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ABSTRACT

ASSESSMENT OF DIFFERENT FINITE ELEMENT
MODELING TECHNIQUES ON DELAMINATION GROWTH IN
ADVANCED COMPOSITE STRUCTURES

Ucak,Ibrahim
M. Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. K. Levend Parnas
February 2012, 100 pages

Virtual crack closure technique (VCCT) is commonlged to analyze
debonding/delamination onset and growth in fibemfogced composite
assemblies. VCCT is a computational fracture meiclsabased approach, and

is based on Irwin’s crack closure integral.

In this study, the debonding/delamination onset gnowth potential in a
bonded fiber reinforced composite skin-flange assgns investigated using
the VCCT. A parametric finite element analysescamducted. The finite
element analyses results are compared with coupgal experimental results
available in the literature. The effects of diffet finite element modeling
techniques are investigated. The bonded flangerasy is modeled with pure
solid (3D) elements, plane stress (2D) shell eldmand plane strain (2D) shell
elements. In addition, mesh density, element cadergeometric non-linearity
parameters are investigated as well. The accusadyperformance of these
different modeling techniques are assessed. Wjnaffect of initial defect
location on delamination growth potential is invgated. The results presented
in this study are expected to provide an insighpracticing engineers in the

aerospace industry.



Keywords: Fiber Reinforced Composite Plastics, Delimg, Delamination,

Finite Element Model, Virtual Crack Closure TechregDamage Tolerance
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KOMPOZIT YAPILARDA DELAM INASYON ILERLEMESININ DEGISIK
SONLU ELEMAN MODELLEME TEKNIKLERI ILE
DEGERLENDIRILMESI

Ucak,Ibrahim
Yuksek Lisans, Makina MuhendigiiBolumu
Tez Yoneticisi: Prof. Dr. K. Levend Parnas
Subat 2012, 100 sayfa

Sanal catlak kapama tekni guclendiriimgs dokulu kompozit montajlarinda
yapsma ayrgmasi/delaminasyon klangici ve ilerlemesi analizlerinde yaygin
olarak kullanilmaktadir. Sayisal kirllma mekane dayal bir yaklgm olan

sanal catlak kapama teknilrwin’in catlak kapama integrali Gizerine kurulwd

Bu calsmada sanal catlak kapama terikullanilarak, yaptirma ile b&lanmsg
guclendiriims  dokulu  kompozit kabuk-flan montajinin  aysmasi/
delaminasyon bxangici ve ilerlemesi incelenmektedir. Parametsiénlu
elemanlar analizi gercelgilmis olup; sonlu elemanlar analiz sonuclari
literattirde bulunan kupon seviye deney sonuclarkdsilastiriimistir. Degisik
sonlu eleman modelleme tekniklerinin etkileri @walmaktadir. Yaptirma ile
baglanmg flans montaji, saf kati (3D) elemanlar, dizlem geril2®) kabuk
elemanlari ve dizlem gerinim (2D) kabuk elemanlgullanilarak
modellenmgtir.  Ek olarak, eleman g yogunlugu, eleman derecesi ve
geometrik dgrusalsizlik parametreleri de incelenmektedir.  Bagigk
modelleme tekniklerinin tutarlilk ve performanslaezerlendiriimisti.  Son

olarak, Uretim esnasinda ortaya c¢ikabilecek illaHainumunun delaminasyon
Vi



blyumesi potansiyeline etkileri atailmistir.  Bu calsmada sunulacak
sonuclarin havacilik sektérinde g¢ah muhendisler icin derinlemesine bir

baks sgzslamasi beklenmektedir.

Anahtar Kelimeler: Gugclendirilmi Dokulu Kompozit Plastikler, Yapma
Ayrismasli, Delaminasyon, Sonlu Elemanlar Modeli, Sanatlak Kapama

Teknigi, Hasar Toleransi

Vil
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Fiber reinforced composite plastics (FRP) are msiregly becoming popular,
especially in the aerospace, marine, energy anoimaiive industries, where
low weight, high stiffness and high strength argureed. In addition to their
low weight-to-high stiffness and strength ratio,F7Rare also easy to tailor and

have good endurance in harsh environments.

In assemblies, components made of FRP may eithendwhanically fastened
or bonded together. A typical example is the cotioe between the spars and
the skins in a composite wing box which is depictadFigure 1-1 and
Figure 1-2. When mechanical joining/fastening sedj special precautions
have to be taken, since this method can createriscities in the fibers of the
composite, which in turn could reduce the enduraridhe component. Hence,
bonding is preferred in the assembly of FRP comptfistructures, which is
also the cost and weight effective method. Bondg@lso advantageous in
terms of electrical and/or thermal insulation ondoctivity, corrosion, fatigue

resistance and damping characteristics.



. Trailing
Exterior Landing 4.0

Center ear
: plate gee Inboard I
wing  goubter fitting / ) ;aarp v::e

Spoiler

" Inboard aileron

Quthoard flap
Flap vane

1 .
’h Spoilers Leading ] Wing tip
- T edge
- SR % st
_~Rear spar ' Ribs
/Slnngers Pl /“ﬂ f

Front spa

Leading Edge ! Trailing Edge

Figure 1-2: Schematic view of wing box



Several bonding methods are used in the industamety, co-bonding,
co-curing, and secondary bonding. Since co-bonding co-curing require
special molds and special manufacturing requiresjesgcondary bonding is
the simplest and preferred bonding technique. &dnding is preferred over
mechanical joining, ensuring a quality of bondirag been a challenging task.
In addition, bonded composite components are stibtego debonding and
delamination, which are the most common failure esodobserved in
composites (Pagano and Schoepner 2000). Hensepfitparticular interest to
develop computational methods, which can prediet dhset and growth of
delamination. Modeling and prediction of delamioatin composite materials
is not a straight forward procedure, that is, #aehhiques and procedures that
can be used to model and predict delamination hatebeen sufficiently

implemented into commercially available computagioor finite element tools.

In service, aerospace components mostly have satathble defects or flaws.
These defects may have occurred due to in sereiegittons, or manufacturing
errors. Hence, in the design process the effetttasfe tolerable defects or flaws
should be accounted for to prevent catastrophiares. This is called damage
tolerant design. In the damage tolerant desige, ainthe techniques is using
reduced allowable stress values in the design, lwidica trade-off between
weight and repair costs. The products are goinlgettneavier when an over-
reduced allowable stress value is used, meaning faet consumption and low
efficient vehicles. Products designed with an wdduced allowable stress
value could tolerate smaller damages, meaning fnegeient in service repairs,
more expensive repair and operating costs. Owtter hand, if the effect of a
particular flaw (on the delamination growth potafjticould be determined
using computational tools, a more sound and efficidesign could be

developed without compromising safety.



1.2  Scope of the Work and Objectives

In this study the debonding/delamination onset agmowth in a bonded
skin-flange assembly will be analyzed by means etaited finite element
analyses. The finite element analyses results lvallcompared with coupon
level experimental results available in the litarat The effect of different
finite element modeling techniques will be inveatgd. The bonded
skin-flange assembly will be modeled with solid §3&ements, plain stress
shell (2D) elements and plain strain (2D) shelledats. The accuracy and
performance of these different modeling techniquidisbe assessed. The effect
of geometrically linear and non-linear analysesitégques, element order, and
mesh density will be investigated. Furthermore d#ffect of initial defect
location on delamination growth potential will bevestigated. The results
presented in this study are expected to provideoitapt insight to practicing

engineers in the aerospace industry.

1.3  Organization

Organization of this thesis is as follows:

Chapter Zontains a brief survey of causes of delaminationcomposite

components. Also explained are the experimentdinigues that have been
used to determine the fracture toughness of congospecimens, and
computational techniques that can be used to gréuiconset and growth of

debonding/delamination in composite components.



Chapter Jorovides the description of experimental studieg trave been used
as benchmark verification cases to determine tharacy of the finite element

model, used in this study.

Chapter 4 presents a detailed explanation of thigefelement model used in
this study, and the results. After the detailstlod finite element models
considered are explained, the global (force-deftionaand force-strain) result
obtained from the different finite element analysee compared with the
experimental ones. The results of the parametntysconducted to investigate
the potential of delamination growth using a fraetmechanics based approach
(VCCT) are given. Also provided are the detailsl aasults of the analyses
conducted to investigate the effect of initial de¢féocation on delamination

growth potential.

Finally, Chapter 5 provides the conclusions andmeoendations for future

research.



CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

Fiber reinforced composite plastics (FRP) are asirggly becoming popular,
especially in aerospace, marine, energy and auteenotdustries, where low
weight, high stiffness and high strength are resplir In addition to their low
weight to stiffness and strength ratio, FRP’s dse &asy to tailor, have good
endurance in harsh environments and have supatigué properties compared

to traditional materials.

Composite materials are composed of two or moremadd, and have superior
material properties compared to the properties afheindividual material

composing the composite. In general the two ctuesitis used are the fiber and
the matrix. Typically fibers provide the strengihd stiffness. The matrix
holds the fibers together, protects the fibers frexternal environment and
transfers the load between the fibers. Fibers beagontinuous in the form of
unidirectional, woven or roving; or discontinuous @opped or mat fibers as
depicted in Figure 2-1. Typical fibers include gfia carbon and kevlar.

Matrices could consist of polymers, ceramics anthiee
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Figure 2-1: Typical fibers (Campbell 2004)

In modern aircrafts, decreasing the number of corapts in an assembly is the
primary objective in order to reduce the assemibhg tand cost. Hence, ideally
it is preferred that composite assemblies are cuagkther. However
sometimes this may introduce very expensive andptmmmolds. In these
situations, other assembly means such as mechgnfaatening or bonding
may be preferred. The advantages and disadvantdgeschanically fastening
and bonding are summarized in Table 2-1. Mechaféstening and bonding
samples could be seen in Figure 2-2.



Table 2-1: Comparison of mechanically fasteningdading

Advantages

Disadvantages

Mechanically
Fastening

Easy inspection,

Easy repair,

Could be applied to any
thickness,

Could be disassembled.

Many parts in the assembly,
Stress concentration created,
Fatigue susceptible,
Additional sealing required,

Corrosion susceptible.

Bonding

Few parts in the assembly,
Continuous load transfer,
Fatigue tolerant,

No additional sealing
required,

Light-weight structure,
Smooth contour for
aerodynamic surfaces,
Corrosion resistant,

No stress concentration

created,

Difficult inspection,

Surface preparation required,

Susceptible to environmental

effects,

Limited thickness,

Could not be disassembled,
Small tension loadings could |
transferred,

New design guidelines required

e

Figure 2-2 Mechanical fastening and bonding examf@teslehurst 2008)



When mechanical joining/fastening is used, spepracautions have to be
taken, since this method creates discontinuitiethénfibers of the composite,
which in turn could reduce the endurance of thegmmments and create stress
concentrations. Hence, bonding may be preferrethen assembly of FRP
components/structures, which is also the cost aeighw effective method in
most cases. There are several types of bondiagjghco-curing, co-bonding
or secondary bonding. From a structural point g#fwy co-curing is the
strongest and secondary bonding is the weakestidmprigbe. However, co-
curing requires extensive tooling and tight tolees that makes it infeasible

most of the time.

While bonding is preferred over mechanical joiningpnded composite
components are susceptible to debonding and deddiony which are the most
common failure modes observed in composites. Dekion is essentially the
separation of the plies from each other, and cad k& component failure.
Figure 2-3 depicts the different types of delamoratmodes observed in
composite components. Delamination is usually edudue to structural
defects or discontinuities, and usually is obserwden the thickness of the
component is changed (internal or external ply Hroat skin-stiffener

connections or at stress-free edges.
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Figure 2-3: Sources of geometric and material disoaities (Miracle and
Donaldson 2001)

2.2 Causes of Delamination: A Fracture Mechanics Aproach

Static or dynamic loads that have been applied toraposite component or
structure will cause interlaminar shear and tenssbresses. When the
interlaminar strain energy release due to sheartemslon stress gradients that
occur at the discontinuities exceed a critical ghodd called fracture toughness,
delamination will initiate. Figure 2-4 depicts theommonly observed

delamination fracture modes. As depicted in Figi+k fracture modes can be

divided into three types as:

* Mode I, or the opening mode, where crack faces nieetly apart due

to interlaminar tension;

* Mode I, or the sliding mode, where the crack stefaslide over each
other perpendicular to the crack tip due to intertaar shear;
10



* Mode lll, or the scissoring or tearing mode, where the crack susi

diide over each other parallel to the crack tip tumterlaminar shee

-

—>
crack opening sliding shear scissoring
mode I mode 11 mode 111

Figure 2-4 Common modes of delamination fracl (Krueger2002)

In the fracture mechanics based appr; the computationally calculated str:

enery release rate is compared with experimentally evaluat: critical value

to determine the potential fodelaminatiofcrack growth. Experimental

methods used to determine this critical value, ftaeture toughness, are
presented in Section 2.2.Seveal failure criteria are suggested by researc

which aredescribed in detail by Ree((2004).

The simplestriteria to determine the onsetdelaminationgrowth is based o
solely mode | o mode llcrack opening modesThe criterion based on pu

mode Icrack opening rea (Whitcomb 1986):

11



=1 2-1

whereG, is the analytically computed mode | strain energgase rate; an@c

is the experimentally determined mode | fracturegtmmess of the material.
Equation (2-1) simply indicates that there is aeptal for delamination
growth, when the computationally determined mod&din energy release rate
exceeds the mode | fracture toughness of the raate8imilarly, Gillespie et al.

(1985) proposed a criterion based on pure modedkcopening:

GII
GIIC

=1 2-2

whereG; and G c are the analytically computed mode Il strain epegjease
rate; and the experimentally determined mode Itténee toughness of the
material respectively. Similarly Equation (2-2)dicates that delamination
growth will occur when the computationally deterednmode Il strain energy
release rate exceeds the mode Il fracture tougtofehe material.

While the delamination onset criteria presenteBdguaations (2-1) and (2-2) are
very informative, engineering structures/componemts subjected to complex
loading conditions. Hence, delamination onseteddt based on mixed-mode
strain energy release have been proposed. Wu anteRE.965) proposed a

power law mixed-mode criterion in the form:

a B
[&j [G_j _ 23
GIC GIIC

12



where a and S experimentally determined constants. EquatioB)(Ras been
frequently used in the literature and the constangd S are determined by
the method of least squares. Although EquatioB)(&- a non-linear function,
when the exponents=/[=1, a linear criterion is obtained. Benzeggagh and

Kenane (1996) proposed a mixed-mode fracture miten the form:

7
G. =G +(G,c -G {—G“) 2-4
Cc IC lc IC GT

whereGr (=G1+G,+G3) is the total energy release ra&; is the interlaminar
fracture toughness; ang is a constant. The constantis determined by

plotting G,/Gr versusG¢ as shown in Figure 2-5, and delamination is assume
to occur wherG/Gc>1.

| DCB, pure Mode | MMB, Mode | and I 4ENF, pure Mode Il
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I ~ curve fit ®  experimental data [12]
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Figure 2-5: Mixed mode fracture criterion (Hansed &artin 1999)
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2.2.1 Experimental Procedures to Determine the Fraare Toughness

The fracture toughness is a material property ieddpnt from the geometry
(Krueger 1994). Hence, the critical energy rele@de of a specimen or the
fracture toughness can be determined using sinxplerenents (O’Brien 1998).

These tests include:

* Mode | test; Double cantilever beam (DCB) test étedmine (x as per
ASTM D5528 (2007);

* Mode Il test; End Notched Flexure (ENF) test toed®ine Gc¢ as per
ASTM STP 1110 (1991);

* Mixed mode test; Mixed Mode Bending (MMB) or Sindleg Bending

(SLB) tests to determine mode | and mode Il intéoac

Double cantilever beam (DCB), end notched flexuBNK), mixed mode
bending (MMB), and single leg bending (SLB) testupe are depicted in
Figure 2-6, Figure 2-7, Figure 2-8, and Figure r2€pectively.
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Plano hinge

(a) with plano hinges (b) with loading blocks

Figure 2-6: Double Cantilever Beam test setup (MIDBK-17-1E 1997)

OPENING MODE
INSERT PRECRACK

Figure 2-7: End Notched Flexure (ENF) test setupL(MDBK-17-1E 1997)
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Figure 2-8: Mixed mode crack lap shear test selip-HDBK-17-1E 1997)

Figure 2-9: Single Leg Bending (SLB) test setup(NMIDBK-17-1E 1997)
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2.3 Delamination Modeling and Prediction Background

With composite materials becoming more and moreaufaopit is of particular

interest to develop computational methods, which peedict the onset and
growth of delamination. Modeling and predictiondglamination in composite
materials is not a straight forward procedure, tisatthe techniques and
procedures that can be used to model and pred&indetion have not been
sufficiently implemented into commercially availabtomputational or finite

element tools. Never the less, a number of rebBearsuccessfully used
computational mechanics based models to predictotiset and growth of
delamination in composite structures. Mainly tveonputational methods exist;
the cohesive zone modeling and the crack closureghode based on

computational fracture mechanics.

2.3.1 Cohesive Zone Modeling

Cohesive zone approach has been extensively ugée iiterature to simulate
fracture in elastic-plastic solids such as rockd aoncrete (Tvergaard and
Hutchinson 1992), and interface debonding (Camagthal. 2001, Camanho
and Davila 2002, Wei and Hutchinson 1998).

In the cohesive zone approach the interphase bettheetwo bonded materials
are modeled using cohesive elements, and the mieahagsponse (stress-strain
or force-deformation) of the cohesive elements described using a
constitutive model. The constitutive models usethe cohesive zone approach
are based either on continuum mechanics or adrasgparation description at
17



the interfaces. For modeling delamination inibatiand growth in composite

materials, generally a traction-separation basgdoggh is used.

When cohesive elements are used to model delammatditiation and growth
in composite materials, no assumptions has to bedenwd the initial flaw,
debond or crack location, and the direction of deéamination propagation.
However, in cohesive zone approach a very fine rhashto be used in order to
arrive at an accurate and stable result. It wasvehby Alfano and Crisfield
(2001), that the results produced by cohesive nonéeling are mesh sensitive
and that care must be taken when using this aplproac

2.3.2 Crack Closure Method

Two methods exist that are used to predict the torssel growth of
delamination, and both are based on Irwin’s crdgkuwe integral:

» Crack closure or the two-step virtual crack closuethod

e Virtual crack closure method

2.3.2.1 Crack Closure Method

The main idea behind the crack closure method, wisisometimes referred to
as the two step virtual crack closure method (adig confused with the virtual
crack closure method) is that the energy dissipateeh a crack grows 4a is

equal to the energy required to close the crackdayas presented in
18



Figure 2-10. As apparent from its name, this methequires two sets of
analysis to determine the energy release for angimack length. In this
approach, a finite crack length is assuniatida). The first-step analysis is
conducted with finite crack length to determine the tension and shear forces
at the crack tip (Figure 2-10). Then, in the sekstep analysis, the crack is
extended t@+4a (or closed t@a-4a), and the normal and shear deformations at
the crack opening are calculated. With referecEigure 2-10, the two-step
virtual crack closure method is based on the presntee energy released to
extend the crack from poimtto i, is equal to the energy required to close the
crack between andi (or vice-versa). Using basic thermodynamic pptes,

the work done during crack extension (or the waduired to close the crack)

and the energy release rate can be calculatedctesgy as:

1
AE ZE[XH [Duy +Z; [Awy | 2-5
G :E 2-6
AA

In Equation (2-5) the subscriptsand2 refer to the first step and second step
analysis; the subscriptsandi denote the nodal coordinat®;andZ are the
nodal forcesu andw are the nodal displacements (see also Figure ;2ah@)

AA is the crack surface area.
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Figure 2-10: Schematic presentation of the two-stepal crack closure

method (Krueger 2002)
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2.3.2.2 Virtual Crack Closure Method

The virtual crack closure method, which is alsdezhthe modified virtual crack
closure method, is very similar to the two-stepual crack closure method
with the exception that it requires only one setaoflysis to calculate the
energy release rate for a given finite crack lengttumerous researchers have
applied the VCCT to analyze the crack growth prbeerof an interlaminar
damage in a range of structures, including fractaezhanics test specimens
(Jimenez and Miravete 2004, Krueger 1994, Kruegat.e1993); bonded joints
(Johnson et al. 1998, Krueger et al. 2001, Yarongind Collier 2006) and the
behavior of edge delaminations (Whitcomb and Rag4).

The virtual crack closure method assumes thateifcitack extension or closure
length da is small enough, then the normal and shear detwnsawhen the
crack is extended fromto a+4a (or froml toi in Figure 2-10 and Figure 2-11)
are approximately the same. Similar to the tw-stetual crack closure
method, the virtual crack closure method is basedhe premises the energy
released to extend the crack from pdita i, is equal to the energy required to
close the crack betwednandi (or vice-versa). For the deformed geometry
depicted in Figure 2-11, again using basic thermadyic principles, the work
done during crack extension (or the work requir@dlose the crack) and the

energy release rate can be calculated respectagely

AE = % [X; Dy, +Z, (Aw ] 2-7
G :E 2-8
AA
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A comparison of Equation (2-7) with (2-5) showstthacept the analysis step
indices the equations are identical. However, @uis simplicity the virtual
crack closure method is usually preferred in debagidelamination analysis.
A comparison of two-step virtual crack closure awidual crack closure

methods was conducted by Bonhomme et al. (2009).

Ad
el | —

2wz l crack closed

KK

Figure 2-11: Schematic presentation of the virtwatk closure method
(Krueger 2002)

2.4  Delamination Modeling and Prediction: The CrackClosure Method

The energy release rates presented in EquatioBst(ough (2-8) are generic,
and in a computational fracture mechanics study theed to be modified
depending on the type of elements used, that ispr2BD elements with linear
or quadratic formulations, and type of analysisdranted, i.e. linear and non-

linear analysis. In this sub-section a brief sumymaf the different energy
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release rate formulation for different element amalysis types is presented.

For more details the interested reader is refaodttueger (2002).

2.4.1 Two Dimensional Models

In two-dimensional (2D) models the crack is modetesda one-dimensional
discontinuity. The 2D model can consist of shdéneents or 3D plane
stress/plane strain elements, as depicted in Figndr2. 1t must be noted that
the term two-dimensional model does not relatdéoelement type used (2D or
3D), rather means that the crack is modeled am@ dr one-dimensional
discontinuity. Since the crack is model as a ongedsional discontinuity, for

these models the mode Il energy release ratebei#équal to zero, that is:

G, =0 2-9

Using basic mechanics principles, for four nodetdr elements the strain
energy release rates for the remaining fractureemaedn be written as:

G =-=—Z(w-w.) 2-10
20A
1
G, =———X,(u -u.) 2-11

The total energy release rate becomes:

G‘r :GI +G|| +G||| 2-12
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whereAA is the crack surface ared;andz are the shear and tension forces at
the crack tip (node respectivelyy andw; are the relative sliding and opening
displacements of the upper crack segment at hoelpectively; and;” andw;

are the relative displacements of the lower cragosent at nodeas shown in
Figure 2-12.

It must be noted that Equation 2-12 is valid fothbdéinear and quadratic
elements, and 2D and 3D models. For eight nodedirgtic elements, the

strain energy release rate equations are giverapy R987) as:

G = [2.(w - w.)+Z,(w, - w, ) 213

1
G, = _ﬂ[x‘ (U —u)+ X, (U —upe )] 214

where X; and Z; are the shear and tension forces at the cracKnte i)
respectivelyX;andZ; are the shear and tension forces at the mid-noaetj)
respectivelyu, andw, are the relative displacements of the upper cragkngnt

at nodd; u’ andw;" are the relative displacements of the lower crackreent at
nodel; Uy, Wm andum , Wi, are the displacements of the mid-node behind the
crack tip as shown in Figure 2-12.
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Figure 2-12: Two-dimensional virtual crack closarethod for linear and

guadratic elements (Krueger 2002)
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2.4.2 Three Dimensional Models

In three-dimensional (3D) models the crack is mededs a two-dimensional
discontinuity with a surface area. These modelg owasist of shell elements
or 3D brick elements, as depicted in Figure 2-13.

For eight-noded (linear) solid elements, strainrgyerelease rates can be

written as;

G = —ﬁ Z,(w, —w,.) 2-15
G, = _ZlA X, (u, —ug.) 2-16
G, = —ﬁvu (v, —v,.) 2-17

whereX.; , Y andZ; are forces at columhb, row I; u; , w;; andv,; are the
relative displacements of the upper crack segmemetaind the crack; anal;
wii andvy are the relative displacements of the lower crseiment behind

the crack as shown in Figure 2-13.

26



delaminated
area

local crack tip § z'w'.Z
sysiem 1

L - = = ]

(ak 20 view

ﬂ ¥y

b/2

b/2

e 01 X

zw.Z T/’sf Y
global -—

system xUX

intact area

Ll AT I

global system
yY

®,U.X

Figure 2-13: Three-dimensional virtual crack cl@saorethod for linear elements

(Krueger 2002)
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For twenty-noded (quadratic) solid elements, steaiargy release rates can be

written as;
=1 EZv(w -w . )+Z(w, —w )+Z (W, —W *)+EZ~(W -W,_ 2-18
| 2AA 2 Ki Kl Kl Li LI LI Lj Lm Lm 2 Mi MI (VI
G -1 EXA(u -u .)+ X, (u,-u.)+X;(u,-u ‘)+1X.(u -u,, 2-19
1] 2AA 2 Ki Kl Kl Li LI Ll Lj Lm Lm 2 Mi MI M
__ 11 1
Gy = oM EYKi (Vi =V ) Y0 (v =V ) +Y (Vi _VLm‘)+EYMi (Vi =V 2-20

whereXy; , Yxi andZg; are forces at columi, row i; ux; , Wx; andvg; are the
relative displacements of the upper crack segnterdlamnkK, rowi behind the
crack; anduk; , Wxi andvg are the relative displacements of the lower crack

segment behind the crack at coluKiyrrowi as shown in Figure 2-14.
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Figure 2-14: Three-dimensional virtual crack cle@sorethod for quadratic

elements (Krueger 2002)
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2.4.3 Further Modeling Considerations

The equations presented in Sections 2.4.1 and aré.2alid for geometrically
linear analyses, assume that the element lendtbnbhand behind the crack are
the same, and further assume that for 3D modelgléraent widths along the

delamination are the same.

In case of a geometrically non-linear analysis wHarge deformations occur, a
coordinate transformation should be done priordlzidation of strain energy

release rates. This transformation is depictdeigare 2-15.

undeformed state
(outling)

-- local crack tip system

RV YY-V-Y
X, X
global system
X%uX

Gi==[ Y (Vin=-Va )+ Y (v -V )]/ (20a)

G = X' (U= Usr ) + X (Uy=Up ) 1/ ( 28a)
deformed
state

Figure 2-15: Local crack tip coordinate system @ger and Cvitkovich 1999)

It must be noted that only geometrical nonlineesitare considered in this
study, and material nonlinearities are ignored. nd¢e all the deformations
reported in this study are elastic deformationss aconsequence, the total
strain energy release rates calculated in thisysamel equal to the elastic strain
rates. The strain release rate formulations ptedan this chapter are valid for

both geometrical linear and nonlinear analyses @sg | as coordinate
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transformation is conducted as described in theipus paragraph. It must also
be noted that this statement may not be true fdemah nonlinearities where
additive decomposition of the total strain into séla and plastic parts is
assumed (Kohnle et al. 2002).
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CHAPTER 3

DESCRIPTION OF BENCHMARK EXAMPLES

3.1 Introduction

In an attempt to investigate skin-stiffener debagdiin fiber reinforced

composite components, a comprehensive experimstudy was conducted by
Kruger and Cvitkovich (1999). Some of the specismm@sted by Kruger and
Cvitkovich (1999) are chosen as benchmark verification exasnpled used to
verify the accuracy of the finite element model dise this study. In this

chapter, a brief summary of the experimental stoolyducted by Kruger and
Cvitkovich (1999) will be presented.

3.2 Description of the Experimental Setup

The specimens used by Kruger and Cvitkovich (128®)posed of a 203.2 mm
X 25.4 mm skin and a 52 mm x 25.4 mm tapered flaageshown in Figure 3-1.
This tapered assembly was representative of agstrifor flange) bonded to a
composite skin. Secondary bonding was used to faetue the specimens.
Skin and flange components were cured separatelg, then the cured
components were post cured via an additional adbesrhe components were

manufactured from IM6/3501-6 graphite/epoxy preptage with an average
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ply thickness of 0.188 mm and bonded with Cyctet51&hich had a cured
thickness of 0.102 mm.

Both the skin and the flange laminates had a ndirgetional lay-up. 0 axis in
the lay-up was co-linear with the actuation dir@cti The skin was composed
of 14 plies and the lay-up was (0/45/90/-45/45B45/ On the other hand, the
flange had 10 plies with a lay-up of (45/90/-45@)9 The mechanical

properties of the composite and adhesive are piegséan Table 3-1.

Test specimens were equipped with two strain gaugesin the middle of the
flange and the other on the skin close to the Batager. The locations of the

strain gauges could be seen on Figure 3-1.

e 203.2 mm -

25.4 mm
I NAN
I'.—-’fE mm —I'I “

| A I Strain Gagas

a7

Figure 3-1: Schematic presentation of the specimegad by Krueger and
Cvitkovich (1999)
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Table 3-1: Material properties

Composite Adhesive
Ei1, Exp Es3(GPa)  144.70, 9.65, 9.65 | E (GPa) 1.72
Gi2, Gi3, G3(GPa) 5.20,5.20,3.40 |v 0.3
V12, V13, V23 0.30, 0.30, 0.45 t (mm, cured) 0.102
t (mm) 0.188

Five displacement controlled quasi—static tenseststwere performed using a
servo-hydraulic load frame. The actuator displamsmrate used in the
experiments was 1.52 mm/min. The coupons were tedun hydraulic grips
of the test frame with a gage length of 127 mm. ektensometer was mounted
on the specimen centering the flange taper. Thersatic presentation of the
experimental setup used by Kruger and Cvitkovicl®9@) is shown in
Figure 3-2.
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‘ T Lower Grip

Figure 3-2: Schematic presentation of the experiaiaetup used by Krueger
and Cvitkovich (1999)

3.3 Description of the Experimental Results

The force-deformation plots created using the &@otuand extensometer
displacements along with the observed force-sur$a@en plots are depicted in
Figure 3-3 and Figure 3-4 respectively. The tesse terminated when a visual

debond occurred between the skin and one of thgdléps.

As can be seen from the curves presented in FigtBeand Figure 3-4, the
initial response of the specimen is almost lineidwat is, linear elastic.
Formation of the first delamination is clearly medkin these figures. The

observed response when delamination is initiated“snap through” response,

35



which usually is observed when slender steel compisnundergo globi
(Euler) buckling. Nonetheless, aftehe formation of the (first) demination,
the component can take approximately 10% more do&, and finally fails
when debonding occurs. T observed response was similar for the five te
specimengKruegerand Cvitkovich1999). The average force and strain val
observed during the five tests at the initiation dgfamination and flang
debond are tabulated Table 3-2.

25
y i \x_
I N Flange Flange
g debonding i debonding
20 .
N |
Flange tip cracking or Flange tip cracking or
delamination formztion delamination formation
15

Load, kN

- Exlensomeler " Actuator

10 |

O L L i 1 L L L 1 L L i 1 L L L 1 L L i 1 L " L
0 0.2 0.4 0.6 08 1 1.2

Displacement, mm

Figure 3-3: Forceleformation curves observed during the tension raxgat:
(Krueger and Cvitkovich 1999)
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Figure 3-4 Force-strain curves observed during the tension experts

(Krueger and Cvitkovich 1999)
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Table 3-2:Summary of theexperimental results observeat the five tensiol

specimens (Krueger and Cvitkovich 1999)
Mean
Load at Damage initiation, k 20.9
Flange strain at Damage initiatiorg 1298
Skin strain at Damage initiationg 5982
Load at flange debond, | 22.7
Flange strain flange debond; 1248
Skin strain flange debondg 6385
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Krueger and Cvitkovich (1999) observed that opgosibrners of the flange
debonded similarly. The nomenclature along withgbhematic presentation of
the damage observed during the experiments is showigure 3-5, whereas

the microscopic views of the debonding damage obseare depicted in
Figure 3-6.

Corner 4 Corner 2
A —/
’J,,,,,, 7,1: ,,,,,,,,,,,,,,,,,,,,, —
- £
L-~ \\
Corner 3 Corner 1

Matrix Crack Branches

Delamination A
\ / Initial Matrix Crack
0 ] /
-45 |
Adhesive Bondline 230 N N Adhesive Pocket

—_ [ al i D
0

45

90

-45

(a) Corners 1 and 4

Delamination B1 Delamination B2

) ) / 0
Initial Matrix Crack 75
7 90

Adhesive Bondline

/I \\_ / 45/
/ 0
45
90
-45

(b) Corners 2 and 3

Figure 3-5: Schematic presentation of the damagergbd during the tension

experiments (Krueger and Cvitkovich 1999)
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Delamination A

Matrix Crack Branches  Initial Matrix Crack
Y

{2} Delammation A in the 307/45% Flange Plv Interface at Corner 4

Matriz Cracks Delamination B1 Delamination B2

{b) Delamination B1 in the Top 07 Skin Ply and Beginning of Delamination B2
in The top 0F/45% Skin Ply Interface at Corner 2

Figure 3-6: Microscopic view of the debonding dama@served during the
tension experiments (Krueger and Cvitkovich 1999)

3.4 Mixed-Mode Failure Criterion

The components tested by Krueger and Cvitkovicl99)vere manufactured
from IM6/3506-1 graphite epoxy. A bilinear mixedde failure criterion was
proposed by Reeder (1993), O’'Brien (1998) and Keuegd Cvitkovich (1999)
for AS4/3501-6, which is a material similar to IN606-1. The mixed mode
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failure criterion is shown in Figure 3-7. In Figur3-7, the G. value
corresponding t@s,/Gr equal to zero represents the mode | fracture toesth
value; while theG, value corresponding t3,/Gt equal to unity represents the
mode Il fracture toughness value. The values imvéen zero and unity for

Gi/Gr represent different mixed-mode ratios.

1000
@] Experimental Mixed-Mode Fracture
Toughness Data [13]
= * * 2 * 3
800 r — = Gc_ Glc * M1 (Gl:FGT)-‘- ME (G',iJ’GT) * MS {Gil;GT)
I G, =753, M,=214.7, M _=-70.5, M,=327 4

c
q
600 - 1

G ,J/m?
C

400

200

G /G

1l T

Figure 3-7:Mixed-mode delamination criterion for AS4/3501-6r(i€ger and
Cvitkovich 1999)
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A least square regression cubic curve fit to theeakimode failure criterion
depicted in Figure 3-7 is as Krueger and Cvitkoit®99):

Gs Gs 2 Gg 3 31
G. =753+ 214.7 (—) —70.5 (—) + 327.4 (—)
Gr Gr Gr

whereG,, Gs andG; are the total fracture toughness, total shearggneiease
rate and total energy release rate values respgctivFor 2D models the total
shear energy release raf&,is equal to mode Il energy release rate due to the
fact that mode Ill energy release rate equals to.zé&or 3D models the total
shear energy release ra®,is equal to the sum of mode Il and mode Ill energy

release rates.
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CHAPTER 4

FINITE ELEMENT RESULTS

In this chapter, details of the finite element medE&EM) used in this study are
described and the results of the study are presermaring the course of work,
Abaqus/CAE 6.10 is used as pre & post-processorsahckr. Phyton scripts
are generated to extract the results, and the atettadata is post-processed

using Microsoft Excel.

At first the global response of the undamaged spewciis investigated. This
was done to compare the results of different FE etiog techniques with the
experimental results. The specimens tested by dfragd Cvitkovich (1999)
are chosen as benchmark examples, which were agdlan detail in Chapter
3. In the undamaged specimen no delamination®lborttlings are embedded
into the FEM. The nodes, where the delaminatiors whaserved in the
experiments are connected with rigid multi-body stamints (MPC). This
technique is preferred for the subsequent delaiomainalysis in order to ease
the analysis of delamination onset. Separate falgenent models consisting of
2D plane stress solid elements, 2D plane straid sdéments and 3D solid
elements are used. The results obtained frommacke! are compared with the
experimental ones. For 2D analyses the effecteshent order is investigated
by analyzing the same specimen with first ordeme@dir) and higher order

(quadratic) elements. For 3D analyses the effentesh density is investigated
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by analyzing the specimen with fine and coarse ewshodels. Both linear
and geometric nonlinear analyses are conductedotopare the effect of
geometric nonlinearity. Material nonlinearitiese aseyond the scope of this

study.

After the specimen global response is validatedyai crack closure analyses is
conducted. Again, separate finite element modetsisting of 2D plane stress
solid elements, 2D plane strain solid elements, abdsolid elements are
considered to investigate the effect of modelirgptéque. Similar to the global
response study, for 2D elements the effect of eferoler and for 3D analyses
effect of mesh density is investigated. Based lmn results obtained from
global response study, only geometrical non-lirtgas considered for virtual

crack closure analyses.

Finally, the effect of (initial) defect or flaw lation on the delimination growth
potential is investigated using 3D finite elemermdals. Particularly, two cases
are studied; the effect of a (initial) defect @wlthat might have occurred at the
free edge, and the one that might have occurreédeatenter of the assembly.
This is done by embedding some initial defects theo3D finite element model
and comparing the delamination growth potentidlkdels with different mesh
densities are considered to study the effect éédiht modeling techniques.

4.1 General Description of the 2D Finite Element Mdels

For the 2D plane stress and 2D plane strain fieleanent models the same

mesh, boundary conditions and material propertiesuaed, while the element

types and formulations (orders) are changed aaugisdi The total length of
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the specimen modeled was 127 mm, which correspeadthe specimen

between the hydraulic grips of the servo-hydralgéad frame.

For the 2D models (plane stress and plane straéi@)ctoss-section of the
specimen used is shown in Figure 4-1. The pririgr direction (O degree) is
co-linear with the x-axes of the global coordinaystem and the cross-section
of the specimen is in the x-y plane of the glob@drdinate system as depicted

in Figure 4-1.

Figure 4-1: 2D FE models of the test specimen

In the region of interest, where the delaminatiatuss, the first two plies
closer to the adhesive and the adhesive regiomardeled with four elements
through thickness. In the far field, the plies amedeled with one element.
This refinement and transition is done, to obtaifeasible solution without
sacrificing the accuracy of the model. The glolmash and the mesh in the

region of interest are given in Figure 4-1 and Fegd+2 respectively.
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Nodes connected
with rigid MPC's

Flange 90deg, 4 elm per ply
Flange 45deg, 4 elm per ply

Figure 4-2: Details of the mesh in the region ¢éiast

The 2D models are composed of 8022 elements, wh@r® of them are
guadrilateral, and the rest are triangular. Tlangular elements are located far
from the region of interest in order to have adyeticcuracy. The 2D models
with quadratic elements consisted of 24583 nodédewhe models with linear
elements are composed of 8260 nodes.

4.1.1 2D Plane Stress FE Analyses

Plane stress elements are preferred when the #sskof the body is small
relative to the in-plane dimensions. The stresses functions of planar
coordinates alone and out-of-plane normal stress=(@), and shear stresses

(1= 123=0) directed perpendicular to the x-y plane are zero.

Two sets of analyses, with two different types leheents are conducted, to
investigate the effect of element order (linearsusrquadratic). The difference
between first order (linear) and higher order (gqatid) elements is depicted in
Figure 4-3. In the first set, the specimen is nhediewith eight-node
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bi-quadratic reduced integration plane stress dladeial (CPS8R) and
six-node modified with hourglass control plane stretriangle (CPS6M)
elements. In the second set, the specimen is mddekh four-node bilinear
plane stress quadrilateral (CPS4), and three-ndohedr plane stress triangle
(CPS3) elements.

Two-Dimensional

Linear Elm  Quadratic Elm

Triangles

Quadrilaterals

i b L g

Figure 4-3: 2D element types (Abaqus 2010)

In the model the thickness of the section is assutmde 0.1 mm. The results
obtained from the FE analyses are multiplied by 2825.4/0.1), to calculate
the total load.

4.1.2 2D Plane Strain FE Analyses

Plane strain elements are preferred when the strigina loaded body are
functions of planar coordinates alone and the &yiane normal 433) and
shear strainsy(sz andy,3) are equal to zero. In plane strain elementkatling

and deformations are restricted to the x-y plane.
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Again, two sets of analyses with two different tyjmé elements are conducted,
to investigate the effect of element order (seauegd-3). In the first set,
eight-node bi-quadratic reduced integration planairs quadrilateral (CPE8R),
and six-node modified with hourglass control plateain triangle (CPE6M)
elements are used. In the second set, four-notiredni plane strain
guadrilateral (CPE4), and three-node bilinear platrin triangle (CPES3)

elements are used.

Both 0.1 mm and 25.4 mm section thickness valuesaaalyzed in order to
investigate the effect of assumed thickness. énniodel with 0.1 mm section
thickness, the results obtained from the FE analyme multiplied by 254
(=25.4/0.J), to calculate the total load.

4.1.3 Material Properties and Boundary Conditions sed in the Finite

Element Analyses

The adhesive is assumed to be isotropic and th@asite laminate is assumed
to be orthotropic. Since the x-axis of the globabrdinate system is co-linear
with O degree of the lay-up, orthotropic materiabperties of IM6/3501-6

unidirectional (UD) graphite/epoxy tape are dingctised for the O degree

lamina. For 45 and 90 degrees a coordinate tremstomn has done.

2D plane stress and 2D plane strain elements shmuildefined in x-y plane,
hence the coordinate transformation for 45 and &freks are done around the
y axis. The direction-cosine matrix for a rotationy direction of a Cartesian
coordinate system, first proposed by Descartesqjl &3 as:
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0 1 0 4-1

cosfd 0 sind
a =
—sin@ 0 cos@

In Equation (4-1)a represents direction-cosine matrix, atds the angle of
rotation. The transformation of the stiffness ma(€) is as:

c'=McMT 4-2

whereC is the stiffness matrix in the transformed cooatlinsystemT denotes

transformation of the matrix; arM is a (6,6) matrix whose details are described

below:
M M

M — [ 11 12] 4_3
M21 M22

where:

Mi:: The(i,j) component is equal to the square of (itje component o&'. (ie:
Mi1(1,1)= a1);

M12: The(i,j) component is equal to twice the product of theeoterms of the

rowi ofa’. (ie: Mio(1,1)=2*ap1*azy);

M1 The(i,j)) component is equal to the product of the two otkems of the

columnj of a". (ie: Mo1(1,1)=as*a13);

Mao: The(i,j) component is equal to the sum of the cross prsdaicthe terms
of the matrix obtained by removing row and columnj of a'.

(ie: M22(1,1)= apo*agstasr*ass).
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One side of the specimen is fixed in translatiod estation directions and on
the other side 22.7 kN of load is applied in theifpee x axis of the global
coordinate system in order to simulate the actnaticthe hydraulic grips. The
transverse displacements and rotations are alsd;fisince during the test, the
load frame preserves transverse motion of the grijpe rotation in the edges is
also fixed due to the fact that a comparativelyglprece of specimen (specimen
tab) is clamped in the hydraulic grip. The appledindary conditions could be
seen in Figure 4-4.

*

U1=U2=0 & F1=22.7kN &

L R3=0 U1-0 &
. R3-0

Figure 4-4: Boundary conditions of 2D models

In the global response analysis, it is assumednbdhilure (as delamination or
debonding) occurred during the loading and the marn applied load is

incremented into 10 equal segments.

As described in the beginning of this chapter,dbkamination region observed
in the test specimen is modeled via duplicated sad®nected by multi-point
constraints (MPC). During the delamination onsedlygsis, each multi-point
constraint is individually released, illustratindgiet onset of the current
delamination to the succeeding MPC. After theaséeof each MPC, separate
geometrically non-linear analyses are conductedatoulate the strain energy
release rates at that specific delamination length.
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4.2

General Description of the 3D Finite Element Mdels

The 3D finite element model is generated by theusidn of the 2D models by

25.4 mm specimen thickness. Two 3D models aretaeared in order to

benchmark the effect of mesh size on the result:

The first 3D model consisted of 10 rows of equapaced elements
through thickness of the specimen The isometrid #mough depth
views of the coarse 3D model are depicted in Figdbeand Figure 4-6

respectively,

On the other hand the second model had a fine nme#te free edge
zones with sixteen rows of elements through depfine 1 mm near
edge field of the specimen is modeled with fourmadats through
thickness and the remaining middle side is modeligldl eight elements
giving sixteen element rows through depth. Itirmed to capture the
gradient in the free edges with the fine mesh moddie isometric and
through depth views of the coarse 3D model arectiegiin Figure 4-7

and Figure 4-8 respectively.
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v
AR,

Figure 4-5: Isometric view of the coarse 3D FE mad¢he specimen

10 uniformly distributed elements through specimen

"

Figure 4-6: Through depth view of the coarse 3Dnidtlel of the specimen
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v
ZAx

Figure 4-7:Isometric view of the fine 3D FE model of the speen

‘ ‘ 8 distributed elements in the middle ‘ ‘

\2?:4mm section /

¢ ‘_I 4 distributed elements in the end

1mm sections

Figure 4-8: Through depth view of the fine 3D FEdw®lbof the specimen

In both 3D models the 0 degree lamina is co-livedn the x-axis of the global

coordinate system of the finite element models shimFigure 4-5.

Based on the results obtained from 2D analysey, 3DImodels consisting of

higher order (quadratic) elements are considerddowever, two sets of
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analyses are conducted to investigate the effeatesfh density. Both models
consisted of twenty-node quadratic brick (C3D20) &ifteen node quadratic
triangular prism (C3D15) elements. C3D20 and C3BlEtnents are depicted
in Figure 4-9(f) and Figure 4-9(e) respectively.heTcoarse 3D model is
composed of 352496 nodes and 80170 elements, othwiB700 are

hexahedral. The fine 3D model is composed of 5298@des and 28272
elements, where 127520 of them are hexahedral alsmén both 3D models
the wedge elements are located far from the regfonterest in order not to

reduce the accuracy of the results.

Three-Dimensional

Tetrahedra

Triangular
prisms (wedges)

Hexahedra

Figure 4-9: 3D element types (Abaqus 2010)
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4.2.1 Material Properties and Boundary Conditions sed in the 3D Finite
Element Analyses

The adhesive is assumed to be isotropic, and thgpasite laminate is assumed
to be orthotropic as in the 2D model. A coordinagstem is defined for
material assignment as shown in Figure 4-10. Asfiamation is done with
respect to the z axis of the material transfornmatoordinate for 45 and 90

degree lamina.

Material Assignment Coordinate

FI=227kN &
U2=U3=0 &
R1=R2=R3=0

Ul=U2=U3=0 &
R1=R2=R3=0

Figure 4-10: Material assignment coordinate anchdauy conditions of 3D

model

Boundary conditions used for the 3D models arelamtd the ones used for the
2D models. In addition to the constraints appirethe 2D model, z translation,

y and z rotations are also fixed in the 3D modélke boundary conditions are
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applied to all nodes through the thickness of the rBodels. The applied

boundary conditions of the 3D model could be sedrigure 4-10.

4.3, Results

In this subsection the results of the global respoanalysis are presented for
the 2D and 3D models. After the global responsayais results the VCCT
results are presented.

4.3.1 Global Response Results

During the global response analysis, the calcula¢ésdlts are compared with
the ones reported by Kruger and Cvitkovich (1998ge( also Chapter 3).

Several parameters are investigated during theesabiie work:

1) effect of different modeling techniques; such as @Bne strain, 2D

plane stress and 3D models;
2) effect of geometric non-linearity;
3) effect of element order, i.e.: linear elements gnadratic elements;

4) effect of mesh density.

4.3.1.1 Effect of Modeling Techniques

The comparison of the predicted force displacemespionse obtained from the

2D plane strain, 2D plane stress and 3D analysils,tiie experimental one is
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presented in Figure 4-11. The displacement exudlafrtam the finite element
models is, in the vicinity where the extensometerattached to the test
specimen. The results presented in Figure 4-1blatagned with geometrically
non-linear analyses, and using higher order (quiajiralements. As can be
seen from Figure 4-11, the non-linear 3D models ey close to the test
results. A slight difference in the force-deformatresponse is observed for the
fine and coarse FE models. The non-linear 2D pstraen model yields a little
stiffer specimen, and the 2D plane stress modddiyia little softer specimen.
It must also be noted that the same global respisrseserved for the 2D plane
strain analyses, where the specimen is modeledlas® and 25.4 mm thick.
Figure 4-11 also indicates that plane strain arahelstress models form the

upper and lower bounds of the analyses respectiveiy force displacement

point of view.

30

Non-linear Analyses

Quadratic Elements
25

L] xoo. LY
20 [ IS /A
L] X A

Force [kN]
= =
o w

]

\

——Experimental Data
m 2D Plane Strain

e
4 2D Plane Stress

5

% 3D Fine Mesh

+ 3D Coarse Mesh
0

0 0.05 0.1 0.15 02
Displacement [mm]

Figure 4-11: Force-displacement relation of noedinanalysis
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The flange strain gauge data comparison is depicidegure 4-12. The 2D
plane stress model deforms more, compared to theplaBe strain model.
While the results obtained from the plane straialyses seem to be more
realistic, the plane strain and plane stress mosken to form an upper and

lower bounds. This behavior in the strain dateoscurring to the behavior in

the force-displacement data.

2500
——Experimental Data Non-linear Analyses
m 2D Plane Strain Quadratic Elements
2000 | + 2DPlane Stress N
= 3D Fine Mesh
* 3D Coarse Mesh A
W' 1500 X
j‘ A
— [
c 4
= . .
o %
& 1000 :
500 "
A
O =
5 10 15 20 25
Load [kN]

Figure 4-12: Force — strain relation at flange

4.3.1.2 Effect of Geometric Non-linearity

The deformation contour of geometric non-linear &néar plane strain model
is depicted in Figure 4-13 and Figure 4-14 respebti In Figure 4-13 and
Figure 4-14 the upper deformed shape is the rdarmation and the lower

deformed shape is the deformation scaled by arfadftd. As could be seen
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from the figures the models bend due to a shifthe neutral axis of the

component at the flange skin connection.

Figure 4-13: Deformation contour of geometric noeér plane strain model
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Figure 4-14: Deformation contour of geometric linpkne strain model

A comparison of the force-deformation, and strarcé curves obtained using
geometric non-linear and linear analyses are dagicin Figure 4-15,

Figure 4-16, Figure 4-17 and Figure 4-18. Orgaionaof these figures are as
follows: Figure 4-15, Figure 4-16 and Figure 4-1@&sent the comparison of the
force-deformation relationships for 2D plane stré plane stress and 3D

models respectively; and Figure 4-18 presents kegé strain gauge data

comparison.
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As can be seen from the force-displacement relstiqs (Figure 4-15,

Figure 4-16 and Figure 4-17), while the differehetween the linear and non-
linear analyses is small, the linear analyses t®sul a softer specimen
response. On the other hand, the importance afuzimg a geometrically non-
linear analysis is obvious from Figure 4-18. Tloenparison conducted at the
flange of the specimens show that if a linear aedyis conducted the strain
values obtained are unrealistic. This can bebatied to the fact that an
excessive and unrealistic bending is observedn@al analysis, such that the
normal strain caused by axial loading are elimidabty the normal strains
caused by the excessive bending of the specime&mcdia geometrically linear
analysis is not recommended for these types of yaesl with high

deformations. For this reason the study is coetinwith geometrically non-

linear analyses only.

30.00

25.00

20.00 * =

15.00

Force [kN]

10.00

¢ = + 2D Plane Strain (Non-linear)

m 2D Plane Strain (Linear)

5.00 - =

0.00

0.00 0.05 0.10 0.15 0.20
Displacement [mm]

Figure 4-15: Linear vs. Nonlinear for 2D plane stra
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Figure 4-16: Linear vs. Nonlinear for 2D plane stre
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Figure 4-17: Linear vs. Nonlinear for 3D fine model
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Figure 4-18: Force — strain relation at flange

4.3.1.3 Effect of Element Order for 2D Analyses

Both 2D models are analyzed with linear and quadmements in order to
understand the effect of element order on the ¢ldsponse. The results are
summarized in Figure 4-19 and Figure 4-20. An écsipn of Figure 4-19
shows that the element order does not have a isignifeffect on the force-
displacement relationship for both 2D plane stemd plane stress models. On
the other hand, the strain data given in Figuré4n2licates that the effect of
element order is not the same for 2D plane stnredpkane strain analyses. For
plane stress analyses strain time history predittedinear and quadratic
elements are the same, indicating no significafgcefof element order. For

plane strain analyses the model with linear elemtarids to deform more than
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the one with quadratic elements. It should be dhtiat generally an analyses

with quadratic elements will give more accurateultisscompared to the one
with linear elements due to the node configura(®imaqus 2010).

30.00
Non-linear Analyses
25.00
& ®
20.00 ®
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5.00 . - ane Strain Linear Elements
* 2D Plane Stress Quadratic Elements
= m O 2D Plane Stress Linear Elements
0.00 =
0.00 0.05 0.10 0.15 0.20

Displacement [mm]

Figure 4-19: Force — Displacement relation comparier element order
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Figure 4-20: Flange strain variation due to elenoedéer

4.3.2 Strain Energy Results of VCCT

For the delamination formation and onset analysgesal parameters are

studied. The studied parameters are;

1) effect of different modeling techniques, such as @Bne strain, 2D

plane stress and 3D models;

2) effect of element order, that is, linear elements$ quadratic elements;

3) effect of different multi-point constraints (MPQGich as all degrees of
freedoms (DOF) are constraint at crack tip andtpastslational ones are

constraint at crack tip;

4) effect of geometric non-linearity;
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5) effect of mesh density on the free edges for thertidels.

It must be noted that based on the results predentd-igure 4-18, it is

concluded that geometrically linear analyses mrgisult in un-realistic strain
and deformation results. Therefore, only geomallsicnon-linear analyses are
considered for the VCCT analyses.

4.3.2.1 Effect of Modeling Techniques

Comparison of calculated mode |, mode Il and thal tstrain energy release
rates for 2D plane stress, 2D plane strain and B&lyaes are presented in
Figure 4-22, Figure 4-23 and Figure 4-24 respeltive The models are
geometrically non-linear and the elements are qumdelements. For the 3D
model the strain values are extracted in the mid@lne test specimen, which
is depicted in Figure 4-21. It should be noted fioa the 3D model, at the

middle of the test specimen mode Il ener@y,} approaches to zero.
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Figure 4-21: The 3D section used for comparisoh & models
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-G, 2D Plane Strain Analyses
700 : y
-5-Gl, 3D Fine Mesh
-m-Gl, 3D Coarse Mesh
600
500
400

G, [J/m?]

300 /ﬁﬁr—:\:
200 {///’;;
e

100

0 I 1 I I I 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Delamination Length, a[mm]

Figure 4-22: Comparison @, of 2D models and middle section of 3D models
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Figure 4-23: Comparison @, of 2D models and middle section of 3D models
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Figure 4-24: Comparison @& of 2D models and middle section of 3D models
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For the crack opening mode (mode I), the 2D pldress model estimates the
maximum strain energy release ra@®)( while the 2D plane strain model
estimates the minimum. 3D model estimates nehdyatrerage of the 2D plane
stress and the 2D plane strain models. It is atsed that the&5, calculated
using the coarse mesh 3D model is higher thaninlkeeniesh 3D model. For the
sliding shear mode (mode Il), the 2D plane stresdehestimates the maximum
strain energy release rat€,), and the ones predicted by the 2D plane strain
and 3D model estimates are similar. Hence foil sitain energy levelGy),
which is the sum of5; andG, andGy;, has the same trend as was observed for
Gi. In other words, the 2D plane stress and 2D p#tran models define the
envelope for the 3D model, while 2D plane stresimeges are more
conservative. These observations are in line thi¢ghtrends reported for global
response analyses. Again, it should be emphatieg¢dor 2D models th&,

is equal to zero, and for 3D models at the cerftédmrespecimert;; approaches

to zero.

Comparison of calculated ratio of the total straiergy release rat&{) to the
critical fracture toughnes<s() for 2D plane stress, 2D plane strain and 3D
models are presented Figure 4-25. Here the drifre&ture toughness is
calculated using Equation (3.1) presented in Chahtevhich is repeated here

for completeness:

GS GS 2 GS 3 4-1
G. =753+ 214.7 (—) —70.5 (—) + 327.4 (—)
Gr Gr Gr

Note that for calculation of the critical fractu@ughness@.), the analytically
obtainedG,, G, andGy; values are used. While this seems contradictbiy,is
only becausé&s,, G, andGy, appear on the right hand side of the mixed mode
equation. It must be noted that the constants appear in the criterion are
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fitted using experimental data. Nonethel€ss,G, and G, values have to be

estimated accurately to obtain a realistic fractatghness value.

The trend observed in Figure 4-25 is similar toghevious ones. The 2D plane
stress and 2D plane strain models define the epediar the 3D model, while
2D plane stress model estimates are more consegvdtiis observed for all the
three models th&1/G. ratio is above unity indicating potential for deiaation
growth. As the delamination length increases,GW&, increases. Th&1/G.

curve flattens approximately when the delaminalemgth equals to 0.6 mm.
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Figure 4-25: Compariso@1/G. of 2D models and middle section of 3D model
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4.3.2.2 Delamination growth potential in 3D Models

In 2D (plane strain or plane stress) models, thelandl strain energy release
rate Gy) is zero, and the shear strain energy release(@}ds equal to the
mode Il strain energy release ra@ ). Hence forth, the delamination growth
potential estimated by 2D model, will only be validn reality the mode Il

strain energy release rate is equal or close tm zer

The ratio of the mode Ill energy release raBy ) to the total shear energy
release rate Gy obtained using the fine mesh 3D model is depidted
Figure 4-26. The variation dBy,/Gr through different specimen depths is
shown in Figure 4-27. Around the free edges thaidated shear mode is the
scissoring modeQ@,;) while it gradually decreases to zero by movingaaw
from the free edges. For the 2D mod@&sg, is assumed to be zero; hence this

assumption is valid if the point of interest is gvilom the free edges.
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Figure 4-27Gy,/Gr at different specimen depths of the fine 3D model
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The distribution of mode | strain energy release &) and the total strain
energy release rat€&{) is depicted Figure 4-28. The ratio of the tatfhin
energy release rat&{) to the critical fracture toughness | for the fine mesh
3D model is shown in Figure 4-29. Although thealtatrain energy release rate
decreases by moving away from the free edges, tuerhG)) energy release
rate increases similar to ti&a/G. ratio, meaning that the mode | is more critical

for the delamination to propagate.

72



[ww] ‘yrduaquoneujue|aq

[mm]

’

Specimen Depth

[ww] ‘yrduaquoneujwejag

[=]

3 S
5 o
S S
=3 (28]

[cw/r] ‘o

[mm]

’

SpecimenDepth

Gy for the fine 3D model

28: Distribution of5,

Figure 4

73



G,/G,

Delamination Length, [mm]

==}
=
=
~

2465 |
2515 L

Specimen Depth, [mm]

Figure 4-29: Distribution o61/G¢ for the fine 3D model

4.3.2.3 Effect of Element Order

For the 2D plane strain and 2D plane stress moHdeth, linear (first order) and
guadratic (higher order) elements are considerethvestigate the effect of
element order on the strain energy release rafdé® results are compared in
Figure 4-30 for 2D plane strain elements, and gufé 4-31 for 2D plane stress
elements. As can be seen from Figure 4-30, estonadtrain energy
components with the model consisting of first ordeaments are higher than
that of the model with quadratic elements. Thisule might have been
expected in light of the strain data presentedgurfé 4-20. For 2D plane strain
analyses, with first order elements higher stralues was predicted, which in
turn, increases the strain energy release rate. 2Boplane stress model, the
results presented in Figure 4-31 indicate thateleenent order does not have a
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significant effect on the strain energy releasesatThis, again, is in agreement

with the strain predictions presented in Figured4-2
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Figure 4-30: Comparison of linear and quadraticiced integrated elements in

2D plane strain model
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Figure 4-31: Comparison of linear and quadraticiced integrated elements in

2D plane stress model

4.3.2.4 Effect of Constraints at Crack Front

The effect of different constraints at the craaknfris investigated. Two types
of analyses are conducted. In the first one, THE& 'MPC" option available in

the Abaqus/Standard element library is used to tcainsall the translational

and rotational degrees of freedoms at the crackdipl 6 degrees of freedom).
In the second one, "LINK MPC" option available ihet Abaqus/Standard
element library is used to constrain only the tiainsnal degrees of freedoms
(total 3). The comparison of the results obtainsthg these two different

constraint types for non-linear plane strain aredyis presented in Figure 4-32.
As could be seen from this figure, in addition tmstraining the translational
degrees of freedom, constraining the rotationalretegy of freedom does not

have a significant effect on the calculated stemirrgy release rates The same
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analyses is repeated for non-linear plane stress analyses, and the same results
are obtained. It must be noted, the effect of different constrains at the crack
front is only a concern for 2D analyses and not for 3D analyses, since the 3D
elements have no rotational degrees of freedoms at their nodes.

600 - Gl, 6DOF const. ——Gl, 3DOF(translational) const. Non-Linear,
- Gll, 6DOF const. -8-Gll, 3DOF(translational) const. 2D Plane Strain
-&-GT, 6DOF const. ——GT, 3DOF(translational) const. Analyses

500

400

300 —n

ﬂ
200 WM

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Delamination Length, afmm]

Strain Energy Release Rates, G[J/m?]

Figure 4-32: Effect of constraints at crack front

4.3.2.5 Effect of Geometric Nonlinearity

In the global response section, it was shown that geometric linear analyses
yields unrealistic bending effects, hence geometric nonlinear analyses should be
preferred to eliminate these effects. However geometric linear analyses was
conducted for 2D plane strain model and presented here for completeness. The
comparison of strain energy release rates for 2D plane strain analyses with
guadratic elements is depicted in Figure 4-33.
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Figure 4-33: Effect of geometric nonlinearity

4.3.2.6 Effect of Mesh Density near Free Ends

In order to investigate the effect of mesh densigr free ends, on the strain
energy release rates, two 3D models whose detaldescribed in Section 4.2
are prepared. The model with fine mesh has a imgbh density near the free
edges; on contrary the model with coarse mesh hidsron mesh distribution.
The calculated strain energy release rates for dim# coarse 3D models are
depicted in Figure 4-34 and Figure 4-35 respedtiviel order to compare the
total strain energy release rates of the two mothelse easily, the variation of
Gt through the specimen depth, for a fixed delamimatength of 0.6 mm is
presented in Figure 4-36.
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Figure 4-34: Total strain energy release r&g for the fine 3D model
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Figure 4-35: Total strain energy release r&g for the coarse 3D model
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Figure 4-36: Comparison @ for fixed delimination length of 0.6 mm

As could be seen from Figure 4-34, Figure 4-35 Rigdre 4-36, the total strain
energy release rate is not constant through theirapa depth. For the fine
mesh analyses, a considerable increase in then streergy release rate is
observed close to the edges, which could not b&uap by the coarse mesh
analyses. From Figure 4-36 it can also be obsehadwith the fine mesh the
minimum strain energy release is predicted at tbeter of the specimen.
However, the same figure shows that the coarse masthel predicts the
maximum strain energy release at the center o§peeimen, and the minimum

strain energy release at the free edges.

The comparison of the shear strain energy réte to the total strain energy
level (Gy) ratio calculated using fine mesh and coarse n83hmodels are

shown in Figure 4-37 and Figure 4-38. The sheaimrsenergy rateQs) is the
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sum of mode Il G;) and mode Il Gy) strain energy rates. For a fixed
delamination length of 0.6 mm, the variationGfGrthroughspecimen depth is
presented in Figure 4-39. Similar to the totadistenergy rate, investigation of
Figure 4-39 shows that th&/Gry ratio is not constant through the depth of the
specimen. At the center of the specimen, both lega®duce a similaGJ/Gr
ratio, but close to the edges, the coarse modelatgiredict the increase in the
GJGr ratio. The model with fine mesh estimates a maxmGy/Gr ratio
around 0.7, while the other model estimates a maxirof around 0.3. Hence,
it can be concluded the mesh density in the coausgel is not satisfactory to
track the shear energies around the free edges.

G,/Gq

Delamination Length, [mm]

Specimen Depth, [mm]

Figure 4-37G4JGry of fine 3D mesh
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Figure 4-38G4J/Gr of coarse 3D mesh
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Figure 4-39: Comparison @¢J/Gr for fixed delimination length of 0.6 mm
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4.4 Effect of Initial Defect Location on Delaminaton Growth Potential

Due to manufacturing, assembly or in service proBle(initial) defects may
occur which may reduce the resistance of the sirecto the design loads.
During manufacturing a process error or a matgniablem may lead to some
initial delaminations, porosities or resin rich i@gs. In montage assembly, a
drop of a tool to the structure or un-intendalystraf the structure may lead
impact damages as fiber breakages or delaminatifisle in service use, run-
away debrises or environmental issues may causandwitions. Hence in
most situations the design should account for tfleses which are named the
damage tolerant design. From a design point of \tiee following question
arises: “Does the location of a particular (injtiglefect or flaw effect the
potential of delamination growth or crack propaga®” In other words, for
example, does an (initial) defect or flaw that ntiglave occurred at the free
edge has the same detrimental effect as the ohenight have occurred at the
center of the assembly. Due to these facts, tleetedf (initial) defect or flaw
location is investigated by using the 3D finitereént models. Particularly, two
cases are studied; the effect of a (initial) detedtaw that might have occurred
at the free edge, and the one that might have matuwat the center of the
assembly. This is done by embedding some inidéas into the 3D finite
element mode | and comparing the delamination drqvatentials. Both fine
and coarse mesh finite element models are consideretudy the effect of

different modeling techniques.
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4.4.1 Description of the Problem

The skin-stiffener assembly described in Chapter &nsidered to investigate
the effect of initial defect location on the delaation growth potential. Two
individual cases are considered. The first defeaited “Defect 1” hereinafter,
is located near the free edge, and the second tdefaied “Defect 2~
hereinafter, is located in the middle of the spe&rim The 3D finite element
models with coarse and fines meshed that have bealnated in Chapter 4
have been used to investigate the effect of menhitsgty. In the fine 3D
model the defects are around 6 mm x 1 mm, whil¢henr coarse model the
defects are around 0.75 mm x 1 mm. The locatidriieodefects are depicted
in Figure 4-40. In summary two different initiaéféct locations have been
studied using two different analyses techniques.

Defect 1, near free edge

Defect 2, in the middle

Figure 4-40: Defects in the fine 3D models
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4.4.2 Results

The deformed shapes are depicted for defect 1 afectd2 of the fine 3D

model in Figure 4-41 and Figure 4-42 respectively.

Figure 4-41: Deformation shape of defect 1 in fsemodel

Figure 4-42: Deformation shape of defect 2 in fsemodel
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For all the analyses conducted, the total straiergyn release rates, the
calculated critical fracture toughness values, thiedratio of the total energy to
the fracture toughness are tabulated in Table 47he data presented in

Table 4-1 is extracted at the center of the defect.

Table 4-1: Total strain energy comparison of thiecls

Gr[IInf] | G.[IInTf] | Gi/G,
Defect 1, Near free edge 463 140 3.37
Fine 3D model
Defect 2, In the middle 371 127 2.93
Defect 1, Near free edge 409 131 3.13
Coarse 3D model
Defect 2, In the middle 419 128 3.28

As could be seen from Table 4-1, in the fine md3m®del, the defect near the
free edge gives a high&:/G;, compared to the defect in the middle. This
indicates that in a component subjected to pural dsading, having a defect
(or flaw) near the free edge of the component isenwitical compared to a
defect of similar size in the middle of the compainelt should be noted that in
a 'damage tolerant design' approach, based onuae@dllowable stress was
used, this difference couldn't be distinguished. other words, in a 'damage
tolerant design' approach, the flaws at the fregeeand the center of the
component would have been treated the same, whadedbon the data

presented in Table 4-1 should not be.

On the other hand, for the coarse mesh 3D model,rélsults presented in
Table 4-1 indicate that the initial flaw in the rdid of the specimen is more
critical than the one near the free edge. Thisenfadion is the complete
opposite as the one made using the fine mesh 3&imdebr the defect at the

middle of the specimen, the coarse and the findhmesdels predict similaB,
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values. This is rather expected sifigeis based orG/Gr ratio (see equation
(4-1)), and as demonstrated in Figure 4-39 bothfittee and coarse mesh 3D
models predict very cloge/Gr values at the center of the specimen. However,
as discussed before the coarse mesh cannot adguratk the strain energy
release rates near the free edges. Hencefortheshéis by the coarse mesh 3D

are misleading, and care must be taken in crettmgnesh near the free edges.
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CHAPTER 5

SUMMARY, CONCLUSIONS AND FUTURE WORKS

5.1 Summary

The objective of this study was to investigate debonding/delamination onset
and growth potential in a bonded fiber reinforcesimposite skin-flange
assembly using the virtual crack closure techniE€CT). The effect of
different modeling techniques was investigatedudrig element type, element
order, mesh density, and geometric non-linearitapaters. Finally, effect of

initial defect location on delamination growth patial was investigated.

In the first section of this study, the effect dfferent parameters on the global
response was investigated. During the courseeofvrk, 2D plane stress, 2D
plane strain, and 3D models of an undamaged spaciweee compared with
the experimental data. Both geometric linear and-lmear finite element
analyses were conducted to understand the effegeoifetric non-linearity.
Models with linear and quadratic elements were yareal to investigate the
contribution of element order on the global resgomssults. For the 3D
models, mesh density parameter was investigateanbiyzing a coarse mesh
3D model and a fine mesh 3D model, which had arfiesh near the free edges

of the specimen.
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In the second section of this study, after havingpand understanding of the
parameters on the global response, debonds ofeafitféengths were introduced
to the finite element models to investigate theepbal of delamination growth

using a fracture mechanics based approach (VCCT).

In the third and final section of this study, etfed initial defect location on
delamination growth potential was investigateditidhdefects were embedded
to the fine and coarse mesh 3D models to investijad capability of mesh
density. In addition similar defects were embeditbeithe 3D models at different
locations (i.e.: close to the free edge, far awaynfthe free edge) in order to
understand the effect of damage location on therpial of delamination

growth.

5.2 Conclusion

Comparison of the finite element results with tkpeimental ones showed that
for the global response of the bonded skin-flangsembly under tension

loading:

 The 2D plane strain and 2D plane stress models fbemupper and
lower bound, while the analyses with the 3D modslited in excellent
agreement with the experimental data. This isiomefd both using the
global force-deformation data, and the strain datmacted from the
middle of the flange. Generally, the 2D plane straiodel yields a
stiffer response, and the 2D plane stress modeltsea a more flexible

response. If only the global response of the spewciis under
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consideration, 2D plain strain and plane stresslyasesa can be

conducted with great accuracy.

For the 3D model, no significant difference is alied between the

fine mesh and coarse mesh models.

During the tensile tests, due to the large defaomat a shift in the
neutral axis of the specimen causes an eccentadilg. Hence,
although pure tensile loads are applied, bendinghef specimen is
observed from the experimental strain data. A amspn of the strain
data at the flange has shown the importance of ot
geometrically non-linear analyses. The comparisonducted at the
flange of the specimen shows that the strain valolesined are
unrealistic for linear analyses. This is due te thct that an excessive
and unrealistic bending is observed in linear aigJysuch that the
normal strain caused by axial loading are elimidaby the normal
strains caused by the excessive bending of themspac

It has been observed that for the 2D plane straith plane stress
analyses; the force-deformation response of theisiea is not affected
by the element order (linear versus quadratic). wéi@r, some

differences are observed for strain output at thddla of the flange.

For VCCT analyses higher order elements are recomdett since the
strain energy release rate is a function of themetions at the crack
tip, which is a function of the strain.
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A parametric virtual crack closure analyses is cmbeld and the following

observations are made:

For the total strain energy release r&g)(it is observed that the 2D
plane stress and 2D plane strain models definenkielope for the 3D
model. The total energy estimates obtained fromm2b plane stress
estimates are more conservative. This observasion line with the

trends for the global response analyses. The stt@h energy release
rate to the fracture toughness rat@/(G;) comparison complies with
this observation as well; where the 2D plane steesk2D plane strain
models define the envelope for the 3D model, wBile plane stress

model estimates are more conservative.

With 2D plane strain and plane stress analysesntibde Il strain
energy release rat&() cannot be estimated. In other words, for 2D
analyse<5, is equal to zero. The 3D analyses conducted bawen
that for the skin-flange assembly under considematthe dominant
shear mode around the free edges is the scissowdg Gy;). The 3D
analyses indicate that tla&, gradually decreases to zero away from the
free edges. Hence, the delamination growth pateastimated by 2D
models will only be valid if in reality the modd Btrain energy release
rate is equal or close to zero, which is validhié fpoint of interest is

sufficiently away from the free edges.

For 3D analyses it is observed that mesh densgyahsgnificant effect
on the strain energy release rates near the figeseth order to capture

the real behavior of the specimen, fine mesh shbeldised near the
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free edges. Coarse mesh around the free edges patential risk of

missing the tendency of rapid increase of sheainsgnergy release
rate G).

* The results obtained in this study indicate tha somponent subjected
to pure axial loading, having a defect (or flawanthe free edge of the
component is more critical compared to a defecsiwiilar size in the
middle of the component. However, the analysesltesalso indicate
that the coarse mesh 3D models cannot accuratetk tthe strain
energy release rates near the free edges. Hetigdfue results by the
coarse mesh 3D could be misleading, and care meistaken in
defining the satisfactory mesh density near the éeges.

In summary, if only the global response is undenswteration, both 3D fine
and coarse mesh models comply with the experimesgalts, and the 2D plane
strain and plane stress analyses provide satisfasults (the 2D plane strain
forms the upper bound and 2D plane stress form$other bound). However,
care must be taken in delamination onset analylsisorder to capture a more
realistic behavior, 3D analyses with a satisfactolgsh density should be used
near the free edges. It should be noted that feoncomputation time
perspective, 3D mesh models have very long compuatdimes compared to
2D models. The fine mesh 3D model, which is omhe fnear the free edges,
spends nearly six times more computation time coatp# the coarse mesh
3D model. Therefore, it is critical to define theea of interest and decide on
the required mesh density or modeling techniqueorkefconducting a

delamination onset analyses.
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53 Future Work and Recommendations

During the course of the work, test data obtainmedhfthe literature was used.
For future studies, more controlled and rigorousting is recommended.
Results of this study show that, while a certaindelmg technique vyields
satisfactory results for the global response, iitnca capture the strain energy
release rate. It is crucial that the finite eletn@malyses are validated against

experimental data.

During the course of work, pure axial loading igdstigated. Investigation of
different load cases is crucial. The results oigdifrom this study may not be

applicable to a skin-flange assembly under purelingn

The results obtained in this study show that 3dirlement analysis, which is
the most expensive from a computational point @&wiproduces the most
accurate results. To shorten the computation tiares,to avoid the usage of 3D
modeling technique in complex problems, hybrid nmiodetechniques (2D/3D
hybrid) should be further investigated.
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