ 0 90  +ps s 0 90

VS-1 +45 45 +p1  —p1 +tp2 w2 tp3  —p3 tpa —pa tps —ps

VS-2 +45 45 +¢p1 -1 0 90 +p3  —3 0 90 +¢5 —s

VS-3 +45 45 0 90 +pr2 -2 0 90  +pa  —pa 0 90

VS-4 445 45 +p1 —p1 tp2 w2 tp1 —p1 tp2 —p2 v —pr

VS5 +45 45 +p1 —p1 tpr o1t —p1 tpr —p1r v o

The cylinder was divided into 8 segments around the circueniee for the design of
a steered ply, thus requiring 8 design variables per ply. sthecture was assumed to be
symmetric about the longitudinal vertical plane, sincelt@ling condition was also sym-
metric with respect to this plane, and therefore the 8 deggiables could be reduced to
5. These variables are shown in a cross-sectional view afytfireder in figure 5.1(b). The
design variable3p andT; are located on the tension side of the cylindelis located near
the neutral axis, whildfz and T, are on the compression side of the cylinder. The path
definition that was used in the optimization was the constantature path, described in
subsection 3.4.4, because evaluation of the curvaturdreamisfor the constant curvature
path definition was more straightforward than for the linsagle variation.

5.3 Optimization Results for Laminates with a Constant
Thickness

5.3.1 Optimization Case 1

The results for optimization case 1, which only included imumm fiber angle constraints,
are given in table 5.3. The laminate numbers corresponddoctimstant-stiffness and
variable-stiffness laminates listed in table 5.2. Theropth baseline was determined to
be a quasi-isotropic layup with a stacking sequeifitd5, 0, £45,90,0,90, +45,90)s. The
constant-stiffness cylinders with non-traditional fibereatations had buckling moments
comparable to the buckling moment of the baseline cylindke ply angles for these lam-
inates are listed in appendix D. A theoretical estimate ef ltackling load under pure
bending for relatively short cylinderd/, is given in the third column of table 5.3. The
theoretical buckling load was calculated for the baseling eonstant-stiffness cylinders
using the following equation (Fuchs et al., 1997; Seide aethgarten, 1961):

Mih = 27RVEptD11 (5.4)

whereE, is the equivalent laminate stiffness in the circumferdulii@ction of the cylinder,
t is the laminate thickness am} 1 is the laminate bending stiffness in the axial direction.
A good agreement was found between the buckling momentradatdiy the finite element
analysis and the theoretical buckling moment.

The improvements in buckling load of the non-conventiomelstant-stiffness and the
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Table 5.3: Optimization results for case 1 with baselife45,0,, +45,90,0,90,+45,90]s

Laminate Buckling Theoretical Comparison Material feglur Comparison
number moment buckling moment with baseline moment witlelraes
Mecr (KNm) Mg (KNm) (Mcr/Mp) - 100% M; (KNm) (Mt /M¢p) - 100%

Baseline 627 623 100 575 100
Cs-1 628 627 100 455 79
Cs-2 623 628 99 560 97
CS-3 601 614 96 567 99
VS-1 809 - 129 478 83
VS-2 797 - 127 582 101
VS-3 724 - 115 682 119
VS-4 807 - 129 304 53
VS-5 707 - 113 237 41

variable-stiffness cylinders compared to the baselindgl are given in the fourth column
of table 5.3. The largest improvement in buckling load wdse®d by cylinder VS-1, the
variable-stiffness cylinder with 5 different steered plielosely followed by VS-4 with two
different, repeated steered plies and the hybrid lamin&eWhich contained0and 90
plies in addition to three different steered plies.

Laminate VS-1 is used to illustrate the mechanisms behiaétiproved buckling load.
Subsequently the different variable-stiffness laminatescompared. The optimized design
variables for laminate VS-1 with the layug45, +¢1, +¢2, 93, a4, +¢s)s are listed in
table 5.4.

Table 5.4: Design variables for laminate VS-1, case 1

Ply To T T2 Ts Ts
©) ) ©) ©) ©)
v1(0) 89.0 80.6 1.0 29.2 20.1
v2(0) 1.0 1.0 1.0 89.0 70.6
v3(0) 4.6 1.0 1.5 254 58.6
va(0) 3.4 3.9 1.0 52.6 53.1
5(0) 4.6 45.3 85.7 85.7 89.0

The fiber angle variations that correspond to the desigmabbas of table 5.4 are plotted
in figure 5.3(a) and the variations of the axial stiffn&sand the circumferential stiffness
Ey with the circumferential coordinate are shown in figure B)3f/here they are normalized
with the in-plane stiffnesses of the baseline laminategstiptb). The axial stiffness of the
variable-stiffness cylinder was significantly larger oa thnsion side and at the neutral axes
than the axial stiffness of the baseline cylinder, i.e. ‘ak® < 110, while the stiffness
on the compression side was smaller than that of the baselinesequently the neutral
axis of the cylinder was shifted toward the tension sidemftb= 90° to § = 77°. The
shift in neutral axis can be seen in the plot of the axial stdistribution, figure 5.3(c).
The strain distributions of the variable-stiffness andtibseline cylinder follow elementary
beam theory, because the clamped boundary conditionstftea@oss-section to remain in
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one plane:
~ Myz  My(Rcost —zyp)

=X — 5.5
El, Ely (5:5)

e(0)
whereEly is the average bending stiffnedd, is the applied bending momerR is the
cylinder radius andwa is the vertical coordinate of the neutral axis with respecthie
geometric center of the cylinder cross-sectiofl at 90° = 270°. The offset of the vertical
coordinatez caused a vertical shift of the variable-stiffness strastrdiution with respect
to the baseline strain distribution. The compressiverssraf the variable-stiffness cylinder
were thus larger than those of the baseline cylinder, whadénsile strains of the variable-
stiffness cylinder were smaller.

The distribution of the axial load\x, depended both on the stiffness distribution and on
the strain distribution with the circumferential coordiea

Ny [ A1 Az Ass | €2 [ Bi1 B2 Bis Kix
Ny p=1| A2 Az Age Eg +| Bz B2 By Ky
Nxy | Ate Acs Pes | | xy | Bis Bos Bes Kxy
(5.6)
and
My [ Bi1 Bz Big | €2 [ Dia D12 Dsg Kx
My »=| B2 B2 Bgs Eg +| D12 D22 Dos Ky
Myy | Bis B2s Bes | | ny | Dis D2s Des Kxy
(5.7)
where

Aj =S S(jk) (Z«—7-1)
Bij = Sh. S (#-%) (5.8)
Dij = Yiq S(J'k)(zﬁ -Z,)

The applied bending moment mainly caused axial loads in yheder skin, such that
the relation betweeNy and the laminate stiffness could be approximated by:

Nx(0) ~ Ex()ex(O)t (5.9)

whereEy is the equivalent laminate stiffness in the axial directmistained from the inverse
of the ABD matrix. The baseline cylinder had a constantrstiéisE (9) = Ep and a constant
thicknesgt, such that the load distribution was scaled with the strastridution and the
shape of the two distributions was the same. The stiffnesgatian and strain distribution
of the variable-stiffness cylinder resulted in an irreglad distribution, as shown in figure
5.3(d). Both the exact load distribution and the approxiameto the load distribution for the
variable-stiffness cylinder are shown in figure 5.3(d). Tde distribution of the variable-
stiffness cylinder contained three distinct regions that discussed here: regions A, B
and C, which are indicated in figures 5.3(b) and 5.3(d). Theite loads carried by the
variable-stiffness cylinder in region A were significantligher than those carried by the
baseline cylinder due to the high stiffness in this regigm,ta 1.8 times the stiffness of
the baseline. The shift of the neutral axis resulted in ca®gve loads in region B for the
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variable-stiffness cylinder, while the loads of the baselcylinder were both tensile and
compressive here. The large peak in the axial stiffnegs-at90® made the material in
region B even more effective for carrying the compressiagt The low axial stiffness
of the variable-stiffness cylinder in region C resulted ifiadtening of the load curve on
the compression side of the cylinder, yielding compreskiae values almost 30 percent
smaller compared to the loads carried by the baseline @atind

The buckling modes were also affected by the non-uniforfinsss distribution, in
addition to the value of the buckling moment. The first bunflimode of the baseline

p=180° 0=180°
(a) Baseline cylinder (b) Variable-stiffness cylinder VS-1

Figure 5.4: First buckling modes of the baseline cylinded &85-1, optimization case 1

cylinder, shown in figure 5.4(a), consisted of 5 full waveghe axial direction and one
local half wave in the circumferential direction. The firstclling mode of the variable-
stiffness cylinder, shown in figure 5.4(b) consisted of 6vitdves in the axial direction and
3 local half waves in the circumferential direction. The msisiking difference between
the two buckling modes was the area that was covered by thddsavhich influenced
the value of the buckling load. The buckles of the variahifagss cylinder covered a
larger section of the cylinder than the buckles of the basellhis is a direct consequence
of the non-uniform stiffness distribution that spread dwg tompressive load peak over a
larger section of the cylinder. A similar effect has beervanby Sun and Hyer (2008) for
elliptical cylinders in pure compression where a circurafdial stiffness variation was used
to make the entire cylinder participate in the buckling defations.

The load distributions of all the variable-stiffness cglars and the baseline cylinder are
shown in figure 5.5 and the first buckling modes of cylinders2A8rough VS-5 are given
in figures 5.6(a) until 5.6(d). The values of the design \éa corresponding to designs
VS-2 through VS-5 are listed in appendix D.

The buckling load values of cylinders VS-1, VS-2 and VS-4eweearly identical, see
table 5.3, and the load distributions of these three cylinaeere also similar. The load
distribution curve of all three cylinders was relativelyt fieard = 180°, with slightly larger
compressive loads towards the sides of the cylindétmatLl35= 225 for cylinders VS-1
and VS-2, and afl =~ 100= 160 for cylinder VS-4. The first buckling mode of cylinders
VS-1 and VS-2 both had 3 half waves in the circumferentiadation, almost as if two
buckling modes were mixed. Cylinder VS-4 contained a localting pattern on the sides
in addition to the main, diagonal buckling pattern, see figbu6(c). These local buckling
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Figure 5.6: First buckling modes of the variable-stiffnegnders, optimization case 1
deformations were caused by the higher compressive lo#@ds 400= 160°. The diagonal

pattern of the variable-stiffness cylinders may have begrsed by bending-twist coupling
due to the presence of non-zédgs andD,g terms in the laminate stiffness matrix.
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The VS-3 cylinder also exhibited a flattening of the load eurwm the compression side
of the cylinder, but the overall area over which the compves®ad was distributed was
smaller than for the other cylinders. The first buckling mofleylinder VS-3, see figure
5.6(b), did not show any mixed modes, because no locallydritftads were present in the
load distribution of this cylinder, as was the case for ajéirs VS-1, VS-2 and VS-4. The
compressive load peak was also higher that that of the ottr&xble-stiffness cylinders and
as a consequence the buckling load of cylinder VS-3 was smidlan those of cylinders
VS-1, VS-2 and VS-4, i.e. the improvement with respect tolihseline cylinder was 15
percent.

Cylinder VS-5 showed the smallest improvement comparedhe¢obiaseline cylinder.
The first buckling mode of this cylinder, see figure 5.6(d)swanfined to a smaller area
than for the other variable-stiffness cylinders, which barexplained by looking at the load
distribution of cylinder VS-5. The compressive load peadigmificantly reduced compared
to the baseline cylinder, but the maximum compressive leae confined to a relatively
small region neaf = 18C°. The difference in buckling load carrying capability mayéa
been caused by large Poisson’s ratios present in laminatg. VEhe distributions of the
Poisson’s ratio of all variable-stiffness cylinders aretg@d in figure 5.7, where they are
normalized with the Poisson’s ratio of the baseline cylmde
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Figure 5.7: Distribution of the Poisson’s ratio, optimikan case 1

The results presented above were focused on the bucklifgypemce of cylinders with
various stiffness distributions. Strength and manufadiility of the obtained designs will
be discussed here briefly to show possible shortcoming®uadh no constraints on strength
or manufacturability were included in the optimization.

The bending moment at which material failure would occurtfar baseline, the non-
traditional constant-stiffness, and the variable-stiffe cylinders are listed in the fifth col-
umn of table 5.3, and a comparison with the failure load ofahseline cylinder is given in
the last column. The results in table 5.3 show that only dgis VS-2 and VS-3 performed
better than the baseline in terms of strength, and thatagtsVS-4 and VS-5 had only 53
and 41 percent of the baseline strength. This can be expléinéooking at the axial and
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the circumferential strain distributions of the varialt#fness cylinders, given in figure 5.8.
The shear strains are not shown here, because they are arobndagnitude smaller than
the axial and the circumferential strains.
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Figure 5.8: Strain distributions for all variable-stiffse cylinders, optimization case 1

All cylinders were critical on the compression side= 180°, where the axial strains
were the largest. Cylinders VS-1, VS-4 and VS-5 had largergessive axial strains than
the baseline cylinder at this location, while the circureferal strains were the same. These
larger axial strains caused the lower material failure $oa@ylinders VS-2 and VS-3 had
similar or smaller axial strain valuesét 180°, and smaller strain values in the circumfer-
ential direction, leading to higher failure loads comparethe baseline cylinder. The strain
distribution in the circumferential direction dependedtba strains in the axial direction
and on the distribution of the Poisson'’s ratio around theuciference. The distributions of
the Poisson’s ratio of all variable-stiffness cylinders plotted in figure 5.7. The Poisson’s
ratio of the variable-stiffness cylinders VS-2 and VS-3mga: 180° was smaller than the
Poisson’s ratio of the baseline cylinder, such that the éedwircumferential strains there
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were also smaller.

Based on both strength and buckling values cylinder VS-#) wi27 percent increase
in buckling load and 1 percent increase in material failwa&dl with respect to the base-
line, and cylinder VS-3, with a 15 percent increase in buxkload and 19 percentincrease
in material failure load with respect to the baseline, wdkdthe best candidate designs,
because they improve both strength and buckling loads. @aebdck of the designs ob-
tained is that all the cylinders would fail due to materialuiee before they would buckle,
assuming that buckling did not occur below the linear biftian point. The intension was
to manufacture and mechanically test the baseline cyliadérone of the variable-stiffness
designs and therefore it was undesirable to have cylindtetswere critical for material
failure instead of buckling.

Two constraints should be taken into account in the optititimaf constant-thickness,
variable-stiffness laminates to ensure manufacturgbilihe first one, the curvature con-
straint, was violated by all the variable-stiffness cykng] with the exception of cylinder
VS-3. The second constraint is imposed by manufacturingeiffty. The fiber angle varia-
tion causes the distance between course centerlines taneiya constant-thickness lami-
nate is required the course width also needs to vary to atémuhese changes. The course
width needs to be decreased when the course centerlinesrgenwhile wider courses are
needed when the centerlines diverge. The width of a courssotéde reduced beyond one
tow, while manufacturing efficiency and laminate qualityuleprobably require a mini-
mum of 5 or 6 tows to be laid down at once. The derivation of thestraint to avoid fiber
courses that are too narrow is given in appendix C.

The course centerlines of the 5 steered plies of cylindefl\&®e shown in figure 5.9 to
illustrate the problem of converging centerlines. The fileghs for both the positive and the
negative fiber angle variations are shown for each steegedrpk first steered plyp1(0),
shows some convergence of the fiber courses fieaB®® andf = 270°, where the fiber
angle is 2. The path centerlines in plies 2, 3 and 4 are closely spadeeebad = 0° and
f# =90° andfd = 270° andé = 360, due to the small fiber angles in these regions. Ply 5
shows the least convergence of fiber courses, but even ®phpithe course width near
6 = 0° would be in the order of 5 tows if a maximum course width of 32g¢ds assumed.

All variable-stiffness cylinders contain plies with fibengles of £ and therefore have
the same problems with converging fiber courses, prohitianufacturability. The prob-
lem of extreme path convergence was solved in the next agmiion case by requiring
a minimum fiber orientation angle of 1@or the steered plies. In addition, the curvature
constraint was implemented to guarantee manufactunglilitd a strength constraint was
included to ensure the cylinders were buckling criticateasl of strength critical.

5.3.2 Optimization Case 2

The results for optimization case 2, which also includedrgith and manufacturability

constraints, are given in table 5.5. The design variablesesponding to the designs in
table 5.5 are given in appendix D. The baseline laminate iffereht from the baseline

laminate of optimization case 1 due to the strength comdttlaat was introduced. The new
baseline laminate wgs:-45,0,, £45,0,90,+45,90]s. The buckling loads of all laminates
decreased compared to the buckling loads of case 1. Thearsiffness laminates had
slightly higher buckling loads than the baseline laminasegpposed to optimization case 1,
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where the baseline laminate performed better than the aorstiffness laminates. This is

because the strength constraint limited the feasible degigce, which was more restrictive
for the baseline laminate than for the non-traditional stant-stiffness laminates. The non-
traditional, constant-stiffness laminates allowed desidpat were close to the boundary of
the feasible design space. This can be seen by looking aifteeedce between the material

failure loadM; and the buckling loadi.; in table 5.5, where the material failure loads of
the constant-stiffness designs are almost equal to thdibgd&ads. The same trend can be
observed for the variable-stiffness laminates.

Table 5.5: Optimization results for case 2 with baselife45, 0,, £45, 02,90, 445,905

Laminate Buckling Comparison Material failure Comparison
number moment with baseline moment with baseline
Mcr (KNm) (Mgr/Mp) - 100% Mt (KNm) (M¢/Mgp) - 100%
Baseline 598 100 661 100
Cs-1 618 103 618 94
Cs-2 615 103 616 93
CS-3 600 100 600 91
VS-1 696 116 696 105
VS-2 700 117 700 106
VS-3 678 114 678 103
VS-4 685 115 686 104
VS-5 455 76 455 69
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Figure 5.9: Steered fiber paths on a developed surface foimnata VS-1, case 1
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Figure 5.9: Steered fiber paths on a developed surface foinata VS-1, case 1 (continued)

The material failure loads of the designs obtained in thé @ipgimization case were
far below the buckling load for most cases, which was causethé high strain levels
on the compression side of the cylinder. The strength cainstted to higher material
failure loads, but at the cost of buckling load carrying ddfity. Strength improvements
were achieved by a reduction of the extreme axial and ciretential strains, shown in
figure 5.10. The extreme value of the axial strain on the cesgon side can be found by
substitutingd = 180 in equation 5.5:

My (-R-2ya)

Ex,min = = (5.10)
The axial compressive strain can be reduced by increassgwérall bending stiffness of
the cylinder,El, or by reducing the shift of the neutral axis, such thgt is small. The
values of the overall bending stiffness and the locatiorhefrieutral axis for the laminate
designs of optimization cases 1 and 2 are given in table 5t& vBlues of the bending
stiffness are normalized with the bending stiffness of tasdtine cylinder of optimization
case 2 and the location of the neutral axis is normalized thighcylinder radiuR.

The bending stiffness of all cylinders increased and thatlons of the neutral axis of
the variable-stiffness cylinders shifted toward the cosspion side. Both changes led to a
reduction in axial compressive strain and consequenthhiglzer material failure load. The
distribution of the axial stiffness of the variable-sti&s cylinders for optimization cases 1
and 2 were different, which caused the difference in bendiifipess between the two op-
timization cases and the different locations of the newtxéd. The axial stiffness distribu-
tions for optimization case 1 and 2 are shown in figures 5)El(@d5.11(b), normalized with
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Figure 5.10: Strain distributions for all variable-stiféss cylinders, optimization case 2

the axial stiffness of the baseline cylinder of optimizat@ase 2. The first thing that can be
noted about the stiffness distributions of optimizatioseca is that the maximum equivalent
laminate stiffness on the tension side was limited by thémmim 10 fiber angle constraint.
The maximum axial laminate stiffness that can be achievéutive laminates VS-1, VS-4,
and VS-5 corresponds to a layup [ef45, (+10)s]s and is 1.72 times that of the baseline
cylinder. The maximum axial laminate stiffness for optiatinn case 1 was 1.88 times that
of the baseline cylinder, which is the stiffness of4a45, (+1)s]s layup. The maximum
axial stiffness value of cylinder VS-2 is 1.5 times that of thaseline cylinder and the max-
imum stiffness of cylinder VS-3 is 1.37 times that of the biagecylinder, corresponding
with the layups+45,+10,0,90,+10,0,90,+10)s and[+45,0,90,4+10,0,90,+10,0,90,
respectively. The larger bending stiffness of the cylisdmuld therefore only be achieved
if the stiffness on the compression side was increased ditiad to applying the maximum
axial stiffness on the tension side. The smaller differeincaxial stiffness between the
compression side and the tension side also caused the Irexitr@o be located closer to
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Table 5.6: Changes from optimization case 1 to optimizatase 2

Laminate number Optimization case 1 Optimization case 2
Bending Location of the Bending Location of the
stiffness neutral axis stiffness neutral axis

El Zua El Zua
Ely R Ely R
Baseline 0.85 0 1.00 0
Cs-1 0.67 0 0.81 0
Cs-2 0.81 0 0.89 0
Cs-3 0.81 0 0.90 0
VS-1 0.86 0.23 1.26 0.14
VS-2 0.99 0.22 1.22 0.10
VS-3 1.08 0.13 1.16 0.08
VS-4 0.60 0.45 1.10 0.21
VS-5 0.50 0.54 1.26 0.16

the center of the cross-section, iz is closer to 0. The axial stiffness of cylinders VS-1
and VS-4 were not maximal across the entire tension sideeeept the neutral axis from
shifting towards the tension side too much.

The strength and the buckling load of cylinder VS-5 were Iothan those of the other
cylinders, although cylinder VS-5 had the highest bendiiffness and a location of the
neutral axis that was below that of cylinder VS-4, see talie Bhe difference in strength
was caused by the high Poisson’s ratio on the compressieno$idylinder VS-5, shown
in normalized form in figure 5.12. These high Poisson’s mtiesulted in large tensile
strains in the circumferential direction, figure 5.10(lgsing the low material failure load.
Cylinder VS-5 consisted of 5 identically steered plies,Istitat the Poisson’s ratio was
directly dependent on the angle variation of that one stephg definition and could not
be tailored by combining plies with different fiber anglefieTother laminates contained at
least 2 different steered plies, allowing for different domations of in-plane stiffness and
Poisson’s ratio.

The changes in stiffness distribution required to achiéeestrength increase also in-
fluenced the distribution of the axial load around the cirfanence, and thereby the value
of the buckling load and the shape of the first buckling modwee distribution of the axial
loads for the baseline cylinder and the variable-stiffrogdisders are shown in figure 5.13.
The loads on the tension side for some of the variable-strtases are reduced by approx-
imately 25 percent when compared to the tensile loads ofythreders in optimization case
1, shown in figure 5.5. This is caused by the lower axial gg&on the tension side, and by
the change in the location of the neutral axis. The compresdsads are distributed over a
smaller portion of the cylinder and the compressive pealti®alightly increased compared
to the first optimization case. The strength constraint limiss the amount of load redistri-
bution, which results in a lower buckling load carrying chitity. The load distributions of
cylinders VS-1 through VS-4 are similar, resulting in sianifirst buckling modes, shown
in figures 5.14(b) to 5.14(e). The buckling deformationsha baseline cylinder in fig-
ure 5.14(a) again covered a smaller portion of the crosiesethan the variable-stiffness
cylinders, similar to the baseline in optimization case he Tompressive peak loads of
cylinder VS-5 were smaller than the peak loads of the otheabke-stiffness cylinders and
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Figure 5.11: Axial stiffness distributions, normalizediwihe baseline of case 2

the compressive loads were distributed over a larger artathé buckling load of cylinder
VS-5 was smaller compared to the other variable-stiffnglisaers. Again, this might have
been caused by the large values of the Poisson’s ratio imkmVS-5, which might induce

secondary effects.

5.3.3 Optimization Case 3

The results for optimization case 3, which included twdiséigs constraints in addition to
the minimum fiber angle, strength, and manufacturabilitystraints taken into account in
optimization case 2, are discussed next. The first constexinired the laminate stiffness in
the O, 90° and+45° directions to be larger than the threshold value of 29.0 GRadvide

robustness to the laminate. The constant-stiffness lagsrend laminates VS-2 and VS-3
from optimization case 2 complied with the laminate stifseonstraint. Laminates VS-1,
VS-4 and VS-5 did not meet the laminate stiffness requirgsfam the 90 and thet+45°
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Figure 5.13: Axial load distribution for all variable-sfifiess cylinders, optimization case 2

directions. The distributions of the laminate stiffnesstfte 90 and the+45° directions
with the circumferential coordinate are shown in figure 5\/Gere they are normalized
with the axial stiffness of the baseline laminate. The rtssiar -45 are omitted, because
they are equal to the +45esults. The stiffness in the circumferential directiorl dhe
+45° directions were most critical when the stiffness in the bdigection was maximum,
i.e. at the tension side of the cylinder, betwées 270° andfd = 90°. Laminates VS-1,
VS-4 and VS-5 violated the laminate stiffness constraiotgtie 90 and+45° directions
on the tension side of the cylinder. The maximum value of thal stiffness of VS-2 and
VS-3 was limited due to the presence of titeabd 90 layers and the minimum required
fiber orientation of 10 degrees. The same condition causeththimum laminate stiffness
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6=180" 0=180°
(a) Baseline cylinder (b) Variable-stiffness cylinder VS-1

.....

6=180" 0=180°
(c) Variable-stiffness cylinder VS-2 (d) Variable-stiffness cylinder VS-3
..... .
61 80° 0=180°
(e) Variable-stiffness cylinder VS-4 (f) Variable-stiffness cylinder VS-5

Figure 5.14: First buckling modes of the baseline and vaeadtiffness cylinders, optimiza-
tion case 2

requirement for the other directions to be automaticaltisad.

The second stiffness constraint stated that the globalibgstiffness could not be more
than 5 percent smaller than the bending stiffness of thdibasgylinder. The results in table
5.6 showed that none of the constant-stiffness cylindetggerequirement, while all the
variable-stiffness had a higher bending stiffness tham#seline cylinder.

The optimization results for optimization case 3 are listethble 5.7, while the values

of the design variables for these laminates are given inragipedd. The global bending
stiffness of the constant-stiffness laminates increasmasing a small decrease in buckling
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Table 5.7: Optimization results for case 3 with baselifpe45, 07, £45,0,,90,+45,90s

Laminate Buckling Comparison Material failure Comparison
number moment with baseline moment with baseline
Mer (KNm) (Mgr/Mp) - 100% M (kNm) (M¢/Msp) - 100%
*Baseline 598 100 661 100
Cs-1 611 102 647 98
CS-2 607 102 657 99
CS-3 590 99 662 100
VS-1 687 115 689 104
*VS-2 700 117 700 106
*VS-3 678 114 678 103

* These results are the same as for optimization case 2
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moment carrying capacity and a small increase in strengtimihates VS-2 and VS-3 from

optimization case 2 met both stiffness constraints anctber the results for optimization
case 3 are the same as those reported for optimization caserinate VS-5 was omitted,

because it could never meet the laminate stiffness reqeinésnin all directions simultane-
ously due to the 5 identical steered plies. The laminatimest constraint limited the design
space for laminate VS-4 to such an extent that no feasibigmlesuld be found. Laminate

VS-1 changed such that the laminate stiffnesses on theotesile of the cylinder met the

laminate stiffness constraints, see figure 5.16, resuitirglower axial stiffness in that re-

gion. The buckling load carrying capability and the cylind&gength were slightly reduced
by the changes in stiffness distribution.
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Figure 5.16: Laminate stiffness distributions for cylindés-1, case 3

Laminate VS-2 showed the biggest improvement comparededéseline laminate,
after all constraints were taken into account. LaminateM&uld therefore be the laminate
of choice if this cylinder was manufactured and tested indirgm

The results for cylinder VS-2 were slightly better than #had cylinder VS-1, even
though the number of design variables for cylinder VS-1 veaigdr, i.e. 25 variables for
VS-1 versus 15 variables for VS-2. Two things might accowntthis. First, the design
space of laminate VS-2 was not a subspace of the design splareioate VS-1 due to the
presence of the“0Oand 90 plies and the fact that a set of balanced pties; in laminate
VS-1 could not be split up. Secondly, the optimum solutionlémninate VS-1 might be a
local optimum. Laminate VS-1 was more likely to converge tocal optimum because the
number of design variables was larger.

5.3.4 Variable-Stiffness Design for Manufacturing and Tesng

Optimization case 3 was repeated for the baseline cylino@tlze variable-stiffness cylin-
ders VS-1 and VS-2 with the BMS8-276 graphite-epoxy maltssiatem to determine the
design for the cylinders to be manufactured and tested. Tdpepties of this material were
slightly different from the AS4/855-2 material for whichetmesults were presented in the



5.3 Optimization Results for Laminates with a Constant Khéss 93

previous section. The results for the best baseline cyliadd the two optimum variable-
stiffness cylinders are given in table 5.8. The layup of tasdhine cylinder was determined
to be a quasi-isotropic laminate with the lay(i45, 02,90, 0, +£45, +45,90]s.

Table 5.8: Optimization results for the cylinders with BM&B material

Laminate Buckling Comparison Material failure
number moment with baseline moment
Mcr (KNm) (Mcr/Mp) - 100% Mg (KNm)
Baseline 678 100 678
VS-1 794 117 794
VS-2 804 119 805

Cylinder VS-2 also gave the best results for the BMS8-27&neltsystem, similar to
the AS4/855-2 material, and was selected as the varialffieests design to be manufactured
and tested. The design will be discussed in more detail hetmugh the results are similar
to the ones presented in section 5.3 for the AS4/855-2 naateri

The design variables for the three steered plies in the fexdgdble-stiffness design with
a layup of[+45, +1(6),0,90,+¢3(6), 0,90, +¢s5(6)]s are listed in table 5.9 and the fiber
paths and the balanced counterparts for these three sf@egdre shown in figure 5.17.

Table 5.9: Design variables for the final variable-stiffaeylinder design

P|y To T To T3 Ta
®) ) ) ©) )
v1(0) 10.0 10.0 10.0 10.0 24.7
v3(0) 10.0 10.0 10.6 56.9 61.7
05(6) 10.0 12.0 10.0 34.2 68.9

The variation of the axial stiffness with the circumferahtioordinate is shown in figure
5.18(a), where the stiffness of the variable-stiffnessncdr Eyy is normalized with the
axial stiffness of the baseline cylindég,. The axial stiffness on the tension side, between
0 =270 andf = 90°, was more than 80 percent larger than the stiffness of thelihas
cylinder, while the stiffness on the compression side, earl80°, was slightly smaller
than the stiffness of the baseline cylinder.

The bending moment was applied to the ends of the cylindeutirrigid end plates and
therefore the distribution of the axial load depended ortikiibution of the axial stiffness.
The load distributions of the baseline and the variabastss cylinder are shown in figure
5.18(b), where three regions are highlighted.

The high stiffness on the tension side of the variablersst cylinder caused the loads
in region A to be up to 13 percent higher than those of the beselylinder. Another
consequence of the higher stiffness on the tension sidehitasthe neutral axis towards
the tension side, i.e. the neutral axis shifted fiom90° to = 81°. The shift in neutral axis
resulted in all-compressive loads in region B for the vdgadiiffness cylinder, whereas the
loads carried by the baseline cylinder in this region weraltmor tensile. The low axial
stiffness of the variable-stiffness cylinder in region Guked in a flattening of the load
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Figure 5.18: Load and stiffness distribution of the varidsitiffness cylinder

curve on the compression side of the cylinder, yielding cassive load values almost 20
percent smaller compared to the baseline cylinder.

The first buckling mode of the baseline cylinder and the \@eiastiffness cylinder are
shown in figures 5.19(a) and 5.19(b). The region partiaiggith the buckling deformations
of the variable-stiffness cylinder was larger than the defd region of the baseline cylin-
der, and similar to the designs obtained for the AS4/855-@ & discussed in subsection
5.3.3.

The circumferential stiffness variation resulted in a sédtbution of the loads, such that
the tension side was more effective in carrying loads, threpressive loads were carried
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Figure 5.19: First buckling modes of the baseline and thealde-stiffness cylinder

by a larger part of the cylinder and the compressive load pe@k= 180 was significantly
reduced. The compressive side of the cylinder was critimabtickling, so redistributing
the compressive loads over a larger portion of the cylinaer @ducing the compressive
peak load neaf = 180° permitted a higher bending moment to be carried before bugkl
occurred.

Two baseline cylinders and one variable-stiffness cylinvdere manufactured by Boe-
ing using an Ingersoll fiber placement machine. The detditse® manufacturing will be
discussed in chapter 6.

5.4 Optimization Results for Laminates with Overlaps

The variable-stiffness laminates optimized in sectionveBe designed to have a constant
thickness and thus a constant mass, obtained by using theutoand restart capabilities
of advanced fiber placement machines to avoid overlappingses. The variable-stiffness
laminates in the current section are allowed to have ovpitgpcourses, resulting in in-
creased structural mass of the variable-stiffness cytvdad additional possibilities for
tailoring the laminate stiffness.

5.4.1 Optimization Case 1

The results for optimization case 1 are given in table 5.1e Baseline laminate was the
same as for the constant-thickness laminate optimizateri;+45, 02, +45,90,0,90, £45,

90js. The 24 plies resulted in a mass of 10.9 kg. The variabl&sst laminates V51
through VS-5 refer to the stacking sequences listed for laminates M&dugh VS-5 in
table 5.2, where the superscriptienotes overlaps. The buckling moments and structural
mass of variable-stiffness cylinders %%, VS°-4, and VS-5 were within the same range.
The specific buckling moments of these cylinders was 4.54diawlarge as the specific
buckling moment of the baseline cylinder. The buckling matveas 10 times higher than
the buckling moment of the baseline at almost 2.5 times thetsiral mass. The improve-
ments of variable-stiffness cylinders %8 and VS-3 were smaller, but still significant. An
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Table 5.10: Optimization results for case 1 with overlaps

Laminate Buckling Mass Spec. buckling Comparison

number moment moment with baseline
Mer m M¢r = M¢r/m (M¢r/Mp) - 100%
(kNm) (kg) (kNm/kg)

Baseline 627 10.9 58 100
VSO-1 6860 26.0 264 457
VS0-2 3517 19.6 179 311
VSP-3 2267 16.9 134 232
VSP-4 6746 25.6 264 456
VS0-5 6942 26.7 260 451

explanation for the improvements in buckling load carryoagability and a discussion of
the differences between the variable-stiffness cylindezgyiven below.

Variable-stiffness laminate \?Sb is used to illustrate the mechanism for improving the
buckling load carrying capability of a composite cylindgniarying the laminate stiffness
using curved fiber courses with overlaps. Laminat€-6Sontained 20 steered plies with
one variable-stiffness ply definitioft:45, (+1)s]. The values of the design variables for
the optimum variable-stiffness ply definition are givenable 5.11 and the fiber paths are
shown in figure 5.20.

Table 5.11: Design variables for laminate %5, case 1

Ply To Ty T T3 Ta
) ) ) ) )
»1(6) 10.0 40.2 89.0 10.0 10.0

The influence of the fiber angle variation on the equivalerglane laminate stiffness
Ex and the laminate thickness is shown in figure 5.21. The etprivdaminate stiffness
and the thickness of the variable-stiffness cylinder (stipsv) are normalized with the
laminate stiffness and thickness of the baseline cylinsiglbgcriptb). The regions with a
fiber orientation of 10 had a laminate stiffness more than twice the laminate sg#rof
the baseline laminate and a thickness up to 5 times the badalininate thickness. The
effective course width, the derivation of which was preedrih section 3.3, and the amount
of overlap are smaller when the fiber orientation angle iases. The fiber angle on the
tension side, i.e. ned = 0°, changed to a larger fiber angletat 45° and therefore the
thickness buildup on the tension side was not as large aseonaimpression side, even
though the fiber orientatiofy and T4 were both 10. The in-plane laminate stiffness of the
variable-stiffness cylinder, which was obtained by mujftipg the equivalent axial modulus
of elasticity with the laminate thickness, is plotted in fig’.22(a).

The amount of overlap per ply is approximately proportido&inemax/ Sinemin, Where
pmax IS the largest fiber angle angh, is the smallest fiber angle of a variable-stiffness
course. The fact thall; = T4 = 10° and T, = 89° thus resulted in the maximum attainable
laminate thickness on the compression side of the cylingleen the minimum required
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Figure 5.21: In-plane stiffness parameters for variablifisess cylinder V&5, optimiza-
tion case 1

fiber angle of 10. The distributions of the laminate bending stiffnesdgsandD-,, which
are proportional to thickness cubed, are plotted in figu22 ®), where the bending stiff-
nesses are normalized with the laminate bending stiffisessthe baseline laminate. The
thickness increase of the laminate on the compression sttie oylinder is reflected by the
sharp increase in bending stiffness in that location.

The thickness buildup on the compression side affectedubkling load carrying ca-
pability of the variable-stiffness cylinder in a number odiys. The axial loads were redis-
tributed around the circumference due to the non-uniforpléme axial laminate stiffness.
The axial load distributions for the baseline cylinder aadable-stiffness cylinder VS5
are presented in figure 5.23(a). The high in-plane stiffoeste compression side attracted
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loads to this region, causing an increase in compressigsloB35 percent compared to the
baseline laminate. The loads on the tension side of thedsji.e. neap = 0°, were car-
ried by a relatively small region with a high in-plane stéfs and therefore the loads were
higher than on the compression side. Another factor thatriboried to higher load levels
on the tension side than on the compression side of the &flinds the shift of the neutral
axis towards the compression side, i.e. frém 90° to § ~ 120°. The shift in location of
the neutral axis can be seen more clearly in the plot of thed attiain distribution, shown in
figure 5.23(b). The small fiber angle and the larger thickaégs= 0° prevented the neutral
axis from shifting to the compression side too much and isireg the compressive load
levels even more.

The higher loads on the compression side of the varialffessis cylinder did not re-
sult in a lower buckling load, because the increase in benstiffness was larger than the
load increase, see figure 5.22(b). The effect of includingriaps on the load distribu-
tion around the circumference of the cylinder was oppositthé effect observed for the
variable-stiffness laminates with a constant thicknesssgnted in section 5.3. The loads
were transferred away from the compression side of the @gfibby reducing the in-plane
stiffness nead = 180" for laminates with a constant thickness, whereas the inepaiff-
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ness and thus the load level on the compression side wasssttdor the laminate with

overlaps. The amount of overlap is coupled to the fiber anglimtion, such that the largest
laminate thickness is obtained if the fiber angle is small.idanease in bending stiffness
is thus coupled to an increase in equivalent laminate madulthe axial direction of the

cylinder.

The buckling load carrying capability of a variable-stéss cylinder could be improved
even more if the thickness buildup was independent of the &hgle variation, such that
the laminate modulus of elasticity could be tailored to i@the loads on the compression
side of the cylinder, while the laminate bending stiffnessld be increased to improve the
resistance against buckling deformations. Uncouplindah@nate thickness from the fiber
angle variation complicates the design process and goembdpe scope of this thesis.
Future work might focus on simultaneously designing th@lame and bending stiffness
distribution of composite cylinders, possibly using laation parameters based on the work
on flat panels by IJsselmuiden et al. (2009b).

The results for the other four variable-stiffness lamisatee presented below. The val-
ues of the design variables for laminates®ISthrough VS-5 are given in appendix D.
The distributions of the in-plane stiffness and bendinfn&ss in the axial direction of the
variable-stiffness cylinders with overlap are shown in feg5.24(a) and 5.24(b). The stiff-
ness distributions of cylinders Y9, VS°-4 and VS-5 were identical on the compression
side of the cylinder and differed only slightly on the temsgide. These three cylinders
had 20 steered plies, which had almost identical fiber argliations betweefi = 90° and
0 = 270, thus producing near-identical laminate stiffnesses. fdwr-identical stiffness
distribution resulted in a near identical axial load andistdistribution around the circum-
ference, shown in figures 5.24(c) and 5.24(d), and buckbad$ that were close together,
see table 5.10.

The in-plane stiffness of cylinder \?$ was slightly higher on the tension side than
that of cylinders V8-1 and VS-4, resulting in a smaller shift of the neutral axis and a
slightly lower compressive load. The buckling load of vaté@stiffness cylinder V&5 was
therefore higher than the buckling load of cylinders®Sand VS-4, since the laminate
bending stiffness on the compression side of the threedsiswas the same. The higher
in-plane stiffness on the tension side came at the priceavkased mass, and therefore
the specific buckling load of cylinder \?$ was lower than those of cylinders %& and
VSo-4,

A parameter study in which the design variables of one phhiwitaminate VS-1,
i.e. [£45,+p1,+p2, t¢3, pa, Tps]s, were varied with steps of 5 degrees showed that at
least two hundred designs had a specific buckling load withpercent of the optimum
specific buckling load of cylinder \VS1. All of these laminates had the maximum laminate
thickness on the compression side, corresponding to a fitgge af 10. The large number
of near-optimal designs indicated that the optimal vadadilffness overlap design was a
robust design.

Cylinders VS-2 and V-3 were hybrid designs, i.e. they consisted of both variable
stiffness plies and constant-angle plies. The thicknese@nompression side of the hybrid
cylinders was smaller than for cylinders %%, VS°-4 and VS-5, because only the variable-
stiffness plies had overlaps. As a consequence both thiairepxial laminate stiffness and
the laminate bending stiffness of cylinders %3 and VS-3 were considerably smaller
than those of the other three variable-stiffness cylindéne distribution of the axial loads
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Figure 5.24: Optimization results for all variable-sti#fes cylinders with overlap, optimiza-
tion case 1

around the circumference of cylinders %3 and VS-3, see figure 5.24(c), did not differ
much from the load distributions of cylinders %3, VS°-4 and VS-5, and therefore the
lower laminate bending stiffnesses on the compressiondidie cylinder resulted in a
lower buckling load carrying capability. The structuralsealso decreased however, such
that differences in specific buckling load between the hsilinders and the variable-
stiffness cylinders V&1, V-4 and VS-5 were smaller than the difference in absolute
buckling load.

The first buckling modes of the variable-stiffness cyliredetith overlap are shown in
figure 5.25. The buckling modes of the variable-stiffnedmders VS-1, VS®-4 and VS-5
were similar, as expected due to the similar stiffness aad thstributions. Cylinders \'S
2 and VS-3 had a different first buckling mode with more buckles thglinders VS-1,
VSP-4 and VS-5, because of the lower laminate bending stiffness.

One comment regarding the results presented above neeelsrtade before discussing
to the results of the second optimization case. Compar@agpecific buckling moment of
different designs might not correctly reflect the potertimhefits of using variable-stiffness
laminates with overlaps. The buckling load largely depemshe laminate bending stiff-
ness on the compression side of the cylinder, which incesaggically with a linear increase
in thickness. An alternative method of comparison woulddxale the ply thickness of the
variable-stiffness laminate with overlaps such that thel structural mass of the variable-
stiffness cylinder is identical to that of the baseline wgtgr. The finite element results for
the ply-thickness-normalized variable-stiffness larntgseaare given in table 5.12. The de-
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Figure 5.25: First buckling modes of the variable-stiffaeglinders with overlap, optimiza-
tion case 1

sign variables for designfé’-l through\/_§’—5 are those of laminates ¥4 through VS-5.
The improvements compared to the baseline cylinder atestikiderable, but not as big as
those reported in table 5.10. Reduction of the ply thickmeiggt not be feasible in a pro-
duction environment, but the results in table 5.12 give &ebgerspective on the potential
benefits. A robust stacking sequence optimization is netmdésign a variable-stiffness
laminate with overlaps with equal or lower structural méssitthe baseline. The number of
plies then has to be reduced, such that the number of desigbles also becomes a vari-
able. This complicates the optimization process to suchxtmg that it was not considered
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Table 5.12: Optimization results for case 1 with overlapd anrmalized ply thickness

Laminate Ply Buckling Mass Spec. buckling Comparison

number thickness moment moment with baseline
Mer toly m M¢r = Mcr/m (M¢r/Mp) - 100%
(mm) (KNm) (kg) (KNm/kg)

Baseline 0.183 627 10.9 58 100
VS-1 0.076 1198 10.9 110 191
Vs-2 0.101 1070 10.9 99 171
Ve-3 0.117 927 10.9 85 148
VS-4 0.078 1154 10.9 106 184
VS5 0.074 1210 10.9 112 193

in this dissertation.

5.4.2 Optimization Case 2

Optimization case 2 included the curvature constraintlierftber paths and required the
cylinder to buckle before material failure occurred. Théimmpm designs obtained by the
unconstrained optimization violated both constraintshaihat the optimum designs of op-
timization case 2 were different from those of optimizatbase 1. The differences between
the unconstrained and the constrained designs are illedtteelow using design \?S$ as
an example. The design variables and result plots of the wtr@ble-stiffness designs are
given in appendix D.

The values of the design variables of the unconstraine€td5/&esign (case 1) and the
constrained V&5 design (case 2) are listed in table 5.13. The unconsttaasign V3-5
violated the curvature constraint in the segments betWeeand T, and betweerT, and
Ts with in-plane curvature values of respectively 3.2'rand 4.1 m*, where a curvature
of 1.97 m! was allowed. These high curvature values were caused bgrhe fiber angle
T, =89. The value ofl, was lower in the unconstrained design and the curvaturereomns
was met for all segments.

Table 5.13: Design variables for laminate ¥5, cases 1 and 2
Ply To T T2 Ts Ta
@) @) ©) ©) ©)
case 1, unconstrained ¢;(9) 10.0 40.2 89.0 10.0 10.0
case 2, constrained »1(6) 10.0 11.5 37.2 10.0 10.0

The laminate strength is plotted, in figure 5.26, on a lobarit scale as a function of
the circumferential coordinate for optimization cases d 2nThe strength distribution of
the constrained baseline is also shown for reference. Thiméde strength of the baseline
cylinder is lowest on the compression side of the cylindée $tiffness and strain values on
the tension and compression side of the baseline are eqliapgosite, but the compression
strength of fiber-reinforced composites is lower than tmsite strength and therefore the
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Figure 5.26: Laminate strength distribution for laminat&5, cases 1 and 2

compression side is more critical. The unconstrained bliatiffness cylinder, V&5 case

1, is most critical on the tension side. The high laminaténgtss on the compression side
of the variable-stiffness cylinder caused a shift of thetredaxis towards the compression
side of the cylinder, such that the compressive strainsrhecmaller than the tensile strains
and therefore the tension side of the cylinder became atitic strength. The critical loca-
tions in terms of laminate strength are indicated in figug65The difference between the
unconstrained and the constrained variable-stiffnesgess that the constrained design
fails almost simultaneously on the compression side andhenension side. The strength
of the variable-stiffness cylinder is higher for optimimait case 2 than for optimization case
1, i.e. the lowest strength value of case 2 is higher thanahedse 1. The higher strength
was achieved by reducing the difference in axial laminat@ets between the compression
side and the tension side, such that the neutral axis didhibttewards the compression
side. The axial stiffness distributions and the laminatedirgg stiffness distributions of the
optimum laminates for optimization cases 1 and 2 are shovigumes 5.27(a) and 5.27(b).
The axial laminate stiffness and the laminate bendingste$ on the compression side of
the cylinder decreased, because the amount of overlap daseé due to the smaller value
of T,. The laminate stiffness on the tension side increased teaime level as the compres-
sion side, causing the axial loads and strains on the tesglerto be similar to those on the
compression side, see figures 5.27(c) and 5.27(d).

The increased strength came at the cost of reduced bucklatydarrying capability:
the specific bending moment dropped fréfg, = 264 KNm toM¢; = 126 kNm. The large
decrease in buckling load carrying capability was causettiéyeduction in laminate thick-
ness and the corresponding reduction in laminate bendiifigests, see figure 5.27(b).

Similar trends as described above were observed for the e#niable-stiffness lami-
nates, for which the results are summarized in table 5.1d values of the design variables
and the result graphs are given in appendix D. The ply thiskmd the optimum variable-
stiffness laminates was again normalized such that thetetal mass of the overlap lami-
nates was equal to that of the baseline. These results,eﬂahp‘t/_éj, are also presented in
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Figure 5.27: Optimization results for variable-stiffnesgdinders VS8-5, optimization cases
land?2

table 5.14.
Table 5.14: Optimization results for case 2 with overlaps
Laminate Ply Buckling Mass Spec. buckling  Comparison Speaterial
number thickness moment moment with baseline  failure mémen
tply Mer m Mer = Mcr/m (mcr/mb) M = Mg/m
(mm) (KNm) (kg) (KNm/kg) -100%
Baseline 0.183 598 10.9 55 100 61
*VS0-1 0.183 2974 23.4 127 231 127
WS-1 0.085 636 10.9 59 106 128
VSP-2 0.183 2650 20.9 127 230 127
VS-2 0.095 710 10.9 65 119 127
VSP-3 0.183 2119 17.4 122 221 122
vVe-3 0.114 817 10.9 75 137 123
VSP-4 0.183 2968 23.6 126 228 126
VS-a 0.084 623 10.9 57 104 125
VSP-5 0.183 2974 23.4 127 231 127
VS5 0.085 636 10.9 59 106 128

* This design is identical to VS5

The specific buckling moments of the ply-thickness-noreealivariable-stiffness de-
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signs were smaller than the specific buckling moment of tiigiral designs and although
the buckling load carrying capability was still higher thidmat of the baseline cylinders,
the amount of improvement of some of the designs was marghaiable-stiffness de-
sign\/_S°—3 was the best after the ply thickness was adjusted, betheseduction in ply

thickness was not as big as that of the other variable-efmesigns.

The strength of the ply-thickness-normalized variabitfrstss laminates was not af-
fected by the reduction in ply thickness, which implies ttiet strength of the cylinder is
linearly related to the ply thickness and the structuralsndse normalization of the ply
thickness for equal structural mass caused a large differbatween the specific buckling
moment and the material failure moment. This means thatmgitig the specific buckling
moment of variable-stiffness laminates with overlaps e/méquiring the material failure
moment to be larger than the buckling moment is not apprapifethe ply thickness is
reduced later. The original designs were bounded by thegifieconstraint, which is no
longer critical. The ply-thickness-normalized variabtétness designs are thus expected
to have a higher buckling moment carrying capability if tleeuction in ply thickness is
taken into account in the constrained optimization, ind@fapplying the normalization as
an afterthought.

Again, a full stacking sequence optimization with a varablimber of plies would be
recommended for the design of variable-stiffness lam@atigh overlap which are sub-
jected to a strength constraint and a constraint on thetatalenass.

The optimization for variable-stiffness laminate %&resulted in a slightly lower buck-
ling load than for variable-stiffness laminate %5, while the optimization for laminate
VS°-1 did not reach the optimal values of either%&or VS’-5. Variable-stiffness design
VSP-5 is a subset of V&1 and therefore the optimum VS design is also listed as the
optimum VS-1 design. A larger number of design variables is normallyeeted to give
better results, but the optimization routine got stuck icelooptima. The irregular mass,
buckling and strength responses caused these local op@iwdal search routines, such
as implemented in Design Explorer in addition to the respauwsface optimizer, are more
likely to get stranded if the number of designs is larger.

5.5 Conclusions

Variable-stiffness designs were shown to be effective ordasing the structural perfor-
mance of a fiber-reinforced composite cylinder under banpdvariable-stiffness laminates
with a constant thickness improve the buckling load cagyiapability by tailoring the
in-plane laminate stiffness such that the in-plane loadsedistributed around the circum-
ference of the cylinder. The compressive loads are reducddspread out over a larger
part of the cylinder and the tensile loads, unimportant feckting, are increased. The
redistributed loads caused the first buckling mode to changh that a larger part of the
cylinder participated in the buckling deformations.

The unconstrained variable-stiffness designs incredseduckling load carrying capa-
bility by up to 29 percent compared to the optimized basdliegign. Curvature, strength
and stiffness constraints caused a small reduction in mgkbad carrying capability of
the variable-stiffness designs. These manufacturableramd practical laminates showed
improvements of up to 17 percent compared to the optimizedliree consisting of Q 90°
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and+45° plies.

The buckling load carrying capability of variable-stif8sdesigns that included overlap-
ping fiber courses was optimized by increasing the lamiratkness on the compression
side of the cylinder. The larger laminate thickness waseagu by having a small fiber
orientation on the compression side of the cylinder and geldiber orientation near the
neutral axis. The increased laminate thickness and thd Bl orientation caused a high
axial stiffness, resulting in high axial loads on the conspren side of the cylinder. The
laminate bending stiffness on the compression side inetba®re than linear with the lam-
inate thickness, however, such that it compensated forigeehaxial loads and dominated
the response.

The overlap laminates were optimized for specific bucklirmmant, i.e. the buckling
moment normalized with the structural mass, to accounttfernhass increase due to the
overlaps. Laminate bending stiffness and buckling momemtat scale linearly with mass
and therefore the laminate thickness of the optimum vagishiffness designs were scaled
such that the mass became identical to the mass of the adelsign. The ply-thickness-
normalized cylinders were then analyzed again and thetsegate compared to the original
results. The specific buckling moment of the ply-thickneesmalized variable-stiffness
laminates was smaller than that of the original variabiffastss designs, but still showed
improvements of up to 90 percent compared to the baselingrdes

Including the curvature and strength constraints had aehighpact on the variable-
stiffness designs with overlap than on the ones with a cahsitickness. The amount of
thickness buildup on the compression side was limited, tmethe shift of the neutral axis
associated with the high axial laminate stiffness on thepression side caused failure on
the tension side of the cylinder. The laminate stiffness thitkness on the tension side
became similar to those on the compression side. The imprentof the best constrained,
ply-thickness-normalized variable-stiffness design pared to the baseline design was 37
percent.

Normalizing the ply thickness did not make sense for thenoin strength-constrained
designs, because strength scales linearly with thickndske wuckling does not. The
strength of the ply-thickness-normalized laminates wasettore higher than the buckling
load. A complete stacking sequence optimization with aaldel number of plies is rec-
ommended for the design of a variable-stiffness laminatle axerlaps with an identical or
lower mass than the baseline. In practice a composite gteuc designed for minimum
structural weight with a minimum level of structural penftance and not for maximum
structural performance for a given weight. This would aksguire the elimination of plies
and a full stacking sequence optimization.



Chapter 6

Manufacturing

Two sets of cylinders were built as part of the research ptgyeesented in this thesis.
The first set, built by Boeing using an Ingersoll AFP systentjuded three specimens:
two reference cylinders and one cylinder with a circumféetangle variation, which had

a constant thickness that was achieved by using the towrtltestart capability of the

fiber placement machine. The laminate of the variablerst$ cylinder was the optimized
laminate determined in section 5.3.4. This set of cylindeas used to verify the computed
designs through testing.

The second set, which was built by NLR, the National Aerospaaboratory of the
Netherlands, contained one baseline cylinder and onedaiwith an axial stiffness varia-
tion. The shifted method and the parallel method, desciiibasdction 3.1, were combined
to construct a variable-stiffness laminate with overlagsese two cylinders were not tested
and serve as an example for the construction of a laminatéichvthe shifted method and
the parallel method are combined.

The manufacturing data for the AFP systems was transfeoréliet machine in terms
of path coordinates, direction vectors, surface normatorec and tow-mask definition,
where the tow-mask definition describes which tows are acivd which are not. The
manufacturing of both cylinder sets will be discussed below

6.1 Cylinders with Circumferential Stiffness Variation

The cylinders built by Boeing were optimized for maximumdazrrying capability under
bending as described in subsection 5.3.4. These cylindenes nvade of 24 plies of BMS8-
276 material and the baseline cylinder and the variabfstis cylinder had equal mass.
The optimum layup of these cylinders was discussed in chd&pteut will be repeated
briefly below.

The baseline cylinder had a quasi-isotropic layup[-645,02,90,,0,+45,+45 90s.
The variable-stiffness cylinder contained 12 plies withifledent steered ply definitions
and 12 plies with a constant fiber angle. The layup of the bégiatiffness cylinder was
[£45,£¢1(6),0,90,+¢3(0),0,90, £¢5(6)]s, Where thep(d) represented plies with an 8-
segment constant curvature variation in the circumfeagdiiection, see section 5.3.4. The

107
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design variables and the path curvature values for theestqaies are given in table 6.1,
where the curvature; j denotes the path curvature in segmiebetweenl; andT;.

Table 6.1: Ply variables and path curvatures of the manuifisct variable-stiffness cylinder
with layup[£45, £¢1(6),0,90, +¢3(6),0,90, £¢5(0)]s

Ply Design variables Path curvatures
To T T2 T3 T4 K0,1 K12 K23 K34
)6 6 6 O (mbH (mhH 1 m?h
p1(6) 10.0 10.0 10.0 10.0 24.7 0 0 0 0.32
p3(0) 10.0 10.0 10.6 56.9 61.7 0 0.01 182 0.30

v5(#) 10.0 12.0 100 342 68.9 0.03 -0.03 0.66 1.95

The optimization results provided the general parametarshie layup, but many de-
tails needed to be taken into account to produce the desinsithate quality. A number of
manufacturing details, such as the curvature constraimt;dverage parameter and the min-
imum cut length, were discussed in section 2.1. These datdllalso be discussed briefly
below, in addition to other manufacturing issues that wemmantered during the manufac-
turing of the variable-stiffness cylinder, to provide a quate overview of the challenges
encountered during the detailed design for manufacturivgigable-stiffness laminates.

6.1.1 Curvature Constraint

The one manufacturing constraint that was taken into adatunng the optimization of the
cylinders was the curvature constraint. The curvaturetcains was set to 1.97 M, which
corresponded to a minimum in-plane turning radius of thaéreépath of 508 mm (20 in).
The turning radius was chosen to be smaller than the typatakvof the minimum turning
radius used in the aerospace industry for a 32 tow coursedmffb mm wide tows, which
is 635 mm (25 in). This was because the dimensions of thepfiesiraen were quite small,
which could have limited the design space too much if thedavglue of the turning radius
was used, i.e. if the maximum curvature was set to 1.5 ifhe curvature values listed in
table 6.1 all satisfied the curvature constraint of 1.9% mhile the curvatures, 3 in ply
3 andkz4 in ply 5 were larger than 1.57 T indicating that the fibers are most severely
curved in these two segments.

The curvature constraint should prevent severe local wniglof tows on the inside of
a turn, called puckering. Some puckering still occurregheegally in the segments with
large curvature values, but intermediate debulking of dreihate was used to suppress
the puckers, such that the final product had a smooth surfatexample of the puckers
that were observed during manufacturing is shown in figut€sf. It can be seen in this
picture that the puckers mainly occurred in locations wherderlying plies had course
boundaries. The occurrence of puckers at underlying cdaosadaries may be caused by
reduced tackiness at these locations. A picture of the figiroduct is shown in figure
6.1(b). The white lines on the cylinder served as a referérdhe fiber angle distribution,
i.e. lines were drawn &= 0°, § = 90°, # = 180, andf = 270".
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(a) Puckering (b) The cylinder after curing

Figure 6.1: Cylinder with a stiffness variation in the ciroderential direction during lay
down and after curing (photos: Boeing)

6.1.2 Compaction Pressure

The quality of a fiber-placed laminate depends on the amduwtropaction applied during
laydown of the fibers. The pressure is delivered by the cotigraooller which has some
flexibility to conform to the surface. The compaction roltaight not be able to deform
enough to supply sufficient compaction at the course edgles gurface is too curved. This
is most evident for O degree courses on a cylinder, i.e. esuhat are aligned with the axial
direction. An example is shown in figure 6.2 where a gap betvee roller and the surface
can be seen.

The compaction roller available on the Ingersoll fiber ptaeat machine was not flexi-
ble enough for the given cylinder geometry, which would hasalted in insufficient com-
paction of the tows on the outsides of the course if the desaghnot been adjusted. The
compaction problem was solved by only placing the inner tatwich had sufficient com-
paction. The number of tows that could be placed was cakdilbhsed on the geometry
depicted in figure 6.3. The maximum conformarder the edge of a 4 inch wide roller
was 3 mm (0.12 inch). The following geometric relationshipd:

R-Rcosy = c
6.1
Rsiny = % (6.1)

wherew, is the course width measured tangent to the surface andrpicodar to the axial
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Figure 6.2: Gap between the roller and the cylinder surfacausing insufficient com-
paction (photo: Boeing)
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Figure 6.3: Geometry for the compaction pressure constrain

direction and R is the cylinder radius. Combining these tepaations gives:

— (W%, (R
R2_(2) +(R-c) (6.2)
which can be simplified to:
_ (We)2_ 2
0= ( . ) ORC+C (6.3)
The course width perpendicular to the axial directiowjs= wcosp, wherew is the course
width. Equation 6.3 can not be satisfied if the full head winlfh02 mm is placed at a fiber

angle of 0 degrees. The course width thus needs to be adjusgaint at a distanca%
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from the course centerline is chosen to determine the maxicaurse width that can be
placed on the cylinder surface with sufficient compactiespureu has a value between 0

. W
and 1. The roller is not expected to deform as much aisthe location:— and therefore
cis also scaled by, assuming a linear deformation of the roller. Equation @8dmes:

202
% = 2uRe—12c? (6.4)

This equation can first be divided y assuming: # 0 and then it can be solved for

2R :
w= ¢ , if u>1thenu=1 (6.5)

Pye2
—~ +C
4

The allowed course width can also be calculated as a funafitre fiber orientation, since
the perpendicular course width varies as a function of ther filientation asv, = wcosep.

2Rc
H=—S"—""—"5",
WZCZS(p ‘e

if u>1lthenu=1 (6.6)

The maximum number of tows can be derived franThe allowed number of tows is given
by equation 6.7, assuming the number of tows on the left dideeocenterline and on the
right side of the centerline are the same.

NEY
Nt,max—{ > J (6.7)

where the[- | function rounds the real number to the nearest smaller éntegmber. The
maximum number of towlsk max are plotted as a function of the fiber angle orientation for a
304.8 mm (12 in) radius cylinder in figure 6.4. The continuealsie of 32 is also plotted.
The compaction pressure does not have any effect on the maxatiowed course width for
fiber angles larger than 3lwhereN max is 32. The course width for the’ @lies had to be
adjusted from 32 tows to 22 tows to ensure sufficient compagiressure. The maximum
course width for steered ply; was adjusted to 26 tows, the maximum course width for a
fiber angle of 24.7. The course width for the other variable-stiffness pliesmibt have to

be adjusted, because the course width at smaller fiber awgkealready reduced to avoid
overlapping courses.

6.1.3 Coverage Parameter and Parallel Courses

The coverage parameter determines where tows are termhiaaterestarted with respect
to the boundary of a neighboring course. Cutting and réstptows create either small
triangular gaps or small overlaps or a combination of gapsarlaps. A coverage of O
percent indicates that a tow is cut as soon as one edge rehehssundary of the adjacent
course. This results in a small triangular area without bést 100 percent coverage the
tow is cut only when the second tow edge crosses the bouratagating a small triangular
overlap area. Coverage values between 0 and 100 perceesespithe intermediate cases.
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Figure 6.4: Maximum number of tows allowed for sufficient pantion

A coverage parameter of 0 has been demonstrated to be waddlesiy Blom et al. (2009),
because the resin-rich tow-drop areas act as stress raiglies 100 percent coverage might
result in an uneven surface. No test data is publicly aviglédr either of these cases and
therefore a coverage parameter close to 50 percent was mskd design. Furthermore
the boundary between two courses was chosen to lie exadiebr the centerlines of two
adjacent courses to minimize the deviation of the fiber afigha the ideal fiber angle. The
result can be seen in figure 6.5, where the white marked tolem¢p¢o one course and
partially overlap the black marked tows, belonging to th@eeht course.

\\
~ S S < \.\w,\,\v \

(a) Schematic tow-drop area (b) Picture of the tow-drop area (photo: Boeing)

Figure 6.5: Gaps and overlaps between tows for 40-60 % caeparameter

Adjustment of the coverage parameter alone is not alwayigut to eliminate large
gaps or overlaps between adjacent courses. The first stglgrefithe optimum variable-
stiffness laminate, for example, had a large area where ltlee @irientation angle was a
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constant 10, which resulted in long stretches of parallel courses. Imegal, these parallel
courses do not line up exactly, causing either a long slit tong line with overlapping
tows between courses. A schematic view of this is shown indi@u6. The parts of the

overlap width at
coverage >=35%___.

|dea_|5hif1.——""'—_

overlap

gap width at
coverage < 35%

direction of angle variation

Zoom of tow gap / overlap area

_
direction of shift

Figure 6.6: Long gaps or overlaps due to parallel courses

laminate that have parallel courses can be designed sudhé¢hzourses exactly line up and
a good laminate quality is obtained. This is achieved byyipglthe proper amount of shift
between courses. The amount of shift was adjusted by chautiggnnumber of courses,
such that periodicity was maintained, see equations 3.4dBaf? in chapter 3. The result
of this design adjustment is shown in figure 6.7. It can alsedieluded, based on this
picture, that the accuracy with which the courses are lawindeas excellent, since there
were no gaps or overlaps between parallel courses, as itegigmdd.

Variable-stiffness plieg1 and 2 both contained a large region where the fiber angle
was constant at 0 These courses were only 6 or 7 tows wide to avoid overlaps, bu
contained no tow-drops or tow-adds. Multiple narrow patatburses could therefore be
combined into one wider course to reduce the total numbeowrfses and to speed up the
production process. A condition is that no tow-drops or &mds are present in-between
the courses that are combined, because that would mearhthabtirses are not exactly
parallel.

An NDI scan of the manufactured cylinders was made to looloasible defects intro-
duced by the stiffness variation. The NDI scan of the vadadiiffness cylinder, in which
the location of the tow cuts can be seen, is shown in figure@mBone side of the cylinder
the courses are steered more, requiring more tow drops totaivaia constant thickness,
i.e. the areas on the left and the right in figure 6.8. The athter of the cylinder contains
mainly parallel courses, showing less irregularities, ttee middle of figure 6.8. The cir-
cumferential irregularities in the middle of figure 6.8,.i.the dark horizontal lines, also
indicate defects which may be due to a thermal mismatch legtwiee part and the tool.
The laminate in-betweeh= 270° andd = 9(° is biased in the axial direction and therefore
has a relatively large coefficient of thermal expansion i ¢circumferential direction. A
detailed finite element analysis of the cylinder and the ¢luwing curing, including thermal
and chemical shrinkage and tool-part interaction, coutvigie more insight in the origin
of the defects.
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180 225 270 315  360=0 45 90 135 180
Circumferential coordinate, 8, deg

Figure 6.8: NDI of the variable-stiffness cylinder
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6.1.4 Minimum Cut Length and Fiber Straightening

The ability of the fiber placement machine to cut and restarstwas used to eliminate over-
laps between adjacent courses and to create constantéilplies. The curved courses
sometimes required the start and termination of a tow wighdourse, so that attention had
to be paid to the minimum cut length. The minimum cut lengtthesminimum tow length
that needs to be laid down before a tow can be cut after it has st@arted.

A tow is moved forward by pinching rollers when it is (re)sta and continues until
it reaches the surface, where it is pulled forward by thetitncbetween the compression
roller and the tool surface. There is no control over the tothieé desired length to be put
down is smaller than the distance between the cutter andtitact point, in which case the
fiber placement software prevents the placement of the tdw. iiinimum cut length thus
depends on the distance between the cutters and the coatatbptween the compaction
roller and the tool surface. This distance is indicated leydbtted line in figure 6.9. The

pinching rollers to restart a tow
cutter per tow

compaction roller
direction of
head movement

<
<€

@Qj.@é

tool surface

Figure 6.9: Schematic view of fiber placement head

minimum cut length for the Ingersoll machine, used for thedoiction of the variable-
stiffness cylinder, was 107 mm (4.2 inches). Small adjustshef the coverage parameter
were made to meet the required minimum length of 107 mm in #se of minimum cut
length violations. The minimum cut length requirement doubt always be met at the part
edges, as shown in figure 6.10, and the gaps were filled in bg. hislost of these areas
were trimmed from the final part.

The minimum cut length also played a role when a steered fidbryas placed on the
surface and the outermost tows on the side with the largeshgiradius, i.e. the tows on
the outside of the turn, were cut. There was very little carawer the direction of a tow
by the guiding rollers once a tow was cut, such that the cutftdewed the geodesic path
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Figure 6.10: Tow drop areas at part edges and fiber straigimgiiphoto: Boeing)

instead of the curved path, called fiber straightening. i8braightening is shown in figures
6.10 and 6.11. The lengthin figure 6.11 over which the tow deviated from the designed
path was 104 mm (4.1 in), which was almost equal to the minirautdength of 107 mm.
The amount of deviation can be related to the path turning radjuand the length over
which the tow deviateb using the definitions for a geodesic path and a constant tueva
path:

d=+/p?+12-p (6.8)

Substituting the value of the turning radius of that couegngent,p = 549 mm (21.6 in),
and the deviation lengtt,= 104 mm (4.1 in), in equation 6.8 results in a deviation of 9.8
mm (0.38 in), which matched well with the measured deviatibf.7 mm (0.38 in). The
amount of deviation can thus be calculated based on the tcuevaf the course and the
minimum cut length.

Fiber straightening does not occur when the tow is cut onrtsigé of the turn, because
then the neighboring tow forces it to follow the curve. Noigasadjustments were made to
prevent the fiber straightening, because it was not ant@ipd he straight tows in the man-
ufactured variable-stiffness cylinder were aligned whb turved tows by hand to obtain
the intended configuration.

The deviation from the intended path due to fiber straighigis smaller when a larger
turning radius is used. The deviations on a larger cylinddr avsimilar fiber angle variation
as manufactured would not be as large as on the test cylimagiewas manufactured, because
a smaller turning radius would be required to obtain the skinee angle variation.

Fiber straightening can be avoided in future designs bygaésj the steered courses
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Figure 6.11: Fiber straightening (photo: Boeing)

such that no tows are cut on the outside of a turn. One methasdial tow cuts on the
outside of a turn is to reverse the direction of lay down. Reing the direction of lay down
converts tow-drops into tow-adds, which solves the fibaiglhitening problem, because
adding tows on the outside of a turn is not a problem. Fibaigitening can not be avoided
if the course contains tows on the outside of the turn thdisteadded and then cut, because
the tow-adds will be converted into tow-cuts and the prolgpemsists. Other adjustments in
the design are then required.

Furthermore, the number of tow cuts and adds could be reducpticing a number of
courses parallel, as if a wider course was placed on thecgurfiehe shifted method would
be combined with the parallel method to construct a varighftness laminate, similar to
the construction of the cylinder with the axial stiffnessigton, which will be described in
section 6.2, except that overlaps would be avoided. Widarsas cause larger deviations
from the intended fiber angle distribution, see section33*@&. the formulas and figure 4.3
for an example, but since the deviation of the fiber angle ataken into account in the
finite element analysis, the influence of this deviation andtructural performance can be
evaluated. For example, the variation of the buckling maneérthe optimized cylinder
as a function of the maximum course width is shown in figure@gwthere the value of
the buckling moment is normalized with the buckling momefrd aylinder with a perfect
circumferential variation. The buckling load was calcathtising finite elements and the
exact modeling of the fiber angle orientation based on filsrgyhent and a given maximum
course width. The manufactured cylinder, which had a marinsaurse width of 102 mm
(4 in), showed less than 0.1 percent reduction in buckliagl loompared to the ideal layup.
A maximum course width of 305 mm (12 in) would result in lesartt? percent reduction
in buckling load, while the number of tow drop boundaries lddue three times less than
in the current design.
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Figure 6.12: Buckling load variation as a function of the rimaum course width

6.2 Cylinder with Axial Stiffness Variation

A second set contained of cylinders was built by the NLR, tla¢gidhal Aerospace Labora-
tory of the Netherlands, using an Automated Dynamics wolk déis set contained one
baseline cylinder and one cylinder with an axial stiffnesdgation. The shifted method and
the parallel method, described in section 3.1, were concdiimeonstruct a variable-stiffness
laminate with overlaps. These two cylinders were not teatadi serve as an example for
the construction of a laminate in which the shifted methaodithe parallel method are com-
bined.

The diameter of the cylinders manufactured by the NLR wase80and the length was
725 mm. Both the reference cylinder and the variable-g&ffcylinder consisted of 8 plies
with a ply thickness of 0.181 mm and were made of unidireetidt4/8552 carbon-epoxy
prepreg.

Two different configurations were built: a baseline cylinadehich had a quasi-isotropic
layup of [+45,0,90]s and a variable-stiffness cylinder, which had a stiffnessati@n in
the axial direction and overlapping courses. The varigkiféaess cylinder had a layup of
[+45, +¢(X)]s Whereyp(x) represented a ply with fiber angles that varied in the axialodi
tion. The fiber angle was varied according to a two-segmems$temt curvature variation
To=60° Ty =15° T, =60° andLy = L1 = %

These two cylinders were manufactured using an automatedgiacement work cell

by Automated Dynamics (ADC). This machine placed 4 tows \wittotal width of 12.7
mm (0.5 in) at a time and did not have the capability to cut tvestindividually. It was
thus decided to allow overlaps of the courses, resultingthickness buildup towards the
edges. Typical AFP machines are able to deliver more thawd per course and therefore
a scheme was implemented to combine parallel courses witaghourses, such that a ma-
chine head with a larger number of tows could be simulateeé.vemiable-stiffness cylinder
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was fabricated by placing 5 courses in parallel, forming afajel tows, to simulate a total
course width of 63.5 mm (2.5 in). Subsequently another 63rbwde course was placed
on the surface, where it was shifted in the circumferentigation with respect to the first
course. The spacing between courses was such that all sauese equally spaced and gaps
were avoided. As an example four 20-tow wide courses, ctimgisf 5 parallel 4-tow wide
courses, are shown in figure 6.13. A picture of the steeretseswduring manufacturing is
given in figure 6.14.

5 parallel cours
forming 1 cours

Figure 6.14: Axial stiffness variation

The resulting thickness distribution is shown in figure 6 Aontour plot of the num-
ber of layers resulting from the simulation is shown in figérg5(a), while figure 6.15(b) is
a picture of the actual cylinder where the overlaps are l@igible. The picture shows the
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cylinder before it was trimmed to the final dimension, whiskwhy it looks thinner than the
simulation. The mass of the variable-stiffness cylindes wereased from 3.11 kg to 3.52
kg compared to the baseline cylinder. The technique of coim@ithe parallel method with
the shifted method to create a variable-stiffness lamiaateit’'s usefulness was discussed
in subsection 6.1.4.

Number
of layers

16
14
12
10

(a) Contour plot of the number of layers (b) Picture of the NLR cylinder
(photo: NLR)

Figure 6.15: Overlaps on the NLR cylinder

6.3 Conclusions

Cylindrical shells with varying fiber orientations were nodectured using advanced fiber
placement technology. The small dimensions of the cylinelgnired a small turning radius,
causing puckers to form during lay-down which were not \&siim the end product. A
larger turning radius can be used on a cylinder with largeredisions to obtain the same
stiffness variation, resulting in less puckering. In thagtant-thickness test cylinder the
amount of small triangular gaps and overlaps was minimiyagsing a 50 percent coverage
parameter, while long gaps between parallel courses weride by adjusting the shift
between courses. The minimum cut length requirement wasntaiko account during the
design, preventing any deficiencies in placing tows on thiéasa. Cutting tows on the
outside of a steered course caused the tows to straightea s the outer tows were not
restrained and thus followed a geodesic path. Fiber stiejing can be avoided in future
designs by not allowing tows to be cut on the outside of a thumthermore, increasing the
maximum course width by combining the shifted method with plarallel method would
resultin less tow drop areas.



Chapter 7

Modal Test

Three carbon fiber-reinforced cylinders were manufactbsethe Boeing Company using
fiber placement based on the optimizations given in secti8r5Two of these cylinders,
also referred to as baseline cylinders, had an identicakiggotropic layup, while the third
cylinder had a circumferentially varying laminate stifise A modal test of one of the
baseline cylinders and the variable-stiffness cylindes warformed at the dynamic test
laboratory of the Boeing Company in Seattle, WA. Both thestst baseline and variable-
stiffness, served as a means to determine the accuracy fifiiteeelement models in cap-
turing mass and stiffness distributions, and to study tfleence of the stiffness distribu-
tion on the modal response. A description of the test cordiipm will be given in this
chapter, followed by a comparison of the experimental aradydinal eigenfrequencies and
eigenmodes. Then the baseline and the variable-stiffndssier will be compared and
the physical responses of the cylinder in terms of frequeasgonse functions and power
spectral densities will be compared to the finite elementiption. Finally, conclusions will
be drawn about the accuracy of the finite element model wipeet to the experimental
results.

7.1 Description of Specimens

The specimens that were tested were the cylinder with aroiferential stiffness variation
and one of the two manufactured baseline cylinders destiibsubsection 5.3.4. They
were manufactured by the Boeing Company, see section 6th.dgbinders consisted of 24
plies of carbon-fiber reinforced epoxy, had an inner diamet®&09 mm and a test length
of 990 mm.

7.2 Test Configuration

The boundary conditions of the cylinder for the modal testeAdese-free. One of the cylin-
der edges was attached to an aluminum cross through fous Wie¢ were spaced at 90
degree intervals, such that the cylinder was hanging \adlic At the center section the
aluminum cross was suspended by a spring to the ceiling,aesim figure 7.1. This way

121
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(a) Attachments of strings to cylinder (b) Suspension of the frame

Figure 7.1: Suspension of the structure

the axial degrees of freedom at the boundaries were affastéittle as possible, while the
cylinder was free to move horizontally. The test setup dloapproached free-free bound-
ary conditions. A load cell was bonded to a point on the insithe cylinder at the lower

edge and attached to an electrodynamic shaker as shown ia fig2(a). The shaker was
used to excite the cylinder with random vibrations in thgérency range from 0 up to 1250

(a) Attachment of the shaker to the cylinder (b) Complete test setup

Figure 7.2: Modal test configuration
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Hz. Deformations were measured at discrete points on thedsr surface using a laser
vibrometer, and to improve the quality of the measuremegtdyreflecting tape was used,
see figure 7.2(b). The grid of both cylinders consisted of 4idfg in the axial direction,
with a circumferential spacing of 15 degrees. The baseljfieder was measured over 180
degrees of the circumference, while the variable-stifradinder was measured over the
full circumference. The responses were measured untiMiiveder was fully damped. Each
point was excited and measured over the full frequency réaagémes to filter out noise.
This cycle was repeated for all points in the measuremedt gri

7.3 Comparison of Modal Frequencies and Mode Shapes

The experimental and analytical results for the mode shapdsmodal frequencies will

be compared in this section. The analytical results weraiobt with the finite element

program ABAQUS. The Lanczos eigensolver (ABAQUS, Inc.,200as used to calculate
the eigenfrequencies and eigenmodes of the cylindershwiad free-free boundary condi-
tions. The model consisted of 78 shell elements in the akiattion and 156 shell elements
in the circumferential direction. The stacking sequencs gadculated for each element of
the variable-stiffness cylinder using a Fortran programadoount for the circumferential

stiffness variation.

The shape of the eigenmodes and the modal frequency valmad@information about
the mass and stiffness properties a structure. The qudlibhecanalytical model to predict
these properties can be assessed by comparing the expeliguet analytical modes and
frequencies. The measured and predicted modal frequesiggalotted versus the mode
shape in figure 7.3. The results for the baseline cylindegaen in figure 7.3(a) and the
results for the variable-stiffness cylinder are given infay7.3(b).

The modes are described by their number of half waves in diiattionm and their
number of full waves in circumferential direction Overall the analytical results corre-
sponded well with the experimental results. In the analgéihe baseline cylinder there
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Figure 7.3: Comparison of the modal frequencies and modesdsn the experiment and
the finite element analysis
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Figure 7.3: Comparison of the modal frequencies and modesdan the experiment and
the finite element analysis (continued)

was always one duplicate mode with exactly the same modgliémecy, however, in the ex-
periment the frequency of the duplicate mode was slighffgidint, see for example modes
(2,5) and (1,7), and for mode (2,7) more than one duplicatgemeas observed. This could
be due to imperfections present in the test article, whichewmt included in the finite
element model and therefore did not show up in the simulatigmto 500 Hz the analyt-
ical results matched the experimental results within 5 grarc At higher frequencies the
difference varied between 5 and 12 percent. The varyinfpeté of the variable-stiffness
cylinder already caused slightly different frequenciasdoplicate modes in the finite ele-
ment simulations. However, also for this cylinder no momnthwo duplicate modes were
found in the analysis, yet the experiment showed more thandiuplicate modes for the
(2,7) mode. With the exception of the (2,7) mode, the praahstfor the frequencies of the
variable-stiffness cylinder were always within 5 percefrthe measured frequencies.

A comparison between the calculated modal frequenciesdiaiseline cylinder and the
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Figure 7.4: Comparison of the modal frequency per mode
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variable-stiffness cylinder is shown in figure 7.4. The &ble-stiffness cylinder had a lower
frequency than the baseline cylinder, except for the maajgesth withm = 2 andn = 3,4.
This can be explained by looking at the laminate bendin§nstises of both cylinders, see
figure 7.5.D11 is the laminate bending stiffness in the axial directionhaf tylinder, while
Dy, is the laminate bending stiffness in the circumferentiegction of the cylinder, as de-
fined by the classical lamination theory (Jones, 1999). &sthe laminate stiffness varied
as a function of the circumference for the variable-stgfeylinder (subscript), the val-
ues of the axial bending stiffneg¥ 1, and the circumferential bending stiffneBg,, are
given as a function of the circumferential coordin@tenormalized by the bending stiff-
nesses of the baseline cylinder (subsdn)pD;1, andD»o, respectively. Most mode shapes

-~ Dsy/ Doy,

1.4

1.3~

1.2

11

1

Normalized bending stiffness

0.9- e 1
0.8 1
0.7b====== SR 4o i i i Bl [, oo

0 45 90 135 180 225 270 315 360

Circumferential coordinate 6, deg

Figure 7.5: Bending stiffnesses of the variable-stiffradsder

had a larger number of full waves in the circumferential clien (n) than number of half
waves in the axial directiomf), and therefore the bending stiffness in the circumfeagnti
direction O22) was the most important stiffness term for the given cylirgisometry. The
D22 bending stiﬁnessbof the variable-stiffness cylinder wiagags smaller than that of the
22v

Doan
the formation of waves in the circumferential direction dhdrefore in a lower modal fre-

guency. When the number of waves in the axial direction waseased, the value of the
bending stiffness in axial directiddy; became more important. The axial bending stiffness

of the variable-stiffness cylinder was larger than thatefbaseline cylinder for most of the

. . D o : L
circumference, |.e.D11V > 1 in figure 7.5, and this had a positive influence on the modal

baseline cylinder, i.e < 1in figure 7.5, which resulted in a smaller resistance agains

frequency. In the cagg of the mode shapes (2,3) and (2,4 xihlebending stiffness dom-
inated and the natural frequency of the variable-stiffriggisder became higher than that
of the baseline cylinder. Furthermore, as the number of waveircumferential direction
increased the ratio between the frequencies tended to igenteeone value, approximately
0.87, this was also the case for higher numbers of axial healbw.

A comparison of the mode shapes of the baseline cylinder la@ddriable-stiffness
cylinder showed few differences in the low frequency modesmaller amplitude on the
bottom side of the variable-stiffness cylinder than on the $ide was found for the first
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Figure 7.6: Eigenmodes for the baseline cylinder and théalae-stiffness (vs) cylinder
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Figure 7.6: Eigenmodes for the baseline cylinder and thealde-stiffness cylinder (con-
tinued)

mode (0,2), see figure 7.6(b), with no difference in ampktéat the baseline cylinder, see
figure 7.6(a). This was to be expected because the baselindeyhad a constant stiffness,
while the stiffness varied in the circumferential direatior the variable-stiffness cylinder.
Looking at figures 7.6(c) to 7.6(f) the varying amplitude @ readily noticeable, however,
for higher modes, such as the (3,6) and the (4,7) mode, tifieesis variation has a bigger
influence on the deformation amplitudes around the circoeniee of the cylinder, as can be
seen in figures 7.6(g) until 7.6(j). The laminate bendinfjretss becomes more important
as the wavelength of the modal waves gets smaller and thuathimg stiffness results in
a larger difference in mode shape amplitude.

An interesting mode to compare would be the pure bending maslghe cylinders
were optimized for increasing the buckling bending moméfawever, the ratio between
the cylinder radius and the cylinder length was small andefloee the natural modes for
the cylinders considered here were shell type modes andeaoh lbype modes. The pure
bending mode for the baseline cylinder occurred at a freqquehapproximately 1900 Hz
according to the finite element prediction, and the bendingenof the variable-stiffness
cylinder was above 2500 Hz and since the reliability of thédielement results at these
high frequencies was unknown it was not possible to draw amglasions regarding the
bending behavior.

7.4 Comparison of Physical Response

The modal response of both cylinders was simulated withadgtetate dynamic analysis
in ABAQUS. The previously calculated eigenfrequencies@iggénmodes were used in the
dynamic analysis, while the damping factors required fer $hmulation were calculated
using the experimental data. The modal response is chamttéy two different functions:

the frequency response function and the power spectraitge$e frequency response
function normalizes the amplitude of the response with thplaude of the forcing function

such that the influence of the excitation force is eliminaféte frequency response function
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H(f) is defined by:

v(f)
whereV is the measured velocity, whikeis the forcing function. A plot of the frequency re-
sponse function versus frequency provides informationutitiee mass, stiffness and damp-
ing of a structure. If the system is undamped, the amplitudin® response is infinite
when the forcing frequency approaches the modal frequehdyeostructure. Structural
damping reduces the magnitude of the vibration to a finitaesalvhile the location of the
peak depends on the resonance frequency values which depghd mass and stiffness
distribution in the system. The frequency response funstiof three distinct points on
the variable-stiffness cylinder are given in figure 7.7. Tdeations of the points 24, 114,
and 253 for which the frequency response functions werengave shown in figure 7.7(d).
Point 24 represents the location of the shaker, while therawo points are spread out over
the cylinder. Since these three points are representdtive @ther points shown in figure
7.7(d), the results for the other points are omitted. Theltefor the baseline cylinder were
similar to those of the variable-stiffness cylinder, aneréiore not given here, see appendix
F for these results.
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Figure 7.7: Frequency response function of the steerecdgli

A good correlation was found for all three points, see figr&¢a), 7.7(b), and 7.7(c),
when the location and the magnitude of the response peaks af¢asured data were com-
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pared with those of the finite element prediction. The lan®iof the peaks depend on the
mass and stiffness distribution within the cylinder, anakstthe good correlation indicated
that the finite element model correctly captured theseildigtons. Since the damping fac-
tors were unknown in advance, the measured damping facters wsed as input in the
finite element model, the magnitude depending on the modeeshahis explained why
the amplitudes of the response peaks also showed a goothtiomevith the experimental
results. The frequency response functions predicted b¥irtite element analysis (FEA)
did not show any noise, whereas the measured responsestiidzalleys seen in the plot
of the finite element response functions of points 114, figué¢b), and 253, figure 7.8(c),
were due to a change in sign of the response, which was notrsheeause the absolute
value of the response was plotted. These valleys were alostngt measured response due
to the noise present in the data.
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Figure 7.8: Power spectral density for displacement of thgable-stiffness cylinder

The second type of modal response, the power spectral g¢éRSD) describes how the
variance of a signal is distributed with frequency. The P8fike three points are given for
displacement in figure 7.8. The PSD for displacement is defirye

52

PSD= 7.2

in which ¢ is the radial displacement at a given point &kl is the frequency step between
subsequent data points. Alternatively, the PSD can be sgpdein terms of velocity or
acceleration, see appendix F for these plots. As with thguigacy response function, the
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PSD depends on the mass and stiffness distribution. The BSs of the finite element
analysis again showed a good correspondence with the exgetal results, both in location
and in amplitude of the response peaks, indicating that tassmdamping and stiffness
properties of the cylinder were properly captured in thedimlement model. Note: the
valleys present in the response were caused by dips in thiaddiunction, shown in figure
7.9, because the response was not normalized with the gcwitarce.

10°

Figure 7.9: Forcing function over the frequency spectrum

7.5 Conclusions

A modal test was carried out on two fiber-reinforced comgosiinders. One of the cylin-
ders contained plies with continuously varying fiber oréiuins, the other had a conven-
tional layup with 0, 90 and-45 degree plies. A finite element model was used to predict
the modal behavior of the cylinders.

The analytically predicted mode shapes and modal freqasrstiowed a good agree-
ment with the experimental results, both for the baseling fam the variable-stiffness
cylinder. The modal frequencies of the baseline cylinderenr@gher than those of the
variable-stiffness cylinder due to the higher laminatedieg stiffness in the circumferen-
tial direction, which plays an important role in the fornuatiof waves in the circumferen-
tial direction. The larger axial stiffness of the varialstiffness cylinder became apparent
for modes with an increasing number of axial half waves ardntiodal frequency of the
variable-stiffness cylinder approached or even exceduechbdal frequency of the baseline
cylinder. The modal response simulations executed in AB&@uhtched the experimental
results both for location and amplitude of the responseh@igh only 2 cylinders were
tested, the presented results indicated that the finiteeglemodel for the variable-stiffness
cylinder provides a good representation of the cylindeeimts of mass and stiffness distri-
butions.

The fact that the analytical results have captured the momtadtituent frequencies and
physical responses for a wide frequency range are fundafrtergxpect reasonable static
and dynamics analysis results associated with the cyknder



Chapter 8

Bending Test

A first assessment of the accuracy of the finite element madeldriable-stiffness cylin-
ders was made based on a modal test, as described in chaftbe Test showed a good
agreement between the analytical and the experimentdtge$he experimental results of
a bending test of the cylinders manufactured by Boeing, settos 6.1, will be presented
in this chapter to make a second assessment of the anafytalalfor variable-stiffness
cylinders. Two baseline cylinders and one variable-g#B cylinder were tested. The
variable-stiffness cylinder was tested in two configumadidfirst loaded in the orientation
for which it was designed and then loaded in the oppositetime, which was obtained by
mounting the cylinder upside down in the test rig. These tvientations are referred to as
the preferred and the reversed orientation, respectively.

First, the text fixture design, data acquisition and test@dare will be discussed. Sub-
sequently, the finite element model used to predict the axeetal results will be dis-
cussed. The finite element model was adjusted based on tleeiraenmtal results for the
baseline cylinder to account for the test conditions. Thizlet was then used to predict
the experimental results of the variable-stiffness cydimdThe experimental results are
compared to the analytical results and a comparison is mettieebn the variable-stiffness
cylinder and the baseline cylinder, both are presenteddticse8.5. The chapter concludes
with a summary of the test results and an outlook for futurekwo

8.1 Test Setup

8.1.1 Design of the Test Fixture

The objective of the test setup design was to apply pure bgridithe baseline and variable-
stiffness cylinders, introduced in chapter 5, and to compa experimental results with the
analytical data. In the past two different setups were useghply a pure bending moment
to a cylindrical shell. In the setup of Davis (1982); PeterE056); Peterson and Anderson
(1966) and Anderson (1971) the cylinders are cantilevaxad f strong back and bending
is applied by rotating a plate on the other end of the cylingdmg an hydraulic lever, while

axial movement is allowed by rolled supports at the actuagiod. The second setup, that
of Fuchs et al. (1997), is a 4-point bending setup, wheredhedrticle is mounted in the

131
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area without shear loads such that it is loaded in pure bgndino hydraulic actuators are
used to apply the shear force on the far ends of the setupe Wiglcylinder is kept in place
by the two middle supports. The middle supports are condécterder to carry undesired
axial forces.

Although Peterson’s setup (1956; 1966) is better in ternmsinfmizing undesired loads,
a configuration close to Fuchs et al.'s setup was favoredhisrresearch, because of the
availability of a 3.5 MN MTS machine and consequently thedowosts associated with
using this design. The design described in this chaptensithe same principles as Fuchs
et al. (1997), though the way the specimens were clampecdarattuation of the test setup
were different. The loads in the current setup were sigmiflgahigher than in the setup of
Fuchs et al. (1997) and therefore bolts were used to clamgpheimen instead of potting
compound. The MTS machine was used to actuate the setup mitlte, as opposed to
the two hydraulic actuators at the far ends of the test sdtapvitere used by Fuchs et al.
(1997). A more detailed description of the test setup ismglvelow.

A 3,560 kN MTS test bench, model 311.51S, was used for actuafihe fixture for the
bending test was designed exclusively for this test. A pecaind a model of the test fixture

(a) Picture (b) Model

Figure 8.1: MTS Test bench with the bending fixture
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are shown in figure 8.1. The bending loads were applied synioally to the cylinder by
allowing the moment arms to rotate, with the rotation of thenment arms controlled by
the vertical motion of the machine head. The test fixture wasléd in tension, causing
a bending moment such that the upper side of the cylinder wasnision and the lower
side of the cylinder was in compression. The kinematics efftkture might introduce
undesirable forces and moments, although the fixture isa@gé¢o introduce pure bending.
The magnitude of the undesired forces was minimized by thegmce of hinges between
the different components of the test fixture, indicated thirefigure 8.1(b). A small axial
force developed once the end-plates started rotating.iemirsy the stiffness of the barrel,
the rotation of the end-plates was such that the strainseddusthe compressive load were
less than 0.25 percent of the maximum bending strain andfitrernegligible, as shown by
a simple model of the test mechanism, see appendix G.

The boundary conditions of the cylinder were designed to@gh, as closely as pos-
sible, the clamped end conditions as applied in the finitmetd analysis. A fully bonded
connection between the cylinder and the steel end-ringgejasted because the expected
tensile loads were too high and a bolted connection withl steé reinforcements of the
cylinder was preferred. The cylinder ends were attachetetl suter rings and segmented
steel inner rings using 28 steel bolts with a 16 mm diametee fings are shown in figure
8.2. The inner ring was segmented to allow the cylinder tolamped between the inner
and outer ring. The amount of clamping was increased byditle gaps between the rings
and the cylinder with paste adhesive. The rings were botteijid end-plates which were
integrated with the moment arms.

Figure 8.2: Picture of the steel end-rings
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8.1.2 Test specimens, Preparation and Installation of theést Article

The test specimens that were tested were 609 mm (24 inclaesgtiir, 990 mm (39 inches)
long cylinders made of uni-directional BMS8-276 carbomgptape. The laminates con-
sisted of 24 plies. Two baseline cylinders and one variabffress cylinder were tested,
the design of which was described in subsection 5.3.4. Argesm of these specimens
and how they will be referred to in the remainder of this ckajs given in table 8.1.

Table 8.1: Bending test specimens

Specimen Layup Test Subscript
name configuration  used in results
baseline 1 [£45,02,90,,0,+£45,4+45,90/s N.A. 1
baseline 2 [£45,02,90,,0,+45,+4590s N.A. 2,b
variable-stiffness [+£45,+¢1(0),0,90,+¢3(0),0,90,+¢5(0)]s preferred p
variable-stiffness [+£45,+¢1(0),0,90,+¢3(0),0,90,+¢5(0)]s reversed r

The specimens were manufactured by Boeing using advanagdoffcement technol-
ogy, see section 6.1. After the prepreg material was laidrup mandrel, it was cured in
an autoclave, removed from the mandrel and trimmed clodeetdinal length of 990 mm.
Steel tabs were bonded onto the inner and outer surface brebds of the cylinder with
Hysol 9394EA paste adhesive to increase the bearing cipaifithe cylinder at the con-
nection with the loading frame. The dimensions of the stadltabs are specified in figure
8.3. Sizing of the tabs was based on the expected load cgregipability of the laminate
in bearing, the maximum amount of load transfer through thteeaive layer between the
tabs and the cylinder, and the relative stiffnesses of tmeposite cylinder and the steel
tabs. The tensile loads applied to the variable-stiffngiader were the most critical, be-
cause the loads carried on the tension side of this cylinéee wxpected to be higher than
those carried by the baseline cylinder, as explained inteln&p The higher stiffness of the
laminate in this location also caused a higher ratio of thegibg loads to be carried by the
laminate than by the steel tabs.

L =102 mm g

,, L=91 mm >

>
( —

Bondline thickness = 0.3 mm W Fillets

Bond material: hysol EA 9394 Tab thickness = 1.0 mm
Tab material: 17-4 PH AMS 5604 H900 Steel

Figure 8.3: Dimensions of the end tabs

The tabs and cylinder surface were sanded such that theleylends were perpendic-
ular to the axis of revolution. The test fixture was set uprigith the inner and outer rings
installed and the cylinder was centered between the inrteoater rings. Once the cylinder
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was fixed in place, 6 and 10 mm diameter holes were drilledessieely and concentrically
with the end-rings. The cylinder was removed and the holes w#lled to their final diam-
eter of 16 mm on an industrial drilling machine. A picture loé tylinder with end tabs and
bolt holes is shown in figure 8.4. The cylinder surface was ttieaned and strain gauges

Figure 8.4: Cylinder layout before application of the splegiattern

were bonded at specified locations on the inner and outesicesf as shown in figure 8.4.
Subsequently, the outer surface was spray painted white@reted with a black speckle
pattern for the digital image correlation (DIC) used durihg test. The distribution of the
strain gauges and the use of digital image correlation williscussed in section 8.2.

Adhesive paste was applied between the rings and the cyliod@prove the clamping
between the end-rings and the cylinder. The adhesive batiieend-rings and the tabs was
not intended to transfer shear loads since the connectiwreba the tabs and the cylinder
was sized on load transfer through the bolts alone and threrefax was applied to the
rings and the tabs to prevent the adhesive from sticking @cstirface. Finally the bolts
were inserted in the outer ring, the cylinder and the inrmeg and tightened. The end-plates
were held in position using two aluminum plates during thalfeissembly process such
that the end-plates were kept parallel and 990 mm apart. #ingiof the aluminum plates
attached to the structure is shown in figure 8.5.

8.2 Data Acquisition and Instrumentation

The maximum load that could be applied to the cylinders wa#téid by the strength of
the bolted connection which was most critical on the tenside of the variable-stiffness
cylinder. Unfortunately, the cylinders were built befone tetailed design of the test fixture
was done, resulting in cylinders that were expected to betiffdo be buckled in the test
section before bearing failure occurred on the tension eidine cylinder. It was thus
decided to save the cylinders and not to load the cylindgrermbthe load that would cause
bearing failure. This would allow for a second test run thaghhinclude damage or cutouts
in the test section to weaken the structure.
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Figure 8.5: Connection between the two support structures

The most important sources of information for the comparieb experimental data
with analytical data in the pre-buckling load regime are sagaments of strains and de-
formations. If a cylinder is loaded until buckling, measiigeometric imperfections of
the cylindrical shell can be applied to the finite element eidd predict the buckling load
more accurately, as imperfections can have a large influen¢ke buckling behavior of a
cylindrical shell.

A buckling analysis including geometric imperfections was initially carried out, be-
cause it was decided not to load the cylinders to bucklingidver, geometric imperfections
were measured so that they could be used in future analysg@sgoahat they could be in-
cluded in the imperfection data bank for thin walled shelis {ries, 2009). It will become
apparent later in this chapter that the geometric impddectata was not collected in vain
and that imperfections play in important role in the mecbahbehavior of thin-walled
cylindrical shells in compression.
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8.2.1 Geometric Imperfection Data

Geometric imperfections of the cylinder were measureddwif before the cylinder was
mounted in the test setup, but after the tabs were appliedhenidoles were drilled, and ii)
while the cylinder was mounted in the test setup. The dataok&sined using a VIC3D
stereo digital image correlation (DIC) system with two thfjicameras. Cameras with 50
mm lenses were used to measure the cylinders outside tisetaptand cameras with 8 mm
lenses were used to measure the imperfections while thedeys were assembled in the
test setup. To facilitate obtaining this data the specimereyirst painted white and then a
black speckle pattern was applied, using acrylic paint. 0$eof a stereo camera system
allows for three dimensional correlation, providing infation on the initial geometry and
on the deformation of the object. Multiple pictures weregtalaround the circumference of
the cylinder to cover the full surface. The separate imagae then combined into one data
file covering the whole cylinder during post-processingctiities of the camera setup and
image recording software are shown in figure 8.6. The praeeidcalculate the geometric
imperfections and the results are presented in subsecto? 8

(a) Setup of the cameras for DIC measurements (b) Images of the two cameras

Figure 8.6: Digital image correlation (DIC)

8.2.2 Determining the Applied Bending Moment

The bending moment applied to the cylinder could not be mealstirectly and therefore

it was derived from the actuation force and the known weigitt @onfiguration of the test
fixture. First the assembly without the lower struts, as shiowfigure 8.7, was installed in
the MTS machine. The machine force indicator (indicatingrad¢P) was then set to zero,
thus excluding the weight of the supporting structure asvshia figure 8.7. Subsequently
the lower struts and lugs were assembled and fixed to the ¢elst the bending moment
applied to the structure was then calculated by multiplythmgy reaction force at each end
P/2 with the moment arnd = 711 mm and adding the moment caused by the weight of
the support structure and ring% which was calculated using the commercially available
design software CATIA of Dassault Systems (shaded light @rdigure 8.7):

M= 0wy (8.1)
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The weight of the lower struts and lugs was not includeiy since the center of gravity
was in line with the reaction force.

Figure 8.7: Schematic for the determination of the bendigmant

8.2.3 Displacements

The global displacement of the machine head was measunegl th& internal mechanism
of the MTS test bench. The displacement of the cylinder atatioms of the test equipment
were measured using linear variable differential tramsfns (LVDT's) and lasers. The
location of the LVDTs and lasers are shown in a schematicsigle of the cylinder and
part of the supporting structure in figure 8.8. The rotatiofithe plates about the horizontal
and vertical axes were calculated by measuring the displacts of the end-plates at three
distinct locations in a right angle triangular setup. Hdre horizontal rotation will be
referred to as the end rotation of the cylinder. This infatiorawas also used to check the
symmetry in the loading conditions. The placement of 2 oflfM®T's on the end-plate is
shown in figure 8.9(a). The third LVDT is at the same vertieatl as the lower LVDT and
placed on the far end of the plate.
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Figure 8.8: Location of LVDTs and lasers

(a) Placement of the
end rotation placement

Figure 8.9: Displacement measurements using LVDT'’s

The vertical deflections at the top and the bottom of the dginwere measured halfway
the length a/L = 0.5 using lasers. The vertical displacement of the end-rinas mea-
sured as a reference, see figure 8.9(b). The displacemeitdield also be calculated using
the 3D digital image correlation system.
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8.2.4 Strain measurements

Strains were measured using general purpose strain araal glauges and rosettes at the
locations shown in figure 8.10. The uniaxial strain gauge=siusere type KFG-5-350-
C1-11 gauges, the rosettes were type KFG-5-350-D17-1h, lanhufactured by Kyowa.
Since this test was a static test of short duration there waseed to use strain gauges
with a matching coefficient of thermal expansion. The ciréenential locationd = 0°
corresponded to the tension side of the cylinder in the ttspsdescribed, whil@ = 180°
was the compression side. These locations were considegaddst interesting to collect
data, because they exhibit the largest strains under bgndihirteen strain gauges were
placed along the axial direction at these two locations thatthe influence of the boundary
conditions on the mechanical behavior of the cylinder cdaddevaluated. Furthermore a
pattern of 20 strain gauges was placed around the circunderealfway along the length
of the cylinder, because this is where the boundaries haé#séinfluence. Thirteen back-
to-back strain gauges were also placed betweer)° andd = 180°. One quarter of the
cylinder was covered with a grid of 57 strain gauges to captioe variation in the strain
field. The remaining strain gauges were spread out over fireley so that the symmetry of
the mechanical behavior could be checked. Only 19 straingemwere used in the region
betweert = 180° andé = 360°, because this side of the cylinder was monitored using the
3D digital image correlation system, which provided a fudlw of the strain field.
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Figure 8.10: Location of strain gauges

8.3 Test Procedure

The geometric imperfections of the cylinders were measustag the digital image cor-
relation system before they were assembled in the test dixtafter assembly in the test
fixture a negative load was applied to compensate for thehweifythe test fixture, such
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that the total moment applied to the cylinder, given by eigmaB.1, was zero. Then the
geometric imperfections were measured again using the Ppd@m. Subsequently wires
were connected to the strain gauges and the instrumenta#isrset up. The cylinder was
then loaded in steps of 10 kN, corresponding to steps of 3rh klnding moment, up to
40 percent of the maximum design load of 415 kNm. Loading thecture to a significant
load level served to settle the cylinder and the test fixtéer gradually unloading the
structure, the load was again applied in steps of 10 kN, noo pmaximum moment of
415 kNm. The load was then reduced to zero in steps of 10 kNrimredests and 20 kN
in others. Strain and displacement data were collectedcatlead increment, and pictures
were made using the DIC system. Multiple test runs were peéd where the DIC was
first used to monitor the compression side fo the cylindeiijenrine tension side of the
cylinder was monitored in a subsequent run. The test of thiabhle-stiffness cylinder in
the reversed orientation was controlled by a prescribgaatiement of the machine head of
0.05 mm per step, corresponding to load steps of approxiyiateNm bending moment.

The maximum load that could be applied to the cylinders waged by the strength of
the bolted connection which was most critical on the tenside of the variable-stiffness
cylinder. Unfortunately, the cylinders were built befone tetailed design of the test fixture
was made, this gave cylinders that were expected to be tibdaostie buckled in the test
section before bearing failure would occur on the tenside sif the cylinder. It was thus
decided to save the cylinders and not to load the cylindersrmthe load that was expected
to cause bearing failure. This would allow for a second t@stthat might include damage
or cutouts in the test section to weaken the structure. Thdrmuen design load based
on the maximum bearing strength capacity was 415 kNm, ajipeairly 65 percent of the
calculated nonlinear buckling load of the baseline cylmde 55 percent of the buckling
load of the variable-stiffness cylinder, the effect of getrit imperfections not included.
The test fixture was sized according to the maximum load ofkdNra.

8.4 Finite Element Predictions

The finite element model described in chapter 5 was used wigbrive mechanical re-

sponse of the cylinders before the actual testing was paddr After the test of the first

baseline cylinder it became clear that the finite elementehdid not properly reflect the

boundary conditions that were present in the actual tegpsétherefore the boundary con-
ditions were adjusted in the finite element model such that@gorrelation was found

with the experimental data of the baseline cylinder. Subsetiy this model was used to
predict the mechanical behavior of the variable-stiffredisder. Finally, geometric imper-

fections were included in the model to assess the influengeafetric imperfections on

the buckling load of the cylinders.

8.4.1 Simple Linear and Nonlinear Finite Element Models

Initially, selection of the best laminate for loading unbending was based on a linear anal-
ysis of a cylinder with perfectly clamped ends, see chaptéri$ often accepted in practice
to use linear analyses during the design stages of a steuttiunake a quick assessment
of the structural performance, even though actual testitiond are not accurately repre-
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sented by the model. The main objective of such a study isrimpene the performance of
different structural concepts under similar conditionswiéver, when analytical and exper-
imental results are to be compared, a more realistic repratsen of the cylinder behavior is
required. Thus geometric nonlinearity was introduced thtomodel. The clamped bound-
ary conditions were maintained in the finite element modekesthe interface between
the cylinder and the support structure in the test setup desgned to be stiff. Further,
the simplified model of the test mechanism, described in agigeG, indicated that the
test mechanism induced small undesirable loads and thierésfe test mechanism was not
modeled in ABAQUS.

The first tests of the baseline cylinder showed a considerdifference between the
analytical and experimental results, as can be seen fromefgjal, where the mechanical
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Figure 8.11: Comparison baseline test and FE model with gladhboundary conditions
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response of the baseline cylinder for the experiment {Eapd the nonlinear finite element
(FE;) results are displayed. The global response is given indima bf a moment-rotation
curve in figure 8.11(a). The two dark gray data series for ¥peemental results represent
the rotations at both ends of the cylinder, dedicatedd andX =L, as shown in figure 8.12.
The deviation of the experimental results from the anadytiesults was approximately 35

r=1 w:L/Q

Figure 8.12: Definition of directions

percent, where the experimental response was more cornblaanthe analytical response.
The difference in end rotations was expected to be causedilffeeence in boundary con-

ditions between the finite element model and the test, becaosodal test of the cylinders
(see chapter 7) showed a good agreement between the exptiiraed analytical data,

suggesting that the stiffness modeling was accurate.

The measured distribution of the axial strain with the walttoordinate halfway along
the length of the cylinder, i.e. at= L/2, supported this hypothesis. The distribution of the
axial strain with the vertical coordinatesshould have been linear if the boundary conditions
were clamped:

Mz
T El
whereMy is the applied bending moment aldlis the bending stiffness of the cylinder. The
vertical coordinate is shown in figure 8.12. The strain distribution accordinghte finite
element prediction in figure 8.11(b) was indeed a straigtd.liThe experimental strain
distribution, however, showed smaller strain values ontémsion side and larger strain
values on the compression side, indicating that the cylindess-section did not remain in
one plane.

This observation was supported by data from the digital Enegrrelation measure-
ments, described in appendix H. The rotations of the entbpldhat were measured by
the LVDTs were larger than the rotations of the cylinder etidd were measured by the
DIC system, an indication of flexibility in the interface beten the cylinder and the sup-
port structure. Furthermore, the rotations on the compressde as measured by the DIC
system were larger than the rotations on the tension sidiehwtas in line with the strain
distribution of figure 8.11(b).

An inspection of the load transfer mechanisms on the teramahcompression side of
the cylinder provided an explanation: on the tension sidelsowere transferred through

€ (8.2)
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the bolts and through shear at the cylinder-ring interfasgreas on the compression side
loads were also transferred through direct contact betwez=end-plate and the cylinder.
The latter load transfer mechanism was more efficient anefbwee the compression side
of the cylinder was loaded higher than the tension side,icguarger strains on the com-
pression side than on the tension side.

Based on the observations described above it was decidadreaise the torque of the
shear bolts connecting the cylinder to the end-rings andotithe tension bolts connecting
the end-rings to the backplate to improve the load transfen the support structure to the
cylinder. The torque of the shear bolts was increased fromimOto 100 Nm & 37 kN
pretension), and simultaneously the torque of the tensidis lvas increased from 90 Nm
to 120 Nm & 44 kN pretension). The cylinder was retested twice undesetloenditions
and the response was compared with the initial test comdifoconsiderable increase in
global stiffness was observed after adjustment of the botjue. In response to this, the
torque of the tension bolts was again increased, to 200 NmM4 kN pretension), and the
cylinder was retested, without any obvious changes shoimittige response. Finally, the
torque of the shear bolts was increased to 125 R § kN pretension). The last adjust-
ment only caused marginal changes and therefore this ¢omaiias accepted as the best
possible clamping condition. The experimental resultsti@se conditions are shown as
Expy in figure 8.11, alongside the original experimental resdésignated Exp The dif-
ference between the analytical and experimental globf&hesis response of the cylinders
decreased from 35 to 25 percent by increasing the pretenéibie bolts. The experimen-
tal strain distribution also approached the analyticalltesbetter after the experimental
boundary conditions were adjusted, especially on the cesgwn side of the cylinder. Two
mechanisms could have played a role in this improvementcieased load transfer by
shear between the cylinder and the end-rings. Increasengriftension of the bolts caused
the normal pressure on the cylinder and ring surfaces tease, resulting in higher fric-
tion forces. The improvement in load transfer through imictwas most important for the
tension side of the cylinder, although indirectly the strdistribution on the compression
side was also influenced. Since more load can be transfenréftedension side, the loads
on the compression side will be reduced, and the strains@rdmpression side will be
lower. ii) decreased rotation of the cylinder around thewinferential direction, due to the
increased clamping. This had more influence on the comprresgile than on the tension
side, as out-of-plane rotations were more likely in comgi@sthan in tension.

8.4.2 Finite Element Model with Flexible Boundary Conditions and
Test Mechanism

In the previous subsection the boundary conditions were/stio play an important role in
the mechanical response of the cylinder. Increasing themps@n of the bolts increased the
stiffness of the interface between the cylinder and thefirdstre and improved the response
of the cylinder, however, large differences between thelipted and measured responses
still existed.

The large differences between the analytical responsehanekiperimental response re-
quired an adjustment of the boundary conditions in the feliéenent model and thus linear
springs were inserted between the cylinder ends and the eigi-plates. These springs
were rigid in the plane of the cross-section and flexible & direction of the cylinder
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axis, i.e. no in-plane deformation of the cross-section alasved. In addition to the axial
springs, rotational springs with flexibility around theatimference were included, while
rotations in the radial and axial directions were restdcte the finite element model these
springs were attached to every boundary node around thentfecence, 192 per edge. The
springs are shown in figure 8.13. The stiffness of the ratalisprings was equal for all

Figure 8.13: Finite element model including springs and taechanism

springs and independent of any degree of freedom, whereastiffness of the longitudi-
nal springs depended on the sign of the spring deformatioterision the spring stiffness
wask' = 1.72-10'Nm™t and in compression the spring stiffness was= 1.19- 106Nm™.
These values were obtained with a least-squares fit of theléta using a simple spring
model in Microsoft Excel. A description of the Excel modebjisen in appendix I. The
compressive stiffness corresponded to the laminate ati§fiof the cylinder and tab sections
that were clamped between the end-rings, confirming thabtmewas transferred through
direct contact with the backplate. The load transfer on émsibn side was less efficient
than on the compression side, resulting in a significanthelostiffness of the interface. A
possible improvement of the interface model could be obthiny designing and testing a
small, representative assembly of the actual interfaee,d.piece of composite laminate
attached to a backplate through two L-profiles using boltsadhesive. Note: working to
this level of detail was judged unnecessary for the curesgarch.

The change in boundary conditions caused larger rotatindsaashift in neutral axis,
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possibly causing changes in the behavior of the test mesimanithe finite element model.
A simplified representation of the test mechanism was tbegefdded to the finite element
model. The parts representing the test structure are rigiéels, connected by hinges, with
a rigid connection to the end-plate. A complete model of ## fixture in ABAQUS was
used to confirm that the test fixture parts could be assumed tigll. A picture of this
model is shown in figure 8.13.

The experimental results (ExXpand the results of a geometrically nonlinear finite el-
ement analysis including the boundary conditions and testh@anism as described above
(FE¢) are plotted in figure 8.14, together with the predictiontef briginal nonlinear finite
element model (FE. The first series of test results are left out for clarityt&drom figure
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8.14(a) it can now be seen that the moment-rotation curvdweoéxperiment and the anal-
ysis show a good agreement. The strain distribution, showfigure 8.14(b), also agrees
better with the test results, although the strains on thepcession side are still somewhat
higher in the experiment than in the analysis.

8.4.3 RIiks Analysis: Finite Element Model Including Imperfections

One aspect that was not taken into account in the previouglnadd that could have a
large influence on the experimental buckling load of thirlkeghcylindrical shells in com-
pression was the presence of geometrical imperfectiong fifét ones to recognize the
impact of geometric imperfections on the buckling load afivalled shells were Koiter
(1963), Budiansky and Hutchinson (1964) and Arbocz and Belb¢1969). Following
their work, many other researchers have contributed tofigtli of research, see the work
of Singer et al. (1998) for an overview of the work on geoneeimnperfections. Geomet-
ric imperfections of cylindrical shells are expressed imte of a deviation of the cylinder
shape in radial direction when compared to the perfect dglin.e.:

w=r-R (8.3)

wherew is the imperfectiony is the local radius an® is the perfect cylinder radius. The
measured imperfections, which will be discussed in theltgsaction, were included in the
finite element model by specifying the valuewfon each node. The ABAQUSmper-
fectiondata card was used for this purpose. Subsequently a Rikgsaalas performed
to predict the mechanical behavior and the collapse loatietylinder (ABAQUS, Inc.,
2005; Crisfield, 1981; Powell and Simons, 1981; Riks, 1979).

The Riks analysis is a load-deflection analysis in which telimagnitude is treated
as an additional unknown: it solves loads and displacensntsltaneously, see figure
8.15. The arc length along the static equilibrium path irdldégsplacement space is used
to measure the progress of the solution. In this the Riksyaisatliffers from most solu-
tion procedures in which commonly the progress of the smiuits measured either by a
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load increment or a displacement increment. The arc lengibeplure of the Riks analysis
makes it possible to predict the unstable behavior and neaticollapse of a structure. An
example load path is given in figure 8.15. Most analyses tiealioad controlled cannot go
beyond limit point B, while displacement controlled anaywwill fail at limit point G. In
addition, even these limit points may not be reached due tmaargence failure of the iter-
ative solution procedures, possibly as a consequence airalfoff error (Crisfield, 1981).
Therefore it was more reliable to use the Riks analysis toeymbd the first limit point to
determine the collapse load of the experimental cylindes to use a nonlinear static anal-
ysis. In the future it might be interesting to compare theultef the Riks analysis with
those generated with other nonlinear methods, for exanmgléNewton Raphson method
with artificial damping, or explicit methods.

The moment-rotation curves for the nonlinear static ansilyghout imperfections and
the Riks analysis with imperfections are given in figure 826 Including imperfections
had little influence on the shape of the load-deflection cuout a large influence on the
predicted collapse/buckling load. The collapse load mtediby the Riks analysis was 488
kNm, whereas the model without imperfections predicted ekling load of 570 kNm.
The inclusion of imperfections in the analysis also impbtiee agreement between the
analytical strain distribution and the experimental strdistribution on the compression
side, as shown in figure 8.16(b). The sudden change in strairza300 mm was caused
by local changes in curvature of the laminate. Initiallydbcurvatures of the laminate were
present, because the laminate was neither perfectly Btiaitength direction, nor perfectly
round in circumferential direction. The local curvaturetloé laminate will be reduced if a
tensile load is applied, while the laminate curvature witlrease under a compressive load.
The strain gauges were applied to the outside of the lamarat¢herefore their values were
influenced by these local curvature changes. A more exteéscussion on the influence
of geometric imperfections on measured strain values wiljiven in subsection 8.5.3.

8.5 Test Results

The test results for 3 test configurations are presented@ngared in this section. The first
test configuration was the bending test of the baselineagtinfwo of these cylinders were
tested, baseline cylinder 1 and baseline cylinder 2 andedime mechanical responses of
the cylinders were comparable, they will be referred toesiVely as thédaselinecylinder
results. The second test configuration was the bending télse wariable-stiffness cylin-
der in the orientation for which it was optimized. The cykmdad a high axial laminate
stiffness a¥ = 0° and a low laminate stiffness at= 180°, which are the respective tension
and compression side of the cylinder in this configuratianthle third test configuration
the variable-stiffness cylinder was rotated I'88bout the longitudinal axis, such that the
loading on the cylinder was reversed compared to configur&i Consequently, the low-
stiffness part of the cylinder in configuration 3 was in temsand the high-stiffness part
of the cylinder was in compression. In the remainder of thigpter the second configura-
tion will be referred to as the variable-stiffness cylindtethe preferredorientation, while
the third configuration will be referred to as the variabiffreess cylinder in thaeversed
orientation, i.e. subjected toraversedbending load.

The baseline results were based on the test with the bespirignaonditions. The
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Figure 8.16: Comparison baseline test and FE predictiortswnd without imperfections

maximum load applied with these conditions was 356 kNm. Th&imum load that was
applied to the variable-stiffness cylinder in the prefdrogientation was 413 kNm. The
variable-stiffness cylinder was only loaded up to 302 kNnthie reversed orientation to
prevent premature failure of the cylinder.

The experimental results were compared to the results dfrthe element predictions
using the Riks analysis, including the flexible boundarydittons and the test mechanism.
The spring stiffnesses of the springs on the compressi@eddithe variable-stiffness cylin-
der were adjusted to match the stiffness of the laminatdljodae spring stiffnesses of the
springs on the tension side of the cylinder were kept unchdibgcause these values were
assumed to depend on the load transfer through bearing mtidrfrand were therefore,
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considered to be independent of the laminate stiffness.

8.5.1 Global Response

The global response of a cylinder loaded in bending is charaed by the moment-rotation
curve. The moment-rotation curves for the baseline (siftday and the variable-stiffness
cylinder in the preferred orientation (subscrgtand reversed orientation (subscriptare
given in figure 8.17. The experimental results are denotegh™B&nd the finite element
predictions are denoted "Riks".
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Figure 8.17: Moment-rotation curves

A good agreement between the experimental results and Higtiaal prediction was
found for all configurations. The global stiffness of theighte-stiffness cylinder was larger
than that of the baseline cylinder, because 3/4 of the vierisiiffness cylinder had a higher
laminate stiffness than the baseline cylinder, as was sliodigure 8.18. At higher loads,
the analytical response of the variable-stiffness cyliridé¢he preferred orientation started
to deviate more from the experimental results than the tesdiithe other two configura-
tions. This may be due to the load transfer mechanism on tisgote side of the cylinder,
which consisted of bolt bearing and shear through the adibésyer. The loads that were
transferred on the tension side of the variable-stiffngiader in the preferred orientation
were higher than for the other two configurations, which misgger nonlinear behavior in
the adhesive. Since the boundary conditions were modelrd lisear springs, this behav-
ior was not captured by the finite element model. As mentiazetier, a detail-level test of
the interface could result in a more accurate model of thedary conditions.

The initial bending stiffness of the variable-stiffnes$imger was equal for both cylin-
der orientations, but a small difference arose at higheidodhe response was less stiff
when the cylinder was loaded in the preferred orientatiam tivthen it was mounted in the
reversed orientation. This difference was attributed ®ittiluence of the boundary con-
ditions, because the measured end rotation included betdeformation of the cylinder
and the deformation of the cylinder-structure interfacée Thterface on the tension side
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Figure 8.18: In-plane stiffness of the variable-stiffneginder

was a factor 7 more flexible than the interface on the comjmessde and therefore the
deformation of the interface on the tension side domindtectount of end rotation. The
stiff part of the laminatef{ = 0°) in the preferred orientation was loaded in tension, requir
ing high loads to be transferred through the cylinder-stmecinterface. The tension side
of the cylinder carried smaller loads when the cylinder wiasriied in the reversed orien-
tation and therefore smaller tensile loads needed to befgared by the cylinder-structure
interface of the variable-stiffness cylinder in this ot@ion. The spring stiffness of the
interface between the cylinder and the end-plates was sntil the tension side than on
the compression side, as explained in subsection 8.4.2 cAssequence, the deformations
of the interface on the tension side, and thus the overaltetadions, were smaller for the
reversed cylinder orientation than for the preferred degon.

8.5.2 Geometric Imperfections

The measured geometric imperfections are discussed isgbiion, this is because the other
results such as strain data and cylinder buckling predistére influenced by the geometric
imperfections of a cylinder. Geometric imperfections aseally expressed in terms of a
deviation from the perfect cylinder radius. A positive imigetion value signifies a radius
that is larger than the perfect radius and a negative imptofevalue indicates a radius that
is smaller. Mathematically the imperfecti@nis given by Eq. 8.3.

The geometric imperfections of baseline cylinder 2 and tgable-stiffness cylinder
were measured using the digital image correlation systdma.dita was collected by taking
pictures at different locations around the circumferenitk & stereo camera system and by
assembling them into one data set covering the full cylindérg VIC3D software. A best-
cylinder-fit option was available in the VIC3D software, Ihis could only be applied to a
subset of the data, covering only a quarter of the cylinddmant to the assembled data set.
Therefore an extra post-processing step was necessaigndtad coordinate system of the
DIC data with the actual cylinder axis. This was done by miring the distance of each
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point to the ideal cylinder in a least-squares manner, wkiegdocation and orientation
of the axis and th@erfectcylinder radiusk were variables. Mathematically this can be
expressed as:

S= id? = i(ri -R)? (8.4)

whered; is the distance between data pdiand the perfect cylinder; is the distance from
the data point to the perfect cylinder axis, adds the total number of data points. The
geometric imperfection values can now be calculated for all data points:

Wi =R -R (8.5)

The spacing of the DIC data was irregular due to the 3-dinoer@éinature of the cylin-
der and due to overlaps in the data, however, ABAQUS requéegdlarly spaced data. To
account for this the biharmonic spline interpolation methby Sandwell (1987), as imple-
mented in thegriddatafunction of Matlab, was used to map the measured imperfedéba
on the ABAQUS nodes.

The geometric imperfections for the baseline cylinder apicted as contour plot on
the expanded cylinder surface in figure 8.19. The maximuneifegtion was 1.5 mm,
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Figure 8.19: Geometric imperfections, w, of the baseliniedgr

approximately 35 percent of the wall thickness. The shapbeimperfect cylinder was
oval with little lengthwise variation. Looking at the leihgtise imperfection at a local level,
however, many little variations in radius could be obserwedich can be seen as local
waviness in the laminate. These small imperfection vanetinay have been caused by the
bagging process.

The imperfection distribution of the variable-stiffnessicder is given in figure 8.20. A
comparison of the shape and magnitude of the imperfectismilalition with those of the
baseline cylinder in figure 8.19 showed that the absoluteegabf the imperfections were
in the same range and that the shape was very similar. Thalghaperfection shape was
therefore expected to be tool related. Unfortunately, yieders were not marked such that
the part orientations could be traced back to the tool cai@m. The shapes of the imper-
fection distribution might match if the x-direction of thaeline cylinder plot was reversed



8.5 Test Results 153

w, mm

,J

i

n
o
o

[=)

IWiMn !

-100-

—-200-

Longitudinal coordinate, z, mm

-300- o

-90 -45 0 45 90 135
Circumferential coordinate, 6, deg

(a) Mapping of imperfections (b) 20 times magnified

Figure 8.20: Geometric imperfections, w, of the variabiiésess cylinder

and if the pattern was shifted 90 degrees in the poditidirection. It would be interesting
either to measure the mandrel or to build and measure mareleys manufactured on the
same mandrel to check if the imperfections are indeed tdetes.

The magnitude of the imperfections of the variable-stéfeylinder were surprisingly
in the same range as those of the baseline cylinder, althivegéarying fiber orientations,
and consequently the varying coefficients of thermal exjpansvere expected to have
caused larger imperfections. The constraints on the lamist#fness that were applied
in the design, see chapter 5, excluded extreme stiffnessticars and thereby also limited
the variation in coefficients of thermal expansion. Thisldaxplain why the shape and
magnitude of the variable-stiffness cylinder were simitathose of the baseline cylinder
for which the imperfections were measured. A detailed fial@ment analysis of the part
during curing including cool-down effects such as thermaamsion, chemical shrinkage
and tool-part interaction might shed more light on the dftéwarying fiber orientations on
the final part shape. Furthermore, the imperfections weigsored after the steel tabs were
bonded to the surface and after the holes at the cylindengedsdrilled. These operations
could also have influenced the final shape of the parts.

8.5.3 Strain Gauge Results

Each cylinder was populated with 113 strain gauges, mostlyhe outer surface of the
cylinder, see figure 8.10. An overview of the data that wakect#d by these strain gauges
is given below.

The axial strains measured by the series of strain gaugi®edyahe length of the cylin-
der k=394 mm in figure 8.10) are plotted as a function of the velrtioardinatezin figure
8.21. The strains predicted by the finite element model ae @btted in figure 8.21. The
distribution is given for a bending moment of 302 kNm, whicasithe maximum load to
which the variable-stiffness cylinder was loaded in theersgd orientation. The baseline
results are shown by the light gray circles and the dotteg] line black diamonds and the
continuous line represent the variable-stiffness cylin¢he preferred orientation and the
dark gray squares and the dash-dot line give the resulthévdriable-stiffness cylinder
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Figure 8.21: Axial strain distribution with-zoordinate of the cylinder at 302 kNm com-
pared to the Riks analysis

in the reversed orientation. Again a good agreement betteeaxperimental and analyti-
cal results of the Riks analysis was found. The baselinéngtiiatribution showed a small
shift of the neutral axis in negatiz-direction, caused by the stiffer boundary conditions
on the compression side. These same boundary conditioseadawsmall difference in the
maximum tensile and compressive strain values of the leesejilinder, which would have
been the same for perfectly clamped boundary conditions.riButral axis of the variable-
stiffness cylinder in the preferred orientation was skiifie the positive direction, this was
because the laminate stiffness on the tension side was tatwios as stiff as the laminate
stiffness on the compression side. The difference in g#ffnalso resulted in much lower
strains on the tension side than on the compression sidpiteléise fact that higher loads
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were carried on the tension side, see figure 8.22. The hiffhests part of the laminate

became the compression side when the orientation of thahlarstiffness cylinder was

reversed, while the low-stiffness part of the laminate bezghe tension side. The higher
stiffness of the laminate and the boundary conditions ondnepression side were mutually
reinforced, such that the neutral axis shifted below thathefbaseline cylinder.

The shift in neutral axis also influenced the extreme strailnes, and reversing the
cylinder orientation did not result in a reversal of the istsa The influence of the bound-
ary conditions becomes more apparent when the strainkdittn of the Riks analysis is
compared to that of a nonlinear finite element analysis waimped boundary conditions
without any imperfections, as shown in figure 8.23. The axisyetric and clamped bound-
ary conditions resulted in a reversal of the strains in thiealbée-stiffness cylinder when the
cylinder orientation was reversed. The- 0° andd = 180 locations were marked for both
variable-stiffness cylinder orientations in figure 8.23{Ehe strain for the reversed orienta-
tion atd = 0° was exactly the negative of the strainfat 0° in the preferred orientation.
The same was true for thle= 180" location. The locations of the neutral axes in figure
8.23(b) were also reversed. The shift of the neutral axi®eftiaseline cylinder was neg-
ligible and the neutral axis of the variable-stiffness wgtér in the preferred orientation in
positivez direction was equal to the shift of the reversed orientatiamegativez direction.
Reviewing the strain results of the experiment and the Rilkdyais of figure 8.21 shows
that atd = 0° the tensile strain of the variable-stiffness cylinder ia greferred orientation
was smaller than the compressive strairf at 0° in the reversed orientation. This was
caused by the shift of the neutral axis due to the non-syniertatundary conditions. The
same phenomenon can be observet-at180°.

The strain values of the baseline cylinder at both the ex@reemsion sidez> 200 mm)
and the extreme compression side(200 mm) exceeded the strain values of the variable-
stiffness cylinder in either orientation. Strength coaistis in the aerospace industry are
often based on maximum strain values, which means that thable-stiffness cylinder
would have an advantage over the baseline cylinder, bethestrain values were smaller
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Figure 8.23: Axial strain distribution with-zoordinate of the cylinder at 302 kNm com-
pared to the nonlinear FEA with clamped boundary conditions

at equal load levels. The strains of the variable-stiffrmdmder betweery = 135 and

0 = 225 were smaller than the strains of the baseline cylinder, ¢éveagh the stiffness

of the baseline cylinder at this location was larger. Thibesause the stiffer side of the
cylinder carried higher loads and reduced the load on therailde of the cylinder, as can
be seen in figure 8.22. The tension side-(200 mm) of the variable-stiffness cylinder in
the preferred orientation carried higher loads than thelbesand also the area close to the
neutral axis (-220 mmx z < 20 mm) was more effective at carrying compressive loads,
so that the compression side € -220 mm) carried significantly lower loads. The idea
behind the improved performance was the same as predictéoelinear finite element



8.5 Test Results 157

model with clamped boundary conditions, despite the diffiees caused by the flexible
boundary conditions. The loads carried on the compressitnf the variable-stiffness

cylinder in the preferred orientation were lower than thokthe baseline cylinder, which

resulted in an ability to carry a higher bending moment beefarckling occurred. The effect
for the variable-stiffness cylinder in the reversed orioin was just the opposite: higher
loads were carried on the compression side, thereby regltieenbuckling load compared
to the baseline cylinder. The presentation and the dissasdithe numerical results for the
buckling loads will be dealt with at the end of this section.

Two series of strain gauges were placed along the lengtheofytlinder at) = 0° and
f = 180 to investigate at what distance from the boundary the edgetsfwere dissipated.
These locations were selected because here the high@ss steae expected to occur during
the test. The strain distribution along the length is phbite figure 8.24 for the baseline
cylinder and the results for the variable-stiffness cyindh the preferred orientation are
shown in figure 8.25.

The strains predicted by the nonlinear finite element modélowut imperfections (FB
and the strains predicted by the Riks analysis includingirfgetions (Riks) are also plotted
in figures 8.24 and 8.25. The variation in the Riks analysis eaused by local waviness
of the laminate, which could be observed in the geometrieiigetion data of figures 8.19
and 8.20.

A schematic picture of a piece of laminate cross-sectioh witperfections and strain
gauges SG1, SG2 and SG3is givenin figure 8.26. The blackitidesate the original cross-
section, while the gray dashed lines show the deformed ka@innder a tensile load. The
laminate curvature is decreased locally under influendeeotensile load, and depending on
the location of the strain gauge this has a large or a smallenfie on the measured strain
value. For example, the measured strain in strain gauge 1)(IS@Grger than the midplane
strain, because the laminate curvature is reduced. Imgeige 2 the strain will be close
to the midplane strain, because there is hardly any changerimture. At strain gauge
3 the curvature changes such that the measured strain ikesithaln the midplane strain.
Thus, strain gauges 1 and 3 will indicate different strailuga, even though they are both
on the top side of the laminate, because locally the lamiocateatures are different and
under loading the change of curvature is also different. milar mechanism takes place
under compression, except that the absolute value of thatuwe is increased instead of
decreased, as opposed to a laminate under tension. Thekseokivariation are seen in the
strain distributions of figures 8.24 and 8.25.

The graphs of the Riks analyses in figures 8.24 and 8.25 wergnmmoth, because the
data was extracted from the ABAQUS model at discrete nodatilmts. The experimental
data for both configurations matched the Riks analysist&belter than the finite elements
results without imperfections. The rate of change in stvaines could be large and thus a
small positioning error of a strain gauge in the experimenlid have caused a substantial
difference between the experimental and the predictedesalli was not possible to deter-
mine at which point the boundary effects were dissipate@, tduthe fluctuation in strain
values. The finite element result of the variable-stiffrmdmder without imperfections al-
ready showed an oscillating strain variation along therenéingth of the cylinder, which
can be explained by the presence of the discrete fiber cotlvsesere created by the fiber
placement process. A discrete change in fiber orientatipnesent at the transition from
one fiber course to another, see figure 4.3(b), causing adbealge in laminate stiffness
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Figure 8.24: Strains along the length of the baseline cydinat 352 kNm

and consequently a variation in strain.

There were several other locations around the circumferehthe cylinder besides the
f# = 0° and @ = 180 locations where more than one strain gauge was present tieng
length of the cylinder. To illustrate this the strains afefiént locations along the length are
plotted for four locations around the circumference in feg8127. The finite element strains
shown in these figures were measured halfway the length ofytiveder, i.e. atx = 394
mm. An examination of figure 8.27(a) shows that the valueb®ftrain gauges at the ends
of the cylinder, ax = 13 mm andx = 775 mm, deviate most from the other strain values,
however, even when the boundary gauges are not taken instepation, the fluctuation in
strain values is 300 microstrains at the maximum load |éMe¢ same kind of observations
can be made for figure 8.27(b): @&t 45° andx = 13 mm the strain gauge shows a large
deviation from the other values with a fluctuation of 350 rogtrains at the maximum load.



8.5 Test Results 159

Distance along the length of the shell, z, mm

35001200108 156 203 251 208 246 391 489 o@4 679 /79
3000 ) > / ’\\ ’//\\ 7 //N\\ /,/\\‘ J,\“o .
\ oo NG Z -
= S 955 o' v
£ S Lo
£ 2500 °
o !
2 2000
)

1500
o Exp
—FEy
100 1 1 1 1 1 1 1 1 — “Riks
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized distance along the length of the shell, z/L, -
(a) Strains along = 0°
Distance along the length of the shell, z, mm
_ 13 60 108 156 203 251 298 346 394 489 584 679 779
250C T T T T T T T T T T T T T T T
o Exp
—FE;
-3000
§ -3500
w: -4000
E
o —4500
-5000
- 1 1 1 1 1 1 1 1 1
550% 0.1 0.2 0.3 0.4 0.5 0.9 1

0.6 0.7 0.
Normalized distance along the length of the shell, z/L, -

(b) Strain along = 18C°

Figure 8.25: Strains along the length of the variable-gtffs cylinder in the preferred ori-
entation at 352 kNm

SG2

Figure 8.26: Schematic picture to illustrate the influendeimperfections on measured
strain values

There was no obvious difference between the strain valudeedidaundary in figure 8.27(c),
possibly because the location was close to the neutral axiglee loads were relatively
low, but the data was even more scattered than in the first ésoltrplots. Finally, the
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Figure 8.27: Strains at different locations along the lemgf the baseline cylinder

strain data on the compression side is shown in figure 8.2#(d)again the strain gauges
atx =13 mm andk = 60 mm deviated significantly from the other values, althotingie is

a variation of up to 800 microstrains if these two data poamesexcluded. The results for
other locations around the circumference of the baseliliedsr are omitted here, because
they show similar trends to those discussed above, but tlegyivgen in appendix J, together
with the results for the other two cylinder configurations.

Strain gauges were placed both on the outside and inside tdrfinate betweeth= 0°
andd = 180 halfway the length of the cylinder, at= 394 mm, as shown in figure 8.10.
The purpose of these back-to-back strain gauges was todgroviormation about changes
in curvature of the laminate so that out-of-plane defororaticould be tracked. The out-of-
plane curvature is defined by:

€0~ Ej
t
wheres refers to the axial strain, the subscritenotes the outer surface of the laminate and
the subscript denotes the inner surface of the laminate. The variaBléhe laminate thick-
ness. Based on the finite element analyses without impenfecthe difference between
the strains on the outside of the laminate and on the insitleedBminate at the maximum
load of 352 kNm will not exceed 100 microstrains at any of taeksto-back strain gauge
locations, as shown in figure 8.28(a). Unfortunately, thetélation of the strain values was
large due to the presence of imperfections, such that a positioning error could result in
a large deviations from the predicted value. It was not [bs$d derive valid curvature data
from the back-to-back strain gauge data, because deviatimd occur both on the inside

(8.6)

R =
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and the outside of the laminate. The back-to-back straia ala plotted in figure 8.28, for
both the experiment and the analysis, to illustrate thise fithite element results without
imperfections are shown in figure 8.28(a) and the finite efemesults obtained using the
Riks analysis including imperfections is shown in figure8§l®). The triangles represent the
experimental strain data of the strain gauges on the outdittes cylinder and the squares
represent the strains measured by the strain gauges orsttie of the cylinder. Some data
points betweeld = 135° andd = 180° have been omitted to avoid cluttering of the results.

The main difference between figures 8.28(a) and 8.28(baisttie differences between
the strains on the inside and on the outside of the laminateraaller for the finite element
analysis without imperfections than for the Riks analysierall the experimental data
matches the Riks analysis predictions better, but the datarrmatches at the inside and
outside simultaneously, and therefore this data cannotskd to calculate the laminate
curvature. Note: the back-to-back strains for the basalifieder and for the variable-
stiffness cylinder in the reversed orientation are givefigare J.4 in appendix J.

8.5.4 Digital Image Correlation Results

The disadvantage of measuring strains with strain gaugetgscribed above, is that strain
gauges only provide point data. This makes it difficult tonficat complete picture of the
strain field based on strain gauge data. A digitalimage tatioa (DIC) system can provide
this kind of information by extracting the deformation fidldm the digital images and
subsequently calculating the strain field. The strains oreasby the DIC system were
compared to the strains of two neighboring strain gaugesiwhvere located at the same
circumferential coordinate to serve as a reference for ¢earacy of the DIC system. The
data points were picked as close to the symmetry plane atbpossminimize the effect of
the boundary conditions. These values are listed for treugiferential locationg = 0°,

0 =180,0=22%,0 =270 andd = 315 in table 8.2 and show a good agreement between
the two measurement methods.

Table 8.2: Comparison of strains measured with strain gawaged DIC at maximum load

0 =180 0 =225 0 =270 0 =315 0=0°
X € X € X € X € X €
mm pum/m mm pum/m mm pum/m mm pum/m mm pum/m
394 -6409 394 -4349 394 100 394 3677 394 5329
489 -6490 584 -4252 584 55 584 3759 489 5326
DIC -6477 DIC -4323 DIC 52 DIC 3822 DIC 5258

The DIC results for the compression side of the baselinendgli and the variable-
stiffness (VS) cylinder in the preferred orientation aret@d in figure 8.29. The longitudi-
nal strains are superimposed on a picture of the speckléwdeylsurface. The areas with
wires were omitted from the analyzed area because cooelatiross wires gives unreliable
results. The figures show an area that covers a section obeéppately 110 degrees of the
cylinder. The wires on the lower side of the figure were lodate thed = 180 line of the
cylinder, which was the compression side. The wires on thetehe figure were located at
0 =270, close to the neutral axis. Strain concentrations can bereéd at the boundaries
of both cylinders and these are most pronounced close ®H+h#80° location, whereas the
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Figure 8.28: Back-to-back strains on the variable-stifaeylinder in preferred orientation

strain field at the center of the cylinder is undisturbed.dswot possible to draw any con-
clusions about the dispersion of the edge effects basedeoddata from the strain gauges,
while the boundary effects are clearly visible using the BiGtem. Comparing the strain
distribution of the baseline cylinder with that of the véuliexstiffness cylinder confirmed

the findings discussed in the previous section, namely trextdl the strains in the variable-

stiffness cylinder were lower and that the neutral axis-(0) was shifted upward because
of the stiffness variation.
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The results for the reversed orientation of the variabféastss cylinder did not contain
any new features and so are omitted here, appendix J for aletsngverview of the results.

The strains predicted by the Riks analysis on the compnessile of the baseline cylin-
der are shown in figure 8.30. Part of the contour is shown irtembiindicate that this area
was outside the field of view of the DIC measurements. The gedrgs indicate the loca-
tion of strain gauges. The strain gauge at the bottom of thedig/as located & = 180°
and the top strain gauge was located at the neutral akis=e270°. These locations corre-
spond to the wire locations shown in figure 8.29. A comparaddhe strain field of the DIC
measurements of figure 8.29(g) with the strains predicteth®yABAQUS model showed
good agreement. Irregular strain patterns can be seentirtt®imeasured and the analyt-
ical results, these were caused by geometric imperfectibimsse variations in strain were
also seen in the strain gauge data. The boundary condifiectefvere not captured by the
finite element model.

Another remarkable feature in the DIC results of the basatiflinder in figure 8.29 is
the apparent stress concentration at the location circleéd. At lower load levels this
stress concentration could be distinguished more cledrhis deviation of the expected
strain distribution can be explained by looking at the NDdrsthat was made of the cylin-
der before it was tested. The NDI scan is given in figure 8.3rk@reas indicate flaws in
the structure. Several flaws can be noted:9At 150° andd ~ 325° longitudinal surface
wrinkles were present which were created during the curieggss and caused by insuffi-
cient debulking during lay-down of the plies. A horizontahfl was present at~ 108 mm
betweery = 45° andfd = 67.5°, which was due to a repair in one of the 90 degree layers
after some of the tows were damaged during production. Iyjnalo more defects were
present abl ~ 270° andd ~ 280°. The one ab ~ 280, indicated by an arrow, most likely
caused the strain anomalies in the DIC results, while theradkefect was so close to the
neutral axis that it had little effect on the strain disttibn. The other defects were not in
the field of view of the DIC system and not close enough to anyefstrain gauges to be
noticed in the measured data.

The strains on the tension side of the cylinder are shown imrdi@.32. The wires
located on the top of the figures indicate the= 0° location, while the two other lines
of wires are located & = 315 and at the neutral axig) = 270°. Boundary condition
effects can again be observed, but this time the highenstegions are more concentrated.
Some of these sites are indicated by arrows in the baselineefigand by the light blue
spots in figure 8.32(d). The green spots in figures 8.32(f)&BA(h) also indicate strain
concentrations. These strain concentrations were caysthe boad introduced through the
bolted connection. This phenomenon was not observed onotim@ression side, because
in compression the load was transferred by direct contaitt thie end-plate, which is a
more uniform type of load transfer. The stress concentnatié = 0° was most prominent,
because this was where the highest loads were transferhedstiiains at the left boundary
were higher than the strains on the right boundary in thénsthiatribution of the baseline
cylinder, see figures 8.32(a), 8.32(c), 8.32(e) and 8.3Z(bis asymmetry was caused by
a small misalignment of the test setup in the machine. Tharéxtvas aligned with the
machine at installation, but between installation andstdst hydraulic pressure was taken
off, which allowed the fixture to slide downward and to sage gide. Although this was
corrected before the test was started, some asymmetry Wgsesent. Sagging of the
test fixture was prevented for subsequent tests by maintaaminimum level of hydraulic
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Figure 8.29: Strains on the compression side of the baselimeVS cylinder
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Figure 8.31: NDI scan of the cylinder before testing

pressure after installation.

8.5.5 Deflection and Ovalization

The vertical displacements of the cylinder and the supparcgire were measured at four
different locations, as indicated in figure 8.8. The disptaents ak = 0 andx = L were
measured by LVDT's that were in contact with the bottom ofdhiéer support rings. Lasers
were set to point to the top and the bottom of the cylindenteyfthe length of the cylin-
der, atx =L/2. The purpose of these measurements was to obtain infenmaliout the
deflection of the cylinder and to study possible ovalizatdthe cylinder. The measured
displacements for all three cylinder configurations arétetbin figure 8.33. The initial dis-
placements in all three tests were between 0.2 mm and 0.5 naialply caused by slack
in the test mechanism. The displacements of the baselifmedeylwere larger than those
of the variable-stiffness cylinder, which is in agreemeithwhe earlier observation that the
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Figure 8.32: Strains on the tension side of the baseline aadWinder
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Figure 8.33: Vertical displacements of the cylinder

global stiffness of the baseline was smaller than that of/#r@ble-stiffness cylinder. The
stiffness of the variable-stiffness cylinder in the reeersrientation was larger than in the
preferred orientation, which also agreed with the mometsdtion results.

The cylinder deflection was determined by calculating tHeedince in displacement
between the cylinder edges and the midplane. The displateahthe midplane was taken
as the average of the displacement on the top of the cylintiktlee displacement on the
bottom of the cylinder, while the displacements on the sideavaveraged, resulting in the
following definition for the cylinder deflectiod:

_ Azop+ AZyottom  AZ(Xx=0)+Az(x=L)
N 2 2

The deflections of the three cylinder configurations aret@tbin figure 8.34. Unfortunately
the graphs started out irregular, because the initial digyhents of the LVDT’s and lasers
did not straighten out simultaneously. In addition, the et#fbn of the variable-stiffness
cylinder in the preferred orientation was not smooth, beedhere were irregularities in the
measurements taken by the bottom laser. Possibly the |asegivmed too closely to the cen-
ter strain gauge, such that it hit the edge of the strain galige surface could also be more
irregular close to the strain gauge due to any adhesiveehained on the surface after the
strain gauge was bonded to the cylinder. A small differencglope between the baseline
and the variable-stiffness results can be observed if tegutarities are disregarded, again
indicating that the bending stiffness of the variablefiséi§s cylinder was larger than that of
the baseline cylinder.

Bending of cylindrical shells results in ovalization of theoss-section, known as the
Brazier effect (Brazier, 1926). The ovalization of a cykndepends on its laminate stiffness
and the Poisson’s ratio and therefore it would be intergstirmake a comparison between
the baseline and the variable-stiffness cylinder. Theldigments on the top of the bottom

0

8.7)
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Figure 8.34: Deflection of the cylinders

of the cylinder were measured and the ovalizafiowas defined as:
Q = AZpottom— AZop (8.8)

where(? is positive when the cross-section becomes more flat.

Ovalization is given as a function of the bending moment inrkg8.35. Again there
was an initial error in the experimental results and largegularities occurred at increas-
ing values of the bending moment. The variable-stiffnedisdygr in the reversed orienta-
tion even showed a negative ovalization, which was not ptessinder the current loading.
Furthermore, neither of the other two experiments showex ggreement with the finite
element predictions. This can be explained by the sertgitdfithe measurements to sur-
face roughness. A picture of the cylinder surface aftemgui$ shown in figure 8.36. The
cylinder was painted white after curing and black specklesvepplied, making the surface
smoother. The variation in surface level of the paintedasgfwas estimated to be around
0.2 mm, which was determined by comparing the cylinder serfaith a surface roughness
table. Hence, the uncertainty in the displacement measreocould be up to 0.2 mm, be-
cause the position of the laser beam on the cylinder surfawlel shift during the test. The
uncertainty was doubled to 0.4 mm by subtracting the toplaigment from the bottom
displacement. This number is in the same order of magnitedbeaexpected ovalization
and therefore these measurements could not be used to @malidble ovalization infor-
mation. In the future better measurements might be takendasuaring the displacements
on the inside of the cylinder, as this is the tool side and impd, and therefore the inner
surface is much smoother than the outer surface. Alterlgfithe ovalization could be
measured using a DIC system, but at least two camera setsl Weukquired to allow the
top side and the bottom side of the cylinder to be observedlgmeously. In this case a
segment of more than 18@ould be covered and the relative displacement of the top and
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Figure 8.35: Ovalization of the cylinders

Figure 8.36: Surface roughness of the fiber-placed cylinder

bottom of the cylinder could be extracted from the DIC resultfour sets of cameras were
used, the full cylinder surface could be covered by the DI&kimg it possible to visualize
the ovalization for the whole cylinder.
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8.5.6 Comparison of the Buckling Load Predicted by the Diffeent Fi-
nite Element Models

The different finite element models that were used to predecbuckling load of the cylin-
ders were discussed in section 8.4. It was concluded frottheussion that the boundary
conditions and geometric imperfections played an impéntale in the correct prediction
of mechanical responses and the buckling load. The bucldiads for the three cylinder
configurations as predicted by the four finite element moaledseported in table 8.3.

Table 8.3: Features of the different FE models and the ptedibuckling moments

Finite element model Predicted buckling moment
FE Model Boundary Analysis Mechanism Imperfections Baseli VS, VS
number conditions type included included Mecr Mecr Mecr
kNm kNm kNm

1 clamped linear static no no 678 804 477

2 clamped nlgeom static no no 647 763 470

3 flexible nlgeom static yes no 570 671 430

4 flexible static Riks yes yes 488 589 409

A comparison of the predictions for the variable-stiffnegbnder in the preferred ori-
entation with the baseline cylinder showed that the bugklaad of the variable-stiffness
cylinder was about 18 percent higher than that of the baselitinder, regardless of which
model was used. The general mechanism of redistributirdsladthin the cylinder was not
changed, although the boundary conditions did affect thd lntroduction. Therefore the
buckling load of the variable-stiffness cylinder in the figreed orientation was still higher
than that of the baseline cylinder and the buckling load ef\tariable-stiffness cylinder
in the reversed orientation was still lower than that of thedline. The decrease in buck-
ling load for the preferred orientation of the variabldfaiss cylinder from model 1 to
model 4 was 27 percent, which was similar to the baselinedgli The reduction for the
variable-stiffness cylinder in the reversed orientati@swnly 16 percent. The reduction in
buckling load from model 3 to model 4 was much smaller for #heersed configuration of
the variable-stiffness cylinder than for the other basetiylinder and the variable-stiffness
cylinder in the preferred configuration. The only changerfrmodel 3 to model 4 was
the inclusion of geometric imperfections in the model. Themetric imperfections of the
variable-stiffness cylinder in the preferred and reveidiegction were the same and thus it
can be concluded that the location of the imperfections|aticn to the loading direction
were also important, because cylinder buckling is govetneinperfections on the com-
pression side, whereas it is insensitive to imperfectionthe tension side. The imperfec-
tions betwee = 90° andf = 270° were important for the reversed cylinder configuration,
whereas the imperfections betwegn- 270° = -90° andd = 90° dominated the buckling
behavior for the preferred configuration.

8.6 Discussion and Outlook

A fixture was designed to test a cylinder with a diameter of 808 and a length of 990
mm in pure bending. Strains and displacements were meassirmgl strain gauges, digital
image correlation, LVDT’s and lasers. Three carbon fib@rfoeced cylinders were tested:
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two with a baseline laminate and one with circumferentiadlyying laminate stiffness. The
variable-stiffness cylinder was tested in two configunagid) it was tested in the orientation
for which it was optimized, called the preferred configuratiand ii) it was tested while

rotated 180 about the longitudinal axis, such that the loading on thiendgr was reversed,

this was called the reversed configuration. This resultethiee test configurations: the
baseline, the variable-stiffness in the preferred ortgmaand the variable-stiffness in the
reversed orientation.

A comparison of the experimental response of the baseliliedeys with the finite el-
ement predictions revealed that the experimental bounctamgitions were more flexible
than originally modeled in the finite element model. Theddtrction of flexible boundary
conditions in the finite element model resulted in good age® between the experimen-
tal and the analytical results. A final improvement of thetéirelement predictions was
achieved by including geometric imperfections in the madel by performing a Riks anal-
ysis. The latter model was used to make a prediction for thahie-stiffness test results.

A comparison of the experimental results with the finite edatpredictions of the Riks
analysis in general showed a good agreement for all threfiggewations. The match of the
end rotations and strains was equally good for the variatitiress cylinder and the baseline
cylinder. The variable-stiffness cylinder was stiffer iththe baseline cylinder when com-
paring the global behavior in terms of end rotations, whiaswo be expected because of
the larger laminate stiffness of the variable-stiffnedincder. The variable-stiffness cylin-
der response was stiffer in the reversed orientation thanepreferred orientation due to
the boundary condition effects. The most important obgemaesulted from the strain
distribution with the vertical coordinate of the cylindext equal load level the maximum
compressive strains of the variable-stiffness cylindéhapreferred orientation were about
10 percent lower than those of the baseline cylinder; thsilgestrains were 35 percent
smaller. This difference in extreme strain values is a langgrovement in performance
when strain-based strength criteria are applied. In amditihe circumferential stiffness
variation resulted in a redistribution of the loads, sucit the tension side was more effec-
tive in carrying loads, the compressive loads were carried karger part of the cylinder
and the compressive load pealdat 180° was significantly reduced compared to the base-
line cylinder. The buckling load of the cylinder was increddy 18 percent as a result of
this load redistribution. This improvement was maintaieedn when realistic boundary
conditions and geometric imperfections were included.

In the future it would be interesting to include cutouts omdage in a second baseline
cylinder and in the variable-stiffness cylinder to reduwe ¢ritical load and to make failure
of the variable-stiffness cylinder possible. The compomsside of the cylinder would be
the preferred location for the introduction of a defect,dxes= normally the compression
side of a cylinder in bending is the most critical part of tiristure. Moreover, the load
redistribution mechanism of the variable-stiffness ayéinshould result in a higher load-
carrying capability when compared to the baseline cylineeen when cutouts or damage
are introduced on the compression side.






Chapter 9

Conclusions and
Recommendations

This thesis covers the design, analysis and optimizatidibef-placed, variable-stiffness
composite conical and cylindrical shells, and the manuféig and testing of a baseline
and a variable-stiffness composite cylinder. The lesseased and the future challenges
associated with each of the aspects listed above will beigssd in this chapter.

9.1 Design

Variable-stiffness plies for conical and cylindrical deelvere designed according to the
shifted course principle first introduced for flat panels bgldtiart et al. (1996). The fiber
orientation was defined to vary in either the axial directiorin the circumferential direc-
tion of the shell. A limited number of design variables wasdito define a reference path
to be covered with a fiber course using advanced fiber placemdunll ply was then con-
structed by shifting subsequent courses, identical toaference course, perpendicular to
the direction of stiffness variation. Additional factoekéen into account with respect to the
design of flat panels were the changing circumferentialtieinficonical shells and the re-
quirement for continuity of fiber paths around the circurafere for conical and cylindrical
shells. The combination of changing circumferential I&sgand the need for continuity
around the circumference prohibited the use of the shiftesise method for the design of
conical shells with a circumferential stiffness variatiohherefore only an axial stiffness
variation was considered for conical shells. Variablérstss plies for cylinders could have
an axial or a circumferential stiffness variation.

Future work might be aimed at developing a different desigethmd for variable-
stiffness plies which can deal with circumferential fibegknvariations for conical shells.
Further work is also needed for the design of variablerstgt laminates for doubly-curved,
non-developable surfaces. The use of the shifted courdeoahédr the definition of vari-
able-stiffness laminates on simple surfaces is prefehmagh, because a reasonable amount
of stiffness variation can be achieved using a relativelplsmumber of design variables,
a desirable feature for optimization. A two-dimensiondfrstss variation on a cylindrical
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shell could also be obtained by combining plies with an asidiness variation and plies
with a cylindrical stiffness variation within one laminat®anufacturing constraints such
as in-plane path curvature and the amount of thicknessujudde easily evaluated for plies
constructed using the shifted course method, while it issncmmplicated to evaluate the
manufacturing constraints if all fiber paths are unique.

Four path definitions were proposed for the constructionasiable-stiffness plies on
conical and cylindrical shells: a geodesic path, a constagte path, a piecewise linearly
varying angle path and a piecewise constant curvature phitle. geodesic path and the
constant angle path are identical for cylindrical shells, diiffer for conical shells. Non-
geodesic fiber paths are subjected to in-plane curvatusgeants imposed by the advanced
fiber-placement process. It was shown that the curvaturstiint is most restrictive if the
length over which the fiber angle is varied is small, i.e. thdtiple-segment linear angle
and constant curvature variations were more restricted ttha single-segment fiber angle
variations for a given geometry. Constant angle paths oicabshell surfaces were also
shown to be limited by the curvature constraint. Early extitn of the in-plane curvature
of a fiber path was proven to be essential to ensure manudddlity using the current fiber
placement technology.

9.2 Finite Element Analysis

The variable-stiffness cones and cylinders were analysedjuhe commercially available

finite element program ABAQUS (ABAQUS, Inc., 2005). The wadle-stiffness properties

were implemented using a UGENS user subroutine written itr&w, which determined the

stacking sequence at four integration points per elemeased on the laminate definition
and the exact placement of fiber courses using fiber placembatsubroutine method was
preferred over writing the laminate stacking sequence émheslement to the ABAQUS

input file, because direct input required 20 times more tiongfe-processing compared to
using the UGENS subroutine. The downside to using the UGEN&sitine is the need for

a post-processing step using a python script to extrachstral stress values per ply.

The computational time for directly using the ABAQUS inpuefcan be reduced if
multiple elements with identical stacking sequences aserabled in one element set. The
fiber placement process however causes local fiber anglearyoslightly with position
within a course, resulting in a unique stacking sequenceéoh element. Ignoring the
small deviations of the fiber angles, i.e. using a fiber anggdgidution which is a function
of only one coordinate such as shown in figure 4.3(a) as opiptosthe exact fiber angles
as shown in figure 4.3(b), would allow for combining multigements in one element
set. The simplification of the local stacking sequence caaseegligible error in the finite
element results compared to using the exact fiber anglesdiffieeence in buckling load
for a cylindrical shell in bending between the simple andcéraethod can be seen in figure
6.12, where the simple method is represented by a zero caigifieand the exact method
is represented by the 102 mm (4 in) course width. Combininkjipheelements within one
element set ignoring the exact stacking sequence is threrefoommended to speed up the
finite element analysis, especially for optimization.

A continuous course boundary for the fiber courses was asbdoméng the determi-
nation of the local stacking sequence, even if tows wereitexted or started to obtain
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a constant thickness laminate. Ignoring the presence of siaagular gaps and overlaps
due to cutting and restarting tows might adversely affexsthength and stiffness properties
of the laminate. The curvature of the tows could also causdagation in laminate strength.
These effects were not taken account in the research repamte this thesis. An earlier
study on the effect of tow drops by Blom et al. (2009) has shthanlocal resin-rich areas
act as stress concentrations. A more extensive study orffdwtseof fiber the small gaps
and overlaps caused by cutting and restarting tows withamarlate is recommended such
that the effects be taken into account in the future. It waldo be interesting to investigate
how the other parameters such as path curvature and the ofalbbe coverage parameter
affect the laminate strength and stiffness.

9.3 Optimization Methods

Two different optimization methods were used for the redeqaresented in this disser-
tation. The first optimization routine was a FORTRAN implertaion of an NLPQLP
solver (Schittkowski, 2004), suitable for solving constesl nonlinear optimization prob-
lems. This routine requires continuously differentiabitgeative and constraint functions.
The derivatives of the objective function were determinsithg forward finite differences,
which was computationally expensive due to the extra filgenent analyses needed, i.e.
one additional computation for each design variable. Aaotlisadvantage of using an
NLPQLP solver is the chance of converging to a local minimtitrerefore the optimization
had to be repeated using different initial values for thdgiesariables. The optimization
routine was applied to a problem with 2 design variables,viuild be computationally
too expensive if more design variables were used. NLPQLBdsret viable if one of the
objective or constraint functions is discontinuous or hiasahtinuous derivatives, and thus
NLPQLP could not be used to take into account the changing fftasoverlap designs.
Overlap designs contain plies with a discrete number of filmerwrses per ply. Changing
a design variable might cause a change in the number of fingses and the amount of
overlap between courses, which would then result in a disguenp in structural mass.

A response surface optimizer with global search capahilag used for the optimiza-
tion of the variable-stiffness cylinders in bending. Sniraéigularities in the response were
eliminated using surrogate models. The surrogate modais aleo used to calculate the
derivatives of the response and objective functions, ggthie computational effort of ad-
ditional finite element analyses required to determine #vévdtives through finite differ-
ences. The initial experiment and the global search rosiiimereased the chance of find-
ing the global optimum, compared to the NLPQLP method. Thieogate models for the
constant-thickness laminates correlated well with thedfieiement predictions, but showed
larger deviations when overlaps were allowed, becauseubklibhg load and strength re-
sponses were more irregular. The optimization for the éeiatiffness cylinders with over-
laps converged to local optima, especially when the numbdesign variables was large
and the optimization was constrained.

The response surface optimization was considered to be@ojmate method for the
optimization problem under consideration, even thougloitverged to a local optimum
for a larger number of design variables. NLPQLP was not gmjeite because of the need
for derivative information and the dependence on the chaii¢ke initial design variables.
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Genetic algorithms, not discussed here, could be an atteenaptimization method if a
different, faster analysis method was used instead of & fadiment analysis.

9.4 Optimization Results

Numerical examples of variable-stiffness conical shehsmized for maximum fundamen-
tal frequency showed that axially varying the laminatdstiés could lead to an increased
fundamental frequency of conical and cylindrical shellmpared to laminates with a con-
stant stiffness. Multiple-segment angle variations stibthie mostimprovement, especially
for larger structures where the curvature constraint wessrkestrictive than for smaller struc-
tures. The fiber angle in the multiple-segment stiffnesfatian was varied fronTp at the
small radius tdT; halfway the length of the cone and bacKTtpat the large radius. Larger
improvements are expected if the fiber angle at the largesadiallowed to vary indepen-
dently from the fiber angle at the small radius due to the emwed design freedom.

The axial stiffness variation was only used to optimize cahand cylindrical shells
for maximum fundamental frequency in this thesis. Optirftidza of the axial laminate
stiffness of conical shells for other load cases, such ad agmpression, would be needed
to expand the knowledge and understanding of variablBeti§ composites. Tatting (1998)
has shown that axially varying the stiffness of cylindeexed in compression does not have
a large effect on the structural performance. Conical shietlwever, have an axially varying
geometric stiffness, which might require a varying laminstiffness to achieve maximum
structural performance. A follow-up study for other loadesiis therefore recommended.

A circumferential stiffness variation proved to be benefi¢or the structural perfor-
mance of composite cylinders loaded in bending. Variabffress laminates with a con-
stant thickness improved the buckling load carrying cdjgliy redistributing the axial
loads around the circumference. The tension side of thaastibecame more effective
for carrying loads, the load peak on the compression sidaedged and the compressive
load was distributed over a larger area. This load redidiobh was caused by the high
axial stiffness on the tension side and the lower axialrsgt on the compression side of
the cylinder. Reducing the compressive peak load and chgrtigé buckling deformations
resulted in a higher bending moment carrying capabilitye ®ptimum stiffness distribution
also caused a reduction in extreme strain values up to 1@pecompared to the baseline
cylinder, which is an advantage because in a design envieatstrength is typically judged
based on strains.

The stiffness distribution that resulted from the optintima was not as expected. The
intuitive design was one that resembled an I-beam stiffdetsbution, with an axially stiff
tension and compression side with softer side laminatesasito the design described
and manufactured by Wu (2008). Optimization tools are tloeecessential for the design
of variable-stiffness composites. Design studies of tdeiatiffness composite structures
subjected to relatively simple load cases are needed tocgaifidence in the optimization
tools and to create insight into the behavior of variabiffrgtss composites, before they can
be used to design structures for complex, combined loadcase

The unconstrained optimization of the constant-thickneagable-stiffness laminates
resulted in improvements in buckling load carrying caggbilp to 30 percent at equal
mass compared to the optimized conventional design. Ingonewnts up to 18 percent were
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achieved for the constrained optimization. Constraintthenn-plane path curvature were
included to guarantee manufacturability, and a minimunr fébegle orientation of 10 de-
grees was implemented to ensure a minimum course width of/§. tAn equivalent of the
10 percent rule was implemented to increase the robustnesgracticality of the design.
The most restrictive constraint was the requirement thatttinder had to buckle before
material failure was allowed to occur. The strength comstia expected to be less restric-
tive if a thinner laminate is optimized, because a thinneriteate is more susceptible to
buckling and therefore the improvements might be greatbeifaminate is thinner.

The improvements in buckling load carrying capability ofialle-stiffness composite
cylinders with overlaps were due to the increased lamirtdtkness on the compression
side of the cylinder. The thickness buildup, which was cedyb the fiber angle variation,
occurred at small fiber angles. The small fiber angles ane larginate thickness resulted
in a high axial stiffness, attracting loads, which was cadittory to the trend observed
for the variable-stiffness laminates with a constant theds. The buckling load carrying
capability was increased because the increase in lamieattiny stiffness was larger than
the increase in axial load. Ideally the thickness buildupusth be made independent of the
fiber angle orientation, such that the out-of-plane stégen the compression side of the
cylinder can be increased while the in-plane-stiffnesseakept as low as possible.

The variable-stiffness laminates with overlap were coragain the basis of specific
buckling moment, i.e. the buckling moment normalized witk tylinder's mass. The
buckling moment does not scale linearly with the laminatekiess though, which might
cause a misleading representation of the improvementsalingoof the ply thickness was
applied to obtain a cylinder with a mass that was equal todh#te baseline cylinder to
provide a better measure of comparison. The ply-thickmessialized variable-stiffness
laminates with overlap showed an improvement of 90 peraeiiuickling load carrying
capability compared to the baseline laminate without amstraints applied and assuming
that the ply thickness could be scaled arbitrarily.

The optimization of the variable-stiffness cylinder witheolaps that includes the man-
ufacturing and strength constraints is not appropriateef ply thickness is scaled after-
wards, because the buckling moment does not scale line&Hyaminate thickness, while
strength does. Changing the laminate thickness thus chahgadifference between the
buckling moment and the material failure moment. Again, lascale laminate optimiza-
tion is needed if the cylinder has to be designed such thatdkles before it fails due to
material failure.

The design objective in aerospace companies is usuallyrionize the structural mass
for a given level of performance instead of to increase simat performance for a given
mass. Reducing the structural mass requires removal o, @ieen more so for the lam-
inates with course overlaps, because the structural massages if the number of plies
is kept constant, which is highly undesirable. A full scaenlnate optimization with a
variable number of plies and thus a variable number of degigiables was beyond the
scope of this thesis, but is highly recommended to show hoehnoti the increased struc-
tural performance can be translated to weight savings.réwtork on the optimization of
variable-stiffness composites might also include mudtipt combined load cases, cutouts
or damage, and different design objectives. Furthermbweiild be interesting to see how
small deviations in thickness, fiber orientation, boundamgditions or material properties
affect the structural behavior of the optimized structures
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9.5 Manufacturing using Advanced Fiber Placement

The baseline and the variable-stiffness composite cyfswdere manufactured using an
Ingersoll advanced fiber placement machine which couldeplgrto 32 3.175 mm (1/8

inch) wide tows. The compaction roller was unable to conftorthe cylinder surface at

small fiber orientation angles, because of the relativelgisaylinder diameter. The course
width was adjusted to ensure sufficient compaction. A moferdeble or a segmented
roller could also be used to resolve this issue.

The minimum turning radius of 508 mm (20 inch) caused somé&eireg during place-
ment of the tows which was suppressed by intermediate diglgutf the laminate. The
final product did not exhibit any flaws due to puckering of t@gsould be seen on the NDI
scan. The regions where tows were cut and restarted webdevigi the NDI scan.

The minimum cut length was taken into account in the detailesign of the variable-
stiffness laminate. Problems were avoided by making snajllstments to the coverage
parameter. Minimum cut length violations only occurredhet boundaries of the cylinder,
which were trimmed after curing.

Steering a fiber course while cutting tows on the outside®fuin caused the outer tows
to straighten. This was caused by a lack of guidance of the towards the part surface
after the tows were cut, such that the tows were inclined tovioa geodesic path instead
of the curved path over a length equal to the minimum cut kengtber straightening can
be avoided by adjusting the laminate design to only allowdatg on the inside of a turn or
by combining the shifted and parallel ply construction noglthto avoid cutting in general.
The feasibility of combining the shifted course method amel parallel course method in
one ply was demonstrated with the production of a variabfgress cylinder with axial
stiffness variation and overlaps. A redesign of the fibecg@haent machine to reduce the
minimum cut length or to extend guidance of the tows closethtosurface would also
help to remove the problem of fiber straightening. Furtheemib would be interesting to
investigate at what turning radius the deviation of the féonegle would be acceptable, so
that this can be taken into account in the design.

Part of the current variable-stiffness plies had a congthet angle orientation, which
would allow for the combination of multiple narrow coursasi one. Production rate is an
important parameter in a production environment and thdymrtion rate can be increased
by reducing the number of courses.

9.6 Experimental Validation

A modal test of the baseline and the variable-stiffness @it cylinder was performed
and the results were compared to the ABAQUS finite elememligiiens. The analytically
predicted and experimental modal frequencies matchednibtipercent up to a frequency
of 1000 Hz. The modal response simulations also showed a gg@®ment with the ex-
perimental results both for location and amplitude of trepomse. The modal frequencies
of the baseline cylinder were higher than those of the végiatiffness cylinder due to the
higher laminate bending stiffness in the circumferentiidation, which plays an important
role in the formation of waves in the circumferential difent The larger axial stiffness
of the variable-stiffness cylinder became apparent foresosiith an increasing number of



9.6 Experimental Validation 179

axial half waves and the modal frequency of the variablast$s cylinder approached or
even exceeded the modal frequency of the baseline cyliAtteough only 2 cylinders were
tested, the presented results indicate that the finite eilemedel for the variable-stiffness
cylinder provides a good representation of the cylindeermis of mass and stiffness distri-
butions.

The second experiment performed was a bending test of tiredeys. The cylinder re-
sponse was predicted using a nonlinear finite element aaatyABAQUS. The boundary
conditions in the finite element model were adjusted basa@ti@bending test of the base-
line cylinder to reflect the test conditions correctly. Thexibility of the interface between
the cylinder and test fixture was modeled using springs, vhésulted in a good agree-
ment of the predicted and the measured global response of/linéers. A more detailed
cylinder-fixture interface model could be developed by ahterizing the interface through
a component test.

Geometric imperfections of the cylinders were measuredidethe test setup using a
3D digital image correlation (DIC) system. These geomaéiniperfections were included
in the finite element model. The imperfections were also mwembwhile the cylinder was
assembled in the test fixture. The post-processing of thaseveas unsuccessful because
the cameras had to be repositioned to capture the full agtiadrface and the images could
not be stitched together. Ideally, the imperfections ofabsgembled cylinder should be used
in the finite element model, because this geometry influetiestructural behavior, and
the difference in geometry introduced during assembly khbe included as mechanical
pre-stresses in the model. The difference in imperfectibtize cylinders measured outside
the fixture and assembled in the fixture were assumed to bé duato the high stiffness
of the cylinders, and therefore the finite element predisiwere assumed to be unaffected
by the difference.

Other imperfections, such as variations in laminate théslsn material properties, and
local disturbances in the load introduction, can also imftieethe buckling behavior of un-
stiffened shells (Degenhardt et al., 2010). It would bergdéng to include these effects
in the finite element model to see how they affect the strattoehavior of the variable-
stiffness cylinder.

The geometric imperfections of the baseline cylinder ardvéiriable-stiffness cylinder
were similar in shape and magnitude. The variable-stifrogtinder was expected to have
larger imperfections due to thermal residual stressesechloyg non-uniform coefficients of
thermal expansion during cool-down of the cylinder afterirogt A thermal analysis in-
cluding chemical shrinkage, tool-part interaction andttine shrinkage during cool-down
to simulate the curing process could provide more inforamatéibout geometric imperfec-
tions introduced by the curing process and about thermaluakstresses. The similarity
of the geometric imperfections of both cylinders could beseal by an imperfectly shaped
mandrel. This could be examined by measuring the mandrey andnufacturing more
specimen on the same mandrel, while marking the positiohe@part with respect to the
mandrel.

Strains were measured using strain gauges and the DIC sy3teenmeasured strains
showed a good agreement with the predicted strains. The Bt&€ wlas useful, because
it provided a view of the strain field instead of local stragtalas collected by the strain
gauges. One DIC system covered approximately a quartereofythnder surface, such
that different sides of the cylinder had to be measured ifeidint test runs. A possible
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improvement compared to the current setup would be to us€4sidtems simultaneously,
such that the complete cylinder surface could be measugettat This would also improve
the geometric imperfection measurements of the cylindehéntest setup and it would
enable calculation of complete cylinder deformations sagbvalization.

The current cylinders were not loaded until failure, beegthe cylinders were expected
to fail in bearing at the cylinder-fixture interface befohey would buckle. The bearing
failure predictions were based on the predicted load levgnsion for the variable-stiffness
cylinder and an estimated bearing strength of the varistiffress laminate in this location.
It was decided not to load the cylinders to failure to avoidrigy failure. A future test of
the cylinders with damage or a cutout on the compressiorisfganned to lower the failure
load such that the cylinders will fail in the test section atlat the interface. The test data
can then be compared to strength and progressive failutdaiions. Thinner laminates are
recommended for future variable-stiffness compositectiting tests to avoid the possibility
of failure at the structure-fixture interface.

The global response and the strain distributions of thelinesand the variable-stiffness
cylinder were correctly predicted by the finite element mod€he strain distributions
showed that the maximum tensile and compressive strairigeofdriable-stiffness cylinder
were lower than those of the baseline cylinder at identazd llevels, which is advantageous
if strain-based strength criteria are used as a measurefofpance.

The values of the buckling moment of the baseline and thebkistiffness cylinder
were negatively affected by the flexible boundary condgianclusion of the geometric
imperfections and the nonlinear analysis, compared torthially predicted values. The
relative improvement of the variable-stiffness cylindermpared to the baseline cylinder
was not affected by the different conditions used in thedielement model and remained
in the order of 18 percent at equal mass.

9.7 Remaining Challenges

The research on variable-stiffness laminates discusdhikithesis covers only a small part
of the work that needs to be done before variable-stiffnesgposite laminates can be ap-
plied to real aerospace structures. One of the big hurdiethéapplication of any new
material system or structural concept is certification.tiieation of composite laminates
is currently based on allowables databases, generataggthextensive test programs. A
different approach would be needed for the certificationasfable-stiffness laminates, be-
cause it is impossible to build a database that covers aflilplesstacking sequences that
could be generated within one variable-stiffness lamin&t&ength properties could, for
example, be based on general laminate parameters, suchiealeqt stiffness values, lam-
ination parameters or components of the ABD matrices. Intiaal the effect of factors
such as path curvature, tow width and coverage parametdd beutaken into account.
Certification through analysis, substantiated by testltgswyould be critical for the certifi-
cation of variable-stiffness laminates because of theipitife amount of testing involved
in building an allowables database that covers all possidwes. Certification of structures
containing variable-stiffness composite laminates migsta consequence, require more
component-level tests.

An other aspect that requires investigation before vagistiffness composites can be



9.8 Final Conclusions 181

applied to real-life aerospace structures is damage muglefivariable-stiffness composites
under quasi-static and impact loading. Reliably modelimginitiation and progression of
damage in traditional fiber-reinforced composite lamiaatieeady forms a challenge to the
engineering community and the curved fibers, tow drops, amdaps of variable-stiffness
laminates add even more to the models’ complexity. Relidblaage models will also aid
in determining the damage tolerance and repairability abde-stiffness laminates.
Shorter-term applications of variable-stiffness lam@samight be found in spacecraft,
where structures are more often driven by stiffness remeérdgs than by strength require-
ments. It was shown in this thesis that stiffness and magsepties of variable-stiffness
laminates can be accurately predicted. In addition, véiatiffness laminates might be
used to tailor the coefficient of thermal expansion in spatesire to smoothen the transi-
tion between different structural parts and thereby min@thermally induced stresses.

9.8 Final Conclusions

The contributions to the state-of-the-art in the field of fip&aced, variable-stiffness com-
posites of the research presented in this thesis are sumeddrélow.

The application of variable-stiffness composite lamisataes expanded from flat panels
to conical and cylindrical shells. Mathematical expressiavere derived to define fiber
paths with varying fiber angles to generate variable-g#frlaminates using advanced fiber
placement, and to determine the laminate stacking seq@anfcection of location.

For the first time composite conical and cylindrical sheley@voptimized for maximum
fundamental frequency by actively tailoring the lamindiffreess as function of the in-plane
coordinates. The fundamental frequency of conical andhdyiltal shells increased up to
30 percent using laminates with a stiffness variation inghkial direction compared to a
constant-stiffness laminate, while having equal massowitg more variation of the fiber
orientation angle is expected to yield even higher impromeis

A laminate stiffness variation in the circumferential ditien of a cylindrical shell was
shown to be beneficial for the structural performance of thieder loaded in bending. The
optimization results confirmed the findings of Tatting (1%&mely, that a circumferential
stiffness variation can alter the internal load distribataround the circumference such that
the loads are carried more effectively, i.e. compressiaddare relieved and buckling pat-
terns can be altered, leading to a higher buckling load oagryapability. New in this work
compared to that of Tatting (1998), but similar to the workfiat panels, is the inclusion
of features introduced by the fiber placement process arigrdesethod, for example, the
deviation of the fiber orientation within a course, the poiity of overlaps, and the intro-
duction of a minimum fiber orientation to avoid excessive tating or extreme amounts
of overlaps.

The optimization of a 24-ply, 609 mm diameter variablefisiEs composite cylinder
subjected to bending showed an 18 percent improvement iklibgdoad carrying capa-
bility compared to an optimized baseline laminate corngistif 0, 90, andt45°plies with
equal mass. Manufacturing constraints, a strength canstamd stiffness constraints were
included in the optimization. Strain levels within the \adiie-stiffness laminate were also
reduced compared to those of the baseline laminate, if§can improvement in strength.
The higher buckling load carrying capability and the lowais levels show that there is
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potential for weight reduction using variable-stiffneasinates.

Variable-stiffness laminates with overlaps increasedlbekling load of a cylinder
loaded in bending by an increase in thickness on the conipresisle of the cylinder. The
laminate thickness increased with smaller fiber anglesplooy the in-plane and out-of-
plane laminate stiffnesses. The high in-plane laminaffets attracted loads to the com-
pression side, but due to the larger increase in bendirfgesti the buckling load carrying
capability of the variable-stiffness cylinder was incregs Ideally, the amount of overlap
would be uncoupled from the fiber orientation, such that thead-plane laminate stiffness
can be tailored independently from the in-plane laminaftness. This would require a
different design method for variable-stiffness laminates

The manufacturing of the variable-stiffness compositéndgr revealed that cutting
tows on the outside of a curved course can result in straightéows. This problem could
be resolved by changing the detailed design for manufagwi by adjusting the fiber
placement machine.

A modal test of a variable-stiffness cylinder showed googtaments between the ex-
perimental and analytical results, which indicated thatrttass and stiffness distribution of
the variable-stiffness composite was correctly modelédguiinite elements. This was the
first modal test of a fiber-placed, variable-stiffness cosifgcstructure.

Finally, a structural bending test was performed to vetify structural behavior of the
variable-stiffness cylinder under bending in the form ofraia survey. Two cylinders with a
baseline laminate were also tested to serve as a refereneexperimental results showed
a good agreement with the finite element model. This modé&rdifl from the initial fi-
nite element model used for optimization, because it inetLitexible boundary conditions,
geometric imperfections, and a nonlinear pre-bucklingyesis, as opposed to a linear bi-
furcation analysis with clamped boundary conditions. Therovement in buckling load
carrying capability of the variable-stiffness cylindemgpared to that of the baseline was
not affected by the different model and remained in the oofiéB percent. The test results
confirmed the favorable strain distribution of the variasiiéfness cylinder compared to that
of the baseline. The bending test was the first experimeetéication of a fiber-placed,
variable-stiffness composite cylinder.



Appendix A

Derivation of the Curvature
Vector

The curvature vector is defined by:

_ d7 dfdx
Starting from equation 3.6 and using the chain rule, theesgon for%( can be expressed
as follows: 45 d da d de
8T _sinp2¥? gd 9% 6+ sinp, 2C
ax sing dxa+cospdx+co&p dxé+smcpdx (A.2)

The derivatives of the vectogsand¢ with respect tax are found by using the following
transformations, wheie | andk are the unit vectors along the Y andZ axis respectively:

i } (A.3)

K> ey =

a cosx sinasing sina.cos I
¢ o= 0 cod -sinf =[T]{ |
A -sina cosasind cosw cosd k
Then: R
a i a
d d ~ d
—¢ ¢ p=—[T]S | ¢=—[TIT] "¢ ¢ (A.4)
dx{ a } dx { K } dx a
So that
da . R
—X:SInad—C
8—é——:sin @a—co % A9)
dx o %dx d

Substituting this in equation A.2 results in:

dr de . doy . . sde . df e i dO
(a+sma&)sm<pa+(a+sma&)co&pc COSaSImp&ﬁ (A.6)
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Combining this equation Witigd—)l( = cosp results in the following expression for equation
Al
de de

— _(& +sina¥() sing cospa+ ( d

. do 2 _ do .
—X+smad—x) cosp“C COSaSII’]gDCOS(,Od—Xn (A7)

This equation can be simplified by expressing it in the serfawordinateg and+ andn,
which are the in-plane path normal and tangent and outarigophormal vectors, respec-
tively. The corresponding coordinate transformation iegiby:

} (A.8)

cosp —-sing 0
¢ »=1 sinp cosp 0
0 0 1

. . . _ n2

. d_@co&p+5|na5m<p Y e A
dx r(x) r(x)

If the fiber orientation is defined as a function of the circareftial coordinaté the above

equation can be rewritten as a functiorfdiy using equation 3.5:

>

>
> My >

such that:

(A.9)

de dp do B d_(p tany _ dysing

&COS@:@&COS@ ———F-CO

T 40T % T 40 Tx) (A.10)

Then the curvature vector becomes:

do . sing].. [~cosasi?
E:{(d—§+sma)srl&ﬂf+{ Cof‘z‘xs)' ﬂﬁ (A.11)




Appendix B

Derivation of the Constant
Curvature Path for Conical Shells

First, the curvature equation is given by:

sina:sing(X)
r(x)

Substitution of the intermediate variale- r (x) sinp(X) results in the following differential
equation, which can also be expressed in terms of radiatiauates to aid in integration:

K(X) = —> cosp(X) + (B.1)

g—i = sina:sing +r(X) cosp% = k(X)r(x)

3 (B.2)
du dudx  k(r)r
dr — dxdr  sina

Assuming an unknown constant value of the curvature, iategr is performed fou re-
sulting in:

2
Kr
= B.
u(r) 2sina (B:3)
Performing back-substitution, the equation for the oaéioh angle becomes:
sinp(x) = —— LT /r(x) (B.4)
= sina 2 '

The unknown constar@ is found by stipulating the orientation angle at the smaliua
To, while the constant curvature value remains unevaluatéddsatime. This results in the
following equation for a constant curvature path:

sinp(x) = fosinTo , (r(x)z—rg) = SOSiSnTO +r <322—Ss§> (B.5)

r(x)  sina \  2r(x)

185



186 B Derivation of the Constant Curvature Path for Coni¢edl8

Dividing the latter of (B.1) by cog, substituting for tarp in terms of%(, and subsequently

replacing{x,0} with the variables §, 5}, the equation for the path definition can be ex-

pressed as:

d—w+sina% S or dp+dp = rds

dx dx cosp cosp
This last equation is the analog of (3.49), using the twoetigional configuration variables
sandg. It is evident that the introduction of a non-zero curvattgeders the equation
difficult to integrate. Instead, a useful path in the two-ditaional configuration will be
assumed and the derivations will proceed in the other dine¢dward the curvature equa-
tion. The geodesic path satisfies a linear relationship\andiyy* = x* tanTp. This equa-
tion is used as a basis for the constant curvature paths. staincurvature path on the
three-dimensional structure is assumed to translatethjiiato a similar arc in the flattened
configuration. This assumption is based on the fact thaethgths remain the same in both
configurations, as seen in the equations of (3.4). A curveon$@nt curvature, based on
the rotated rectangular coordinates of the unrolled cordtipn, is expressed as

(B.6)

(X =x5)2+(y —yi)2=p> or  y‘cosTo—x*sinTp= g(x*2 +y*2) (B.7)

The first equation is derived from figure B.1. The pojrt,y;} in this equation repre-
sents the center of rotation of the circular arc that dessrthe fiber path. The equation for
this curve is then translated into polar coordinates fout®lled system, and expressed in
a suitable form:

cosTpsin(S—Bo) — (sinTo—xSp) cos(8 = Fo) = —SOSLnTO +K (SZ;SSCZ’> =f (B.8)

Note that the left hand side only depends®while the right side is solely a function ef
This function will be referred to aé. Taking derivatives with respect & substituting for
the orientation angle using (3.5), and simplifying the tegields:

[(cosTp) cos(B - fo) + (SinTop— kSp) Sin(5 — Bo)] tany = gtany = ks— f (B.9)

Note that again the functiog is defined for brevity and that it is only a function Gf
Equation B.9 represents the definition of the orientatiogleimn polar coordinates, which
can be easily transferred to conical shell coordinaieg}through the usual transforma-
tions. However, some simplification can be performed firsiigtrate the solution. Akin
to the result displayed in (B.5), it is desirable to develgohution for sinp for comparison
purposes. This is most easily accomplished by combining)(@nd (B.9) in the following
manner: o f

KS—

tanp = ks—f = sinp= ———
gtany ¢ (1)

0?2+ (ks—f)2 = g2+ 12+ 2k5sinTo— (kSp)? = 1
4
sz—%) , SosinTy (B.10)

sing =
v H( 2s S
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{2y} = {~psinTy, peosTo}

Figure B.1: 2D representation of the constant curvaturehpat

As aimed for, this equation agrees exactly with the dervabtased on integrating back-
wards from an assumed constant turning radius path on aalatiell surface, equation
B.5. Therefore, the equations have shown that a constavdtcue path in the unrolled con-
figuration corresponds exactly to a constant turning ragate on the conical shell. Now
the expressions for the fiber angle and the fiber path are fauisduseful to evaluate the
value of the curvature as function of the orientation angles at the small and laagaus of
the cone {p and Ty, respectively). Therefore, if the desired fiber angle atdihge radius is
given a valu€l;, equation B.5 yields:

rysinTy—rosinTg
p(l)=T1 = H:W (B.11)

2

Rearranging the equation for the orientation angle in tesfisand expressing it so that
all values of the cone angle are immediately apparent ytbkl$ollowing equations for the
curvature and fiber angle for the constant curvature pathcamizal shell surface:

ot

-

ra . ro .
Curvature: K= (?l sinTy — ?0 smTo)

. . ro . ri . ro . X XSina
Angle variation: Sip = —sinTp+ (—smT - —sinT; ) —|1-
9 a4 O\ e L{ 2r(x)}

r(x)

(B.12)






Appendix C

The Effect of Course Width
Variation

The effective course widthye, depends on the fiber angle variation, as was explained in
section 3.3.3. This can cause problems if the variation ierfidrientation is large. An
explanation of these problems for constant-thicknessratas and overlap laminates will
be given below.

Course Width Variation for a Constant-Thickness Laminate

The effective course width should be constant for a condtackness laminate and equal
to the course shiftAx. This requires the width of the course, to vary accordingly, as
shown in figure C.1.

The relation between the course widthand the effective course widili for the cir-
cumferential angle variation can be derived similar to tkaneple in section 3.3.2. An
approximation of the effective course width for the circengintial angle variation is:

w
e~ Sno (C.1)
If the effective course width needs to be constant, the eowidthw is defined by the fiber
angley:
W R WeSing (C.2)

The maximum course width that a fiber placement machine gaddan is 102 mm, or
32 tows. The minimum course width is determined by the ragisvieen the largest and the
smallest fiber angle within a course:

Wmin __ We SiNYmin

(C.3)
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direction of shitt

>

18 T T T T
o0 135
) A -
< kS
g =
g =
<19 >
=5 90
2 kS
=
= 2
£ 5
= =
45 <
o ! ! ! !
0 200 400 600 800
Length along the shell, z, mm
Figure C.1: Variation of the course width for a constantettress ply
Assuming the maximum fiber angle is9@he minimum course width becomes:
Winin & WmaxSIN®min (C.4)

The course width becomes smaller than 18 mm, or less than®daae, if is smaller than
10°. In practice this would cause a large number of tow drops tmoin this region, which
is undesirable from a strength point of view. Placing a smalhber of tows at a time
also increases the production time, which is not desirdteeitTherefore manufacturing
efficiency requires the fiber angle orientation to be at |&@%t

Thickness Buildup

The course width is kept constant during the production @frlay laminates and courses
within one ply are allowed to overlap. The amount of oveltagdepends on the ratio be-



191

tween the largest effective course width and the smallést®fe course width:

0 Wemax  WSiNpmax 1 (C.5)
Wemin ~ WSINYmin  SIN®Ymin

The overlap will be 5.8 if the largest fiber angle i°80d the smallest fiber angleis 10,
which means that at some locations the ply will be 6 layerkttiue to overlapping courses.
The ply would locally be 12 layers thick if the smallest fibegée is 5, and at a minimum
fiber angle of 2it would be 58 layers thick. The overlap is smaller if the nmaxm fiber
angle is smaller than 90but if for examplepmax = 45° andymin = 1°, the thickest part of
the ply would be 40 layers thick. Allowing such a thicknessatéon within one ply would
be undesirable in practice and therefore the smallest atldiber angle was set to 10






Appendix D

Bending Optimization Results

Constant Thickness Laminates

Optimization Case 1

Table D.1: Optimum ply angles for constant-stiffness lates, case 1

Laminate #1 ¢2 b3 ¢4 ¢s5
©) @) ©) ©) ©)
CS-1 8.4 41.1 89.8 73.1 48.0
CS-2 25.5 48.7 - 75.8
CS-3 - 42.5 - 66.6 -

Table D.2: Design variables for laminate VS-2, case 1

P|y To 1 P T3 Ta
@) @) @) @) @)
01(0) 1.0 1.0 1.0 27.0 67.9
©3(6) 1.0 3.1 1.0 41.7 72.3
o5(0) 1.0 8.4 1.0 76.3 64.9

Table D.3: Design variables for laminate VS-3, case 1

Ply To T T T3 Ta
@) @) ) () ()
w2(0) 1.0 1.0 1.0 27.5 61.8
oal6) 1.0 6.3 1.0 39.5 66.2




194 D Bending Optimization Results

Table D.4: Design variables for laminate VS-4, case 1

Ply To Ty T T3 Ta
) ) ) ) (°)
»1(6) 1.0 1.0 84.7 85.9 84.0
@2(9) 1.0 17.7 1.0 53.1 63.4

Table D.5: Design variables for laminate VS-5, case 1

Ply To Ty T T3 Ta
@) () ) ) )
@1(9) 1.0 1.5 37.1 71.0 77.3

Optimization Case 2

Table D.6: Optimum ply angles for constant-stiffness lates, case 2

Laminate ) ®2 ®3 ¢a o5
) @) ) @) )
CS-1 26.0 30.2 10.7 90 74.4
CS-2 25.8 - 35.7 - 79.1
CS-3 - 35.5 - 63.3 -

Table D.7: Design variables for laminate VS-1, case 2

PIy To T1 T T3 Ty
©) ) @) ) )
©01(0) 10.0 10.0 10.0 10.2 10.0
©2(6) 10.0 10.0 10.0 10.0 16.5
w3(0) 10.0 10.0 46.0 495 44.0
wa(0) 10.0 10.0 10.0 10.0 56.8
ws(0) 10.0 16.0 60.6 88.9 89.0

Table D.8: Design variables for laminate VS-2, cases 2 and 3

PIy To T1 To T3 Ty
©) ) @) ) )
©1(0) 10.0 10.0 10.0 10.0 15.4
w3(0) 10.0 10.0 11.2 45.3 63.4
ws(0) 10.0 10.0 10.0 10.0 57.1




Table D.9: Design variables for laminate VS-3, cases 2 and 3

PIy To Tl T2 T3 T4
@) ®) @) @) @)
©2(0) 10.0 10.0 10.2 18.8 38.4
©4(0) 10.0 10.0 10.0 26.7 55.5

Table D.10: Design variables for laminate VS-4, case 2

PIy To Tl T2 T3 T4
@) ®) @) @) @)
©1(0) 10.0 10.0 10.0 10.0 27.0
©2(6) 10.0 10.0 56.3 74.2 89.0

Table D.11: Design variables for laminate VS-5, case 2

Ply To Ty T> Tz Ta
) ) ) ) )
v1(0) 10.0 10.2 10.0 27.3 35.6

Optimization Case 3

Table D.12: Optimum ply angles for constant-stiffness teatgs, case 3

Laminate 1 ¢2 ¢3 ¢4 ¥s
) ) ) ) )
CS-1 4.0 445 0 88.8 55.5
CS-2 22.1 - 30.2 - 70.5
CS-3 - 25.5 - 53.8 -

Table D.13: Design variables for laminate VS-1, case 3

P|y To T To T3 Ta
®) ) ) ©) )
v1(0) 10.0 10.0 10.0 10.0 10.0
() 10.0 10.0 10.0 10.0 10.0
v3(0) 70.2 75.4 89.0 89.0 89.0
0a(0) 10.0 10.0 10.0 10.0 59.1
ws(6) 10.0 10.0 10.0 35.2 61.2
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Overlap Laminates

Optimization Case 1

Table D.14: Design variables for laminate %3, case 1

Ply To T1 T2 T3 T4
@) ) @) ) @)
»1(0) 10.0 25.0 85.0 10.0 10.0
p2(6) 89.0 80.0 85.0 10.0 10.0
»3(0) 10.0 36.9 89.0 10.0 10.0
wa(0) 62.8 89.0 89.0 10.0 10.0
ws(0) 10.0 36.9 89.0 10.0 10.0
Table D.15: Design variables for laminate %3, case 1
Ply To T1 T2 T3 T4
@) ) @) ®) @)
w1(0) 10.3 89.0 87.4 10.0 10.0
w3(0) 10.0 31.1 89.0 10.0 10.0
ws(6) 22.8 89.0 89.0 10.0 10.0
Table D.16: Design variables for laminate %3, case 1
Ply To T1 T2 T3 T4
@) ) () ) ()
p2(0) 10.0 28.5 89.0 10.0 10.0
p4(0) 89.0 87.8 89.0 10.0 10.0
Table D.17: Design variables for laminate %8, case 1
Ply To T T2 Ts Ts
@) @) () @) @)
»1(6) 10.0 36.9 89.0 10.0 10.0
w2(0) 62.8 89.0 89.0 10.0 10.0
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Optimization Case 2

Table D.18: Design variables for laminate %3, case 2

PIy To Tl T2 T3 T4
@) ®) @) @) @)
©1(0) 10.0 10.0 59.1 10.0 10.0
v3(0) 10.0 58.6 24.8 16.2 10.0
ws(0) 10.0 10.0 57.4 11.9 10.0

Table D.19: Design variables for laminate %3, case 2

Ply To T T T3 Ta
©) ©) ©) ©) ©)
©2(0) 10.6 10.6 58.1 10.0 10.0
0a(0) 87.8 86.8 58.8 10.0 10.0

Table D.20: Design variables for laminate %8, case 2

P|y To T To T3 Ta
®) ) ) ©) )
v1(0) 10.0 10.0 30.2 10.0 10.0
©2(6) 12.3 10.0 49.1 10.0 10.0
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Figure D.1: Optimization results for all variable-stiffag cylinders with overlap, optimiza-

tion case 2



Appendix E

Strain-Equivalent Tsai-Wu
Strength Constraint

The strain-equivalent Tsai-Wu strength constraint wasliged by IJsselmuiden et al.
(2008). Here a summary of the derivation and use of the caingtin an optimization
environment is given. The constraint was used in the cyliogéimization in chapter 5.

The Tsai-Wu failure criterion Jones (1999) is a first-pl\iueg criterion which is based
on both material properties and explicit ply angles. |Jasédlen rewrote the criterion to de-
rive a failure envelope based on the Tsai-Wu criterion wigdhdependent of the stacking
sequence and can be expressed in terms of strains. The TsilWe criterion is defined
by:

F110% +Fop05 + Fegrip+ F101 + Foop + 2F100102 = 1 (E.1)

in whichF andF;j are defined by:

1 1 1 1
F = — = — F:———
1 XX T TR €2
1 1 E -1 E 1 '
S A N5 A A AR

whereX;, X, Y;, Yc andS are the failure stresses in tension, compression and ghéiae i
principle material directions. The strength criterion t&rewritten in terms of strain:

Gr1e5 +Gooeh +Gegega+ Gre1 +Goza + 2G10e1e0 = 1 (E.3)
with:
G11 = Q4;F11+Qf, 20+ 2F15Q11Q12
Go2 = Q%,F11+ Q3,00+ 2F12Q12Q22
G1 = QuF1 + Q122
G2 = QuoF1 + Q222
G12 = Q11Q12F11+ Q12Q22F22+ F12Q%, + F12Q11Q22
Ges = 4Q3Fes

(E.4)
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The material strainsy, €2 ande12 can then be expressed in terms of laminate strgins,
andeyy by using the following transformation matrix on equatioBE.

1(1+cos2p)  3(1-cos2p) sin2p
i(1-cos2)  3(1+cos2)  -sin2p (E.5)
1sin2p -1sin2p cos2p

The failure envelope is expressed in terms of laminaterstrand ply angles:
F (ex, ey, exy,SiN2p,c0520) =0 (E.6)

By setting the derivative of this equation with respect te fliber orientationy to zero
the failure envelope can be found within which no failure wscregardless of the fiber
orientation angle (for the derivation see reference ldssielen et al. (2008)). The result
yields two equations, representing a surface traced ouh®ydilure criterion for all ply
orientations:

4u12 - 4uguy 12 +4 (1-Upl 1 — sl ?) (U —Ug) + (Us +Usl1)® = 0 (E.7)

and
213 —13 (ug+usly)® —2uglZ (1-uply —ugl?) + (1—u2|1—u3|f)2 =0 (E.8)

wherel; is the volumetric strain invariant angis the maximum shear strain given by:

Ex—Ey\ 2
Iy =extey lo = ( X2 y) +egy (E.9)

The termay; are defined by:

G1+G
up = G11+G22-2G12 Up = 12 2
+ +2
UBZ%ZGIZ Us=G1-Gp (E.10)
Us = G11—-Go2 Us = Gge

Equations E.7 and E.7 can be reformulated in terms of theystfetor \, which is defined

as:

P
wherePs is the failure load an@; is the applied load. If the safety factor is implemented in
the two failure equations they become:

A (E.11)

f1(\) = a1p\? +a\ + a0

E.12
fo(\) = apa\* +aps\3+ap)2 +ap1 +ag ( )
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where the coefficients are defined by:

ajo= u§+4u1—4u6
ai] = —4U2|1(U1 - Ue) +2U4Usl 1
a1 = 4U2l3 - 4uzl 2 (g — Ug) — 4ugU1 12 + U2l 2
f0=1 (E.13)
a1 = —2Uzl1
gy = —2u3l#+ulZ~12 (uf +2uy)
ayz = 2U2|fU3— |22(2U4U5|1—2U1U2|1)
aga = Ufl3 — 13 (U212 - 2ususl?) + U3l

The failure index () is defined by:

re) = 2 (E.14)

where ) is the smallest positive real root obtained from equatidtE.Using the failure
index, the strength constraint can be defined as:

r(z)-1<0 (E.15)






Appendix F

Miscellaneous Modal Test Results
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Figure F.1: Power spectral density for velocity of the sexbcylinder

203



204

F Miscellaneous Modal Test Results
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Appendix G

Test Mechanism Loads

Prediction of disturbing forces is based on a simplified nhadehe test mechanism as
shown in figure G.1. All members are assumed rigid, excepgticomposite shell, which
is modeled as a beam with longitudinal stiffnds8 and bending stiffnesgl, based on

the baseline cylinder design. Furthermore hinges aredieclun locations 1, 2, 4 and 5 to
connect the members, while the member that connects nodest2Zand 6 is a rigid part.
The connection between the test setup and the shell at neddgbia rigid connection. The
vertical plane passing through node 7 is a symmetry plane.|8@igth of the members is
given in table G.1.

}
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Figure G.1: Schematic of test mechanism
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Table G.1: Length of the members of the test mechanism

member L, mm
Lio 406
Loz 711.2
L3s 698.5
L4s 508
Lsg 12.7
Le7 495.3

Interconnectivity and equilibrium dictate the locationezfch node. The geometric re-
lations are given in table G.3. Some nodes have additionadtcaints, as listed in table
G.2

Table G.2: Compatibility equations

X1=Y1=0

X5 =Lp3

X7 = Loz +L3g+Lg7 (Symmetry constraint)
ML .

07 =03+ 7 _0o (symmetry constraint)

Global equilibrium dictates tha,, 1 = —P, because there is no vertical load in node 7
due to the symmetry plane. Subsequently local equilibriltme&mbers 1-2 and 4-5 provide
the horizontal reaction forces in nodes 1 and 5:

e R.1 =Ptanf,

o R 5= —Ptantss

Table G.3: Equations governing the location of the nodes

x-coordinate y-coordinate

X1 =0 y1=0

X2 = X1 ~L128inf12 Y2 =y1+L12c08012

X3 = X2 +L23C08023 Y3 =Y2+Lazsinbzs

X4 = X3 —L3aSindz3 Ya = Y3+L34C08023

X5 = X4 —L45Sindys Y5 = Y4 +L45C08045

X = X3 +L36C0S023 Y6 = Y3+L3gsintz3

X7 = Xg +Lg7C0S023+ NELS Y7 =Ye+Lg7SiN023+ '\25’7
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Equilibrium of horizontal forces giveN:
= —-Ry1—Rxs = —Ptanfio+Ptanfss (G.1)
Finally, global moment equilibrium around node 7 resultthia following equation:
YM7cow: 0= M +PLaz+Re1(y7 - Y1) ~Res(ys —y7) (G.2)
such that the bending moment is:
= —PLy3—Ptanfi2(y7 —y1) — Ptanfss(ys —y7) (G.3)

Looking at the equations in table G.3 and the equilibriumatigms G.1 and G.3 it can be
seen that it is a coupled system of equations, with the motathgles:,, 623, andéd,s and
loadsN andM unknown. Applying the compatibility constraints of table2Ghe system of

equations can be solved for a given Idgdnd the influence of the disturbing forces can be

evaluated. At the maximum lodel= 580 kN, the deviation of the bending mom&htfrom

the ideal bending momeiRL,3 is less than 2 percent. The axial load that is generated at

P =580 kN causes a compressive strain that is smaller thanp@2®nt of the maximum
compressive strain caused by bending. Based on this appati®h it can be concluded
that the magnitude of disturbing forces is negligible far turrent design of the test fixture.
Furthermore, these disturbances will be smaller for therste cylinder, since it is less
compliant than the baseline cylinder.






Appendix H

Measurements of the End
Rotations using DIC and LVDT'’s

A description of the end rotation measurements using DICaacdmparison with the end
rotations measured using LVDT's are given in this appendix.

The cylinder deformations measured using the DIC systeratanen in figure H.1. The
colors in figure H.1 represent the axial displacement duebenaing moment of 415 kNm,
shown both for the top part of the cylinder, which is in temsiand the bottom half of the
cylinder, which is in compression. Points 1 and 2, shown iarég H.1(a) and H.1(b), were

(a) Top side of the cylinder (tension)

Figure H.1: Displacements in longitudinal direction meesdiwith DIC

in one plane before any load was applied to the cylinder. #asg points 1 and 2 in the
top part remained in one plane, the end rotatiarould be calculated based on the vertical
distanceAz between the points and the relative horizontal displacémei, which are
related by:

Ady
Az

The same procedure can be followed for the bottom part of ytiader. Subsequently,
these two can be compared and a comparison can be made wéhdhetation measured

tany = (H.2)
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212 H Measurements of the End Rotations using DIC and LVDT's

by the LVDTSs on the test structure, given in table H.1. Sinhylahe end rotations at the
other end of the cylinder can be calculated using points 34rske figures H.1(a) and
H.1(b). The rotations measured by the LVDTs were larger tharrotations measured by
the DIC system, which is an indication of flexibility in thetémface between the cylinder
and the support structure. Further, the rotations on thepcession side were larger than
the rotations on the tension side, which is in line with thraistdistribution shown in figure

8.11(b).

Table H.1: Displacement data of points measured with DIC

Az Ady “pIC VDT
Location mm mm deg deg
(1-2)r 283.51 2.183 0.441 0.582
(1-2) 290.74 2.604 0.513 0.582
(3-4)y 280.10 1.882 0.385 0.588

(3-4r 279.67 2.413 0.494 0.588




Appendix |

Optimization of Boundary
Conditions

The shell and the boundaries can be considered as springisés,sadding up to one spring
with a stiffnesdg:

1 1 2
==+ 1.1
ki i (-5
wherek; is the spring stiffness of the composite laminate, caledldty:
EA
ke = E > (1.2)
C

andks is the spring stiffness of the boundary springs. A schemaficesentation is given
in figure 1.1. A total of 192 springsNg) is included to account for the flexible boundary
conditions, and therefore the spring afeds defined as:

_ 2mRt

As= l.
=N (13)
Since the end plates are assumed to be rigid, the stressrpey sfgment is:
Mz ki
oj = —— 1.4
"y kavg (14)

wherez is the vertical coordinate of the spring location, dpds the moment of inertia
about the neutray—axis of the cylinder (not necessarily locatedzat 0). The average
spring stiffness is calculated by:

1 N
ki.avg = N i;kt,i (1.5)
The load per element is then found by:
P = 0iAs = kil (1.6)
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5
=

AW W
M s
W i
e M
.W W‘
,,,,, AL ALY DO
U Pt
iy i
Ly L. L.

Figure I.1: Simplified model with flexible boundary conditso

such that the total displacement per element is:

U|As
Ui = ke (1.7)

The rotation of rigid end plate can be calculated using tted thsplacements at= -R and
z=R

NI

—Rr -1 - -
tary = ut(Z—R)ZRzut(Z— R) (1.8)

Ignoring other boundary condition effects the strain disition around the circumference
of the composite cylinder can be derived from the shell dispinents:

Uc UAS
=—= 1.9
Le  kele (9)

Ec

If the spring stiffness of the boundary springs is constiduet strains and end rotations vary
linearly with the load. If the spring stiffness of all sprgg equal the strain distribution
with the height of the cylinder remains linear. Since theesitpental results indicated that
this is not the case, the spring stiffness is made dependetitcoextension of the spring:
ks = ks(Us). Considering the physics of the boundary conditions itkelii that springs
in tension behave different from springs in compressioner&fore the spring stiffness is

allowed to be discontinuous at = 0. Furthermore a linear variation in spring stiffness is
assumed, i.e.:

ks = a.+ + b+uS ue [07 00]

= a +bug u € [~,0) (1-10)

As a consequence the location of the neutral axis changesetiponses are not linear
with the load anymore, and the strain distribution is no Emmear with thez—coordinate.
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The value of thea andb parameters are determined by a least-squares optimiaagiog
the solver add-in of Microsoft Excel, minimizing the diféerce between the measured and
predicted end rotations and strains at 10 equally spacedéwels between 0 and 3.36°
Nm. The displacements are now calculated by:

u=y —1°s (1.11)

whereAg is the change in stress due to an increase in bending mofxidnt This opti-
mization resulted im* = 1.72- 10'/Nm™ anda™ = 1.19- 1(8Nm™. The values fob™ and

b* were one order of magnitude smaller tr@manda*, and because the valuesigfare in

the order 10%, the linear part of the spring stiffness variation will bedged. The spring
stiffness can therefore easily be denotel{as a* andk; = a™. After inspection, the spring
stiffness of the compressive spring, is almost the same as the stiffness of the laminate
segment enclosed by the end rings:

__ EcAstEstAst

kg L. (1.12)
where the subscript refers to the composite laminate astdrefers to the steel tabs. This
seems to correspond with the assumption that the load &aosfthe compression side is
through direct contact with the supporting back plate. Tdwelr stiffness on the tension
side is due to the load transfer through the bolted conneetia through friction, which is
less efficient than the load transfer on the compression side

After optimizing the longitudinal spring stiffnesses wgigxcel, the springs are included
in the ABAQUS model, and rotational springs are included a#i.vAll rotational springs
are assumed to have equal and constant stiffness. Threeediffstiffness values were

evaluated, and the best matching stiffness was selected.






Appendix J

Miscellaneous Bending Test

Results
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Figure J.1: Strains at different locations along the lengftthe baseline cylinder
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J Miscellaneous Bending Test Results
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