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Summary

Using composite materials in the design of an aircraft structure has the potential to re-

duce weight compared to using more conventional metals. Yet, the aircraft’s weight can

be reduced even further if more of the material’s load-carrying capabilities are utilised.

Commonly, skin buckling, where the skin between stringers deforms out of their plane in a

wavelike manner, is often avoided as it has the possibility to lead to structural collapse. One

common cause of the collapse in stiffened panels can be the separation of stringers from

the skin due to postbuckling deformations. To allow buckling, first, a better understanding

of the interaction between buckling deformations and material failure during skin-stringer

separation is required.

A building block pyramid is used to design a composite aircraft structure, combining

tests and analyses, using stiffened panels, single-stringer specimens and coupons. An-

alyzing postbuckling-induced failure can be costly, especially when manufacturing and

testing stiffened panels. Numerical models can aid in reducing experimental costs, but these

models still take considerable time to develop, verify, and execute. Separation is complex,

involving matrix cracks, fibre bridges, and delamination migrations. This thesis covers

these three levels of the building block approach and expands on the single-stringer level,

as relevant tests that cover postbuckling-induced skin-stringer separation have not been

standardized. First, a material characterization is performed on the coupon level. These

properties are applied to a stiffened panel model to identify critical postbuckling regions.

Then a single-stringer specimen is designed that combines the material complexities of the

coupon level and the geometrical complexities of the panel by mimicking the postbuckling

shape.

The fracture toughness of the interface is determined through coupon tests. In this

thesis, the coupon design represents the skin of the panels. The different modes (I: opening,

II: sliding, and I+II: mixed-mode) are characterised. It was found that the fracture toughness

increases linearly with the delamination length, referred to as the R-curve effect, until it

reaches a steady state. These results are reduced to a set of interface properties that can

be used in the numerical models of the single-stringer specimens. An existing method of

superposing cohesive elements is adapted to make the toughening behaviour independent

of the initiation behaviour. Furthermore, a thermodynamic consistency was added to the

superposed set of cohesive elements. The numerical coupon models correlate with the

mode I tests but failed for mixed-mode due to changing mixed-mode conditions for long

delamination lengths.

Two different panel designs are considered: 1) with the stringer laminate the same

thickness as the skin referred to as the thin-stringer design; 2) with the stringer laminate

twice the thickness of the skin referred to as the thick-stringer design. An energy-based

criterion in a semi-analytical framework is designed to predict initiation of separation

in these panels. The input of the criterion, mainly the bending moment, is taken from

the output of the finite element models to calculate the strain energy release rate. For



x Summary

a panel with four thicker stringers, the criterion indicates that separation occurs at the

maximum out-of-plane deformation, away from the stringer flange. In a panel with four

thin stringers, separation did not occur due to bending of the skin. A cohesive model

showed that separation can occur due to twisting at the inflection points of a postbuckling

wave.

The region of a multi-stringer panel where separation might occur is approximated

using the single-stringer specimen in an adaptive multi-point test configuration. Out-of-

plane loads directly impose a postbuckling-like deformation via a set of supports and load

points. By studying the placement of these points, a configuration can be obtained that

best represents the actual postbuckling shape. Two segments of a postbuckling wave can

be identified: the minima of the wave, where skin bending occurs, and the inflection point

between the minima and maxima of the wave, where there is skin twisting. By changing the

number of points in the test configuration, either a region of high bending via a seven-point

bending configuration or high twisting via a four-point twisting configuration can be

imitated.

For the thick-stringer panel, a single-stringer specimen in a seven-point bending con-

figuration is designed. Separation is studied using a combination of numerical models

and experimental tests. Initiation of separation is captured by the maximum force in the

central support normalized to the total applied load. The subsequent separation growth can

be approximated with an ellipse to quantify the separation response. During testing, the

load distribution is monitored through load cells, the deformation through digital image

correlation and the interface separation with C-scan. When the separation size is above

50% of the total flange width, separation tends to become unstable. The separation shapes

predicted by the numerical models resemble those obtained from the C-scan. However, in

the tests, delamination migration, where the path of separation growth is perpendicular to

the adjacent fibres, influences the elliptical shape. These results provide insight into the

behaviour of the panel. The energy-based semi-analytical criterion to identify initiation

can be adapted from these single-stringer specimen results. Instead of energy-based, the

maximum bending moment observed in the skin of the single-stringer specimen is used

as the allowable, resulting in an improved indication of initiation. Furthermore, it can be

illustrated again that the bending and twisting moment distribution in the single-stringer

specimen matched the panel and, consequently, as was observed, the resulting separation

shape.

The approach is repeated for the thin-stringer design, where a four-point twisting

configuration is developed to reproduce the inflection point between the minimum and

maximum of a buckling halfwave. The edge crack torsion test for mode III interface

characterisation is used as a basis for the design strategy. Two supports and load points

in opposing corners create this anti-symmetric deformation shape. Separation in the

numerical models with cohesive elements is primarily due to mode II+III. The pure twisting

separation also follows an elliptical shape. The same phenomena are observed in the

four-point twisting tests. The shape can not directly be compared between the models

and tests, but the speed of propagation comparison does show that the currently used

interface properties give a conservative prediction of separation. The separation length

in the four-stringer panel with cohesive elements was shorter than in the single-stringer

specimen for the same separation width. Furthermore, the separation length triggered by
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twisting in the thin-stringer panel was much shorter than separation due to bending in the

thick-stringer panel, despite the longer halfwaves in the thin-stringer panel.

The guidelines for modelling and testing in the seven-point bending can assist in

standardising this test method. Furthermore, the four-point twisting test can be further

developed to also be included in the building block pyramid such that bending and twisting

separation can be characterised separately. Simultaneously, the numerical and experimental

framework is comprehensive and the proposed methodology can aid in the development of

structures that can operate past their buckling point. A combination of numerical models

and the smaller single-stringer specimens should reduce the cost and development time of

such a structure. In the end, if postbuckling is allowed, displacements 3-5x higher than the

buckling point can be achieved before skin-stringer separation happens.
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Samenvatting

Het gebruik van composietmaterialen bij het ontwerp van een vliegtuigconstructie heeft

het potentieel om het gewicht te verminderen in vergelijking met het gebruik van meer

conventionele metalen. Toch kan het gewicht van het vliegtuig nog verder worden vermin-

derd als het materiaal dichter bij z’n maximum wordt belast. Gewoonlijk wordt huidknik,

waarbij de huid tussen verstijvers op een golfachtige manier uit hun vlak vervormt, verme-

den omdat dit kan leiden tot structurele instorting. Een veelvoorkomende oorzaak van het

instorten van verstijfde panelen kan zijn dat de liggers losraken van de huid als gevolg van

postknik-vervormingen. Om knikken mogelijk te maken, is ten eerste een beter begrip van

de interactie tussen knikvervormingen en materiaalfalen tijdens het scheiden van de huid

en de stringer vereist.

Een bouwsteenpiramide wordt gebruikt om een vliegtuigconstructie te ontwerpen,

waarbij testen en modellen worden gecombineerd, waarbij gebruik wordt gemaakt van

verstijfde panelen, exemplaren met één verstijver en coupons. Het analyseren van door

knikken veroorzaakte falen kan kostbaar zijn, vooral bij het vervaardigen en testen van

verstijfde panelen. Numerieke modellen kunnen helpen bij het verlagen van experimentele

kosten, maar het kost nog steeds veel tijd om deze modellen te ontwikkelen, te verifiëren

en uit te voeren. Loslating is complex en omvat matrixscheuren, vezelbruggen en delami-

natiemigraties. Dit proefschrift behandelt deze drie niveaus van de bouwsteenpiramide

en breidt het middelste niveau uit, aangezien relevante testen die betrekking hebben op

postknik-geïnduceerde huid-verstijver-loslating niet gestandaardiseerd zijn. Eerst wordt

een materiaalkarakterisatie uitgevoerd op coupon niveau. Deze eigenschappen worden

toegepast op een verstijfd paneel model om kritieke postknik-gebieden te identificeren.

Vervolgens wordt een enkelverstijfd paneel ontworpen dat de materiële complexiteit van

het couponniveau en de geometrische complexiteit van het paneel combineert door de

postknik-vorm na te bootsen.

De breuktaaiheid van de tussenlaag, tussen huid en verstijver, wordt bepaald door

middel van coupontesten. In dit proefschrift vertegenwoordigt het coupon ontwerp de

huid van de panelen. De verschillende modi (I: openen, II: schuiven en I+II: gemengde

modus) worden gekarakteriseerd. De breuktaaiheid neemt lineair toe met de delaminatie

lengte, ook wel het R-curve effect genoemd, totdat deze een stabiele toestand bereikt.

Deze resultaten zijn teruggebracht tot een reeks tussenlaag eigenschappen die kunnen

worden gebruikt in de numerieke modellen van de enkelverstijfde panelen. Een bestaande

methode om cohesieve elementen op elkaar te plaatsen is aangepast om het taaiheidsgedrag

onafhankelijk te maken van het initiatiegedrag. Bovendien werd een thermodynamische

consistentie toegevoegd aan de boven elkaar geplaatste reeks cohesieve elementen. De

numerieke couponmodellen correleren met de modus I-tests, maar faalden voor gemengde

modus vanwege veranderende omstandigheden voor lange delaminatie lengtes.

Er worden twee verschillende paneel ontwerpen overwogen: 1) met de verstijver-

laminaat met dezelfde dikte als de huid waarnaar wordt verwezen als het dunne-verstijver-
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ontwerp; 2) met het verstijver-laminaat tweemaal de dikte van de huid, ook wel het dikke

verstijver-ontwerp genoemd. Een op energie gebaseerd criterium in een semi-analytisch

framework is ontworpen om het begin van loslating in deze panelen te voorspellen. Het

criterium gebruikt het buigmoment, berekend door de eindige-elementenmodellen, om de

spanningsenergieafgiftesnelheid te berekenen. Voor een paneel met vier dikkere verstijvers

geeft het criterium aan dat scheiding optreedt bij de maximale vervorming, weg van de

verstijvervoet. Bij een paneel met vier dunne verstijvers trad geen scheiding op door

verbuiging van de huid. Een cohesieve model toonde aan dat scheiding kan optreden als

gevolg van torsie op de buigpunten van een postknik-golf.

Het gebied van een paneel met meerdere stringers waar scheiding kan optreden, wordt

benaderd met behulp van het monster met één stringer in een adaptieve meerpuntstestcon-

figuratie. Belastingen buiten het vlak leggen direct een postknik-achtige vervorming op

via een reeks ondersteuningen en belastingspunten. Door de plaatsing van deze punten

te bestuderen, kan een configuratie worden verkregen die het beste de daadwerkelijke

postknik-vorm weergeeft. Er kunnen twee segmenten van een postknik-golf worden geï-

dentificeerd: de minima van de golf, waar huidbuiging optreedt, en het buigpunt tussen de

minima en maxima van de golf, waar huidverdraaiing optreedt. Door het aantal punten in

de testconfiguratie te wijzigen, kan ofwel een gebied met hoge buiging via een zevenpunts

buigconfiguratie of een hoge torsie via een vierpunts torsieconfiguratie worden nagebootst.

Voor het paneel met dikke verstijvers is een exemplaar met één verstijver in een ze-

venpunts buigconfiguratie ontworpen. Scheiding wordt bestudeerd met behulp van een

combinatie van numerieke modellen en experimentele tests. Het begin van de loslating

wordt vastgelegd door de maximale kracht in de centrale ondersteuningspunt genormali-

seerd op de totale uitgeoefende belasting. De daaropvolgende loslatingsgroei kan worden

benaderd met een ellips om de scheidingsrespons te kwantificeren. Tijdens het testen

wordt de belastingsverdeling gecontroleerd door middel van belastingscellen, de vervor-

ming door middel van digitale beeldcorrelatie en de loslating met C-scan. Wanneer de

loslatingsbreedte groter is dan 50% van de totale voetbreedte, heeft de loslating de neiging

instabiel te worden. De door de numerieke modellen voorspelde loslatingsvormen lijken

op die van de C-scan. In de testen beïnvloedt delaminatie migratie, waarbij het pad van

scheidingsgroei loodrecht staat op de aangrenzende vezels, echter de elliptische vorm.

Deze resultaten geven inzicht in het gedrag van het paneel. Het op energie gebaseerde

semi-analytische criterium om initiatie te identificeren kan worden aangepast aan de hand

van de resultaten van deze enkelverstijfde panelen. In plaats van op energie gebaseerd,

wordt het maximale buigmoment waargenomen in de huid van het enkelverstijfd paneel

gebruikt als het maximale toelaatbare waarde, wat resulteert in een verbeterde indicatie

van initiatie. Verder kan opnieuw worden geïllustreerd dat de verdeling van het buig- en

torsiemoment in het exemplaar met één verstijver overeenkwam met het paneel en met de

resulterende loslatingsvorm.

De benaderingwordt herhaald voor het dunne verstijver-ontwerp, waarbij een vierpunts-

torsieconfiguratie wordt ontwikkeld om het buigpunt tussen het minimum en het maxi-

mum van een halve knikgolf te reproduceren. De edge crack torsion test voor modus

III-karakterisering wordt gebruikt als basis voor de ontwerpstrategie. Twee steunenpunten

en belastingspunten in tegenoverliggende hoeken creëren deze antisymmetrische vervor-

ming. Loslating in de numerieke modellen met cohesieve elementen is voornamelijk te
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wijten aan modus II+III. De pure torsie scheiding volgt ook een elliptische vorm. Dezelfde

verschijnselen worden ook waargenomen bij de vierpuntstorsie proeven. De vorm kan

niet direct worden vergeleken tussen de modellen en tests, maar de vergelijking van de

groeisnelheid laat wel zien dat de momenteel gebruikte tussenlaag-eigenschappen een

conservatieve voorspelling van de loslating geven. De loslatingslengte in het paneel met

vier verstijvers met cohesieve elementen was korter dan in het exemplaar met één verstij-

ver voor dezelfde loslatingsbreedte. Bovendien was de loslatingslengte veroorzaakt door

draaien in het paneel met dunne verstijvers veel korter dan de loslating als gevolg van

buigen in het paneel met dikke verstijvers, ondanks de langere halve golven in het paneel

met dunne verstijvers.

De richtlijnen voor het modelleren en testen in de zevenpuntsbuiging kunnen helpen

bij het standaardiseren van deze testmethode. Verder kan de vierpunts torsieproef dooront-

wikkeld worden om ook opgenomen te worden in de bouwsteenpiramide zodat buiging

en torsiescheiding afzonderlijk gekarakteriseerd kunnen worden. Tegelijkertijd is het

numerieke en experimentele raamwerk alomvattend en kan de voorgestelde methodologie

helpen bij de ontwikkeling van constructies die voorbij hun knikpunt kunnen werken. Een

combinatie van numerieke modellen en de kleinere enkelverstijfde panelen zou de kosten

en ontwikkelingstijd van een dergelijke structuur moeten verminderen. Uiteindelijk, als

postknik is toegestaan, kunnen verplaatsingen 3-5x hoger dan het knikpunt worden bereikt

voordat scheiding tussen de huid en de verstijver plaatsvindt.
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Introduction

The structural weight of an aircraft is an essential feature; A lower weight can reduce fuel

consumption. This increase in efficiency is needed to balance the increasing demand for

intercontinental tourism and climate concerns due to emitted greenhouse gases. For the

newer generation of aircraft, metal is gradually replaced by composite materials wherever

possible. Composite materials can be fully tailored for the applied loads, a fundamental

advantage over metals. The most common example of composite material in aircraft

structures is a combination of continuous carbon fibre bundles embedded in an epoxy

matrix. The carbon epoxy is first formed into a sheet, where the fibres are all in the same

plane and oriented in a single direction, called a lamina or ply. The lamina is primarily able

to carry the load in the direction of the fibres and is weakest orthogonal to the fibres. When

laminae are stacked in different orientations, a laminate is formed that can withstand the

forces in all directions for which it is designed. Laminates are often shell-type structures,

which means they are thin compared to their in-plane dimensions.

These types of structures can either fail by exceeding strength tolerances or by stability

failure. Buckling is a form of stability failure, which occurs when a shell structure is sub-

jected to a high in-plane load[1]. In the postbuckling phase, the out-of-plane displacement

can be a few times greater than the in-plane displacement, and is accompanied by a large

loss in stiffness. In order to retain the load-carrying capabilities, the shell, often referred to

as the skin, is stiffened. The skin between the stringers can still buckle (local buckling),

which is illustrated in figure 1.1a, but global buckling events that can lead to the collapse

of the structure are prevented. The stringers are also a composite laminate and can be

bonded or co-cured to the skin. With co-curing, the skin and stringers are manufactured

simultaneously in the autoclave (a pressurized oven), resulting in a continuous structure.

In a stiffened composite structure, excessive local buckling can trigger strength failure.

An important failure mode is the formation of delaminations between the skin and stringer

that causes skin-stringer separation. When the stringers have separated completely from

the skin, the skin is again allowed to go into global buckling, which results in a loss

of the load-carrying capacity. [2–8]. Local buckling of the skin produces bending and

twisting moments at the edge of the stringers, leading to interlaminar stresses at the skin-

stringer interface. Exceeding the stress allowable of the material can cause delamination, a
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separation between the laminae. Furthermore, composites have numerous other complex

failure mechanisms[9] that interact with delamination, such as fibre kinking[10]/breakage

and matrix cracking[11], which are illustrated in figure 1.1b. The combined complexity of

buckling and separation[6, 12–14] leads to a design that is not allowed to operate past the

buckling load.

"Wide exploitation of advanced composites in stability critical structural designs de-

pends to a large degree on the ability of composites to support loads well beyond the initial

buckling level. Unquestionably, the high stiffness-to-weight ratio of composites renders

them potentially attractive up to initial buckling. However, since postbuckling design has

been established over several decades for certain types of conventional metallic alloy con-

struction, it should be anticipated that composites demonstrate a similar capability."(Chapter

5 page 79 [15])

(a) Postbuckling waves in a stiffened panel[16]. (b) Damage types in composite laminates[17]

Figure 1.1: a) Postbuckling deformation in a panel typically 100-1000 mm in length, with possible out-of-plane

deformations of 1-10 mm; b) common failure modes in (stiffened) composite panels. Generally, the ply thickness

is around 0.05-0.2 mm.

A deeper understanding of the interactions between structural and material response

is necessary to design aeronautical structures that can operate in postbuckling without the

risk of unstable skin-stringer separation. This knowledge must be based on a more precise

material and structural characterization that can only be achieved using a combination of

advanced numerical methods and experimental evaluations of structural specimens[18].

1.1 State of the art
The section on state-of-the-art is divided into the building block approach, analytical

criteria for delamination initiation and onset, composite interface characterization, and

modelling and testing of skin-stringer separation.

1.1.1 Building block pyramid
A building block approach is used during the development of composite structures following

a pyramid such as shown in figure 1.2 presented in the composite military handbook[15].

The essential content of handbook[15] is summarized in this section.



1.1 State of the art

1

3

The first three blocks correspond to the development of the material properties. Numer-

ous small coupon tests are performed to obtain the general behaviour of a material system.

Most of these tests are part of Block 3. Sometimes a limited number of tests in blocks 4/5

are performed that can dictate further investigation of critical properties in block 3. Due

to the small costs of the coupons, properties with statistical significance can be obtained.

However, these properties are configuration dependent.

In blocks 4 and 5, design values are developed that correspond to the structure instead

of the material itself. However, these may be so specific that they cannot be used for

other dissimilar structures. In block 4, the structural elements are used, which is a local

structural detail such as a skin with a single stiffener. On these types of structures, crippling,

strength failure of a stiffener section, and stiffener pull-off are tested. "Present analytical

capability cannot reliably predict this failure mode, and the development of detail test data

is essential."[15]

In block 5, more structural detail is added and the subcomponent size and complexity are

often larger compared to the elements. At this level, multi-stringer panels in compression

are tested, for example. During these tests, load redistribution is considered when a local

damage is present. Out-of-plane failure modes are typically assessed here as well.

In the last block, Block 6, a very limited number of tests are performed at the end of the

certification process. The results of these tests are primarily used to verify the analytical

and numerical models and to verify the design and analysis methodology.

Climbing the pyramid is accompanied by a reduction in number of tests. In block 3,

thousands of specimens are tested, in block 4 hundreds, and in block 5 dozens. A good

building block approach will limit the amount of full-scale tests that need to be performed.

The remaining load cases can be cleared by the numerical analyses or by comparison of

element test results.
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Figure 1.2: Building block approach from the composite handbook for the military (CHM)[15].



1.1 State of the art

1

5

1.1.2 Initiation and onset of delaminations
In order to investigate a wide variety of design configurations to optimize the load-carrying

capabilities of the structure fully, it is crucial to have a tool that can quickly assess skin-

stringer separation. The design parameters such as structural geometry and dimensions

may considerably affect the skin-stringer separation[19, 20]. For example, a change in

stringer spacing or stacking sequence can alter the postbuckling deformation and cause a

significantly different strain distribution on the panel. Additionally, other factors such as

geometrical imperfections of the panel [21] or the conditions that affect the interlaminar

normal or shear stresses along the flange edge can delay the separation [22] as well.

The most common failure criterion for initiation of delamination is the quadratic stress

criterion [23]; When the strength is exceeded a crack will form. The criterion considers

a combination of a normal and a shear stress acting on the matrix. The normal stress

allowable is characterized using a transverse tensile test. During this test the matrix

is directly loaded until failure, based on the maximum force and the cross-section the

allowable can be calculated. For shear a +45/-45 tensile test is used. There is no clear point

of failure, instead as a standard the strength at 5% shear strain is taken as the allowable.

This strength based criterion only dictates possible formation of cracks, but do not indicate

if the cracks will actually propagate.

In an energy based criterion, an initial crack can possibly propagate if a certain energy

threshold is exceeded. Cosentino and Weaver [24] based on the work of Williams[25]

showed a fracture mechanics approach to predict debonding of the skin and stringer. An

analytical method focusing on stringer runout locations was used to obtain the out-of-plane

behaviour of a postbuckled stiffened panel. Subsequently the bending moments can be

obtained from which the energy components can be calculated. However, fully analytical

methods that require the calculation of the postbuckling shape can take time to implement.

The Royal Dutch Aerospace Centre (NLR) proposed a failure criterion that depends

directly on the running loads and moments along the stringers of a panel [26, 27]. This

criterion was developed using the seven-point bending test introduced by the NLR [28].

The criterion relies on loads and moments calculated using the classical laminate theory

with the assumption of no shear strain acting in the longitudinal stringer direction at the

skin-stringer interface, because it focuses on the location of high-skin bending. However,

only a limited amount of data is available from this study.

Numerical methods exist to determine the initiation of skin-stringer separation, for

example, through cohesive zone modelling. How to implement cohesive elements and

their theory are discussed in the methodology in section 2.3. However, developing and

verifying multi-stringer panel models requires significant time. Furthermore, employing

cohesive elements everywhere as the location of initiation is unknown results in a high

computational time. Using a global-local approach, the analysis time can be reduced [29–

32]. This is done by analyzing a global model of a multi-stringer panel in postbuckling and

imposing the local conditions on a smaller model with a cohesive zone model. Although

the analysis time is reduced, the model complexity and, therefore, the development time is

increased. Especially when also propagation is considered through a two-way approach

[33–35], where the stiffness of the global model is updated based on the analysis of the

local models.
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1.1.3 Material characterization for interface delamination
There are several methods[36] to characterize interlaminar properties of composite lay-ups

and can be categorized in three separate modes[37] or a combination of these, which are

illustrated in figure 1.3.

Figure 1.3: Fracture opening modes in composites [38].

The properties are obtained using simple coupon specimens such as the Double Can-

tilever Beam (DCB)[39] for mode I, End-Notched Flexure (ENF)[40] for mode II and the

Mixed-Mode Bending (MMB)[41–43] for mode I + II. Additionally, for mode III, the Edge-

Crack Torsion (ECT) test exists, but it is anno 2022 not considered a standardized coupon

test. A known limitation is the dependency of the initial insert length on the measured

strain energy release rate[44]. Furthermore, only near the centre energy is released under

pure mode III, whereas closer to the edge spurious modes II are present. Lastly, due to

non-linearity prior to the maximum load is it difficult to determine the point of initiation,

resulting in a large range of fracture toughness values, for example, 850-1100 𝐽/𝑚2 in the

work of Morais et al.[45].

All these properties were originally assumed to be constant for a material system; thus,

the characterization tests were only performed for unidirectional coupons. However, it

was found that the stacking sequence and the loading conditions influence the effective

properties, and the standardized tests got adapted in recent studies[46–64]. Mainly the

interface toughness increases during the propagation of the interface delamination, often

referred to as the Resistance curve (R-curve) effect. For three different interfaces, this is

exemplified in figure 1.4. These studies attributed these effects to fibre bridging, matrix

cracking and delamination migration. An accurate and efficient way of implementing this

R-curve effect in a numerical model is a popular research topic[56, 58–60, 64–67].

1.1.4 Skin-stringer separation testing and modelling
A more complex test that aims to capture the interaction of actual postbuckling-like

bending conditions and skin-stringer interfaces is the Single-Stringer Compression (SSC)

test[5, 21, 35, 68–78]. A specimen is loaded in compression into postbuckling such that

high out-of-plane deformation occurs. The resulting different failure mechanisms in the

skin and stringers due to postbuckling are shown in figure 1.5. However, the postbuckling

shape depends on geometrical and loading imperfections in the SSC test. This means that



1.1 State of the art

1

7

Figure 1.4: Toughening of the interface with increasing delamination lengths for different interfaces [52].

testing the same design can lead to different postbuckling shapes and, consequently, a

change in the outcome of the test.

Figure 1.5: Failure modes in a postbuckled single-stringer specimen[71].

The Seven-Point Bending (7PB)[28, 79–83] test has been introduced by the NLR[28].

They noticed that the results of a Three-Point Bending (3PB) [22, 82, 84, 85]/Four-Point

Bending (4PB)[86] doubler test were influenced by the presence of a free edge. The

additional supports in the corner of the specimen ensure that separation initiates at the

centre of the specimen and is not influenced by free edges. With five supports and two

loading points, out-of-plane deformation is applied to the skin of a single-stringer specimen.

This creates an approximation of the symmetric buckling shape that results from the

compression of a stiffened panel or the skewed buckling shape from the shearing of a

panel [79]. Recently, NASA performed seven-point bending tests as part of the Advanced

Composite Project to validate a progressive damage analysis software (CompDam) and to

study the sequence of events, e.g. matrix cracking, initiation, propagation and delamination

migration [87]. Additionally, the test can be used to crack specimens to ensure the initial

delamination size[88].
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Lastly, tests can be performed on larger sub-structures, such as a skin with multiple

stringers[2, 3, 7, 79, 89–91]. These tests can be costly and time-consuming. Additionally,

only limited data can be obtained from the test during an unstable separation event.

Although separationmight occur at maximum bending ormaximum twisting, most research

focuses on separation driven by skin bending. However, separation may occur due to the

mode III[13, 79, 92–94], when significant skin twisting is present. The availability of

single-stringer tests that consider twisting separation is limited.

1.1.5 Summary list of technological gaps
1. There is a lack of standardization in the element level of the building block pyramid

for skin-stringer separation.

2. There is a lack of understanding and data on the dependency of the layup on strength

and stability failures.

3. There is limited knowledge on mode III delaminations at the inflection point of

postbuckled panels.

4. Computational time to study postbuckling-induced skin-stringer separation is high,

due to the primary use of panel-level models.

5. Criteria for delamination onset in postbuckled stiffened panels are difficult and/or

time-consuming to implement.

6. Current tests considering postbuckling deformation do not guarantee the desired

postbuckling shape as the shape is dependent on the geometrical/loading imperfec-

tions and (pre-)damages.

1.2 Dissertation outline
The main objective of this thesis is to develop a methodology for designing a loading

configuration to study skin-stringer separation in a single-stringer specimen representing

the postbuckling shape of composite multi-stringer panels. More details on this interac-

tion can be obtained by studying this phenomenon in a single-stringer specimen, both

numerically and experimentally. Specimens are developed that are less expensive to model,

manufacture and test than the corresponding multi-stringer panel. Within these specimens,

the twisting and bending failure are considered independently.

Another objective is to characterize the interface properties on the coupon level, rep-

resenting the layup and thus interface of the single- and multi-stringer panel. A third

objective is to have a semi-analytical framework that makes it possible to quickly identify

the critical regions of a multi-stringer panel. Both these objectives are discussed first in

the thesis as they lay the foundation of the main objective regarding the single-stringer

specimen.

The dissertation will follow the building block approach of figure 1.2 and the outline is

presented in figure 1.6. The content of each chapter are listed below.
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Figure 1.6: Outline of the PhD Thesis, with chapter indications.

Chapter contents

• Chapter 2: A methodology for the design, modelling, manufacturing, testing, and

data-processing of a single-stringer specimen capable of reproducing postbuckling-

like conditions for skin-stringer separation characterization is presented. The speci-

men and test configuration are specifically designed to reproduce the actual post-

buckling conditions.

• Chapter 3: The material system used in this thesis is characterized and the failure

modes are investigated. The actual design of the skin and flange is used for the

coupon tests to consider the possible delamination migration effects that contribute

to interface toughness increase. Finally, an adaptation to the state-of-the-art is

proposed for implementing the R-curve properties in a finite element model.

• Chapter 4: A semi-analytical framework is developed that combines the postbuck-

ling stress/strain field of finite element models with an analytical criterion based on

the strain energy release rate[24, 25]. This method can be updated with the result of

single-stringer tests, similar to [27], in section 5.6.1 and section 6.6.1.

• Chapter 5: The analyses and tests of a single-stringer specimen in a seven-point

bending configuration are shown to illustrate the capabilities of reproducing/predict-

ing the skin-stringer separation behaviour of a postbuckled panel.

• Chapter 6: The analyses and tests of a single-stringer specimen in a four-point

twisting configuration are shown. These are among the first single-stringer tests to

characterize mode III separation in postbuckling-like conditions.

• Chapter 7: The conclusions and recommendations of this thesis.
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2
Methodology

The core of this thesis is the development of a methodology to numerically and experimentally
study skin-stringer separation throughout the building block pyramid. A numerical framework
is built to design a single-stringer specimen based on the postbuckling deformation of a multi-
stringer panel. To aid in this process and improve consistency and repeatability, an in-house
mesher tool is developed using Python. All configurations within the presented building-
block pyramid can be made, from coupon to multi-stringer panels. The models are built
using structural shell elements and interface elements if separation is to be modelled. The
interface elements follow a cohesive bilinear traction-separation law. The postbuckling-induced
separation shape is elliptical, which allows breaking down the complexity of separation into
only two variables, length and width. These enable the testing conditions to be determined.
The tests are performed at the Delft aerospace structures and materials laboratory using the
in-house developed adaptive multi-point test equipment. Individual load cells at each point
are used to measure the force. Specifically, the central load cell can aid in the estimation of
initiation. The deformation in the panel is tracked using digital image correlation. The extent
of separation is observed through c-scan methods.
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2.1 Introduction of the overall approach

T
he thesis can be used as a guideline for the development of composite stiffened panels,

which are allowed to go into postbuckling. The basis of the methodology is a building

block pyramid that is adapted to be used in the framework of designing a composite panel

that is allowed to go into postbuckling without the risk of stringer separation. The main

adaptation is at the specimen level, where single-stringer specimens are used to bridge the

gap between coupons and panels. On all levels of the pyramid, use is made of numerical

models and experimental tests.

A numerical framework has been developed with the use of Python to generate input

files for all the different models used throughout the thesis and beyond. The input files are

written in the Abaqus syntax, such that the Abaqus solver can be used. Separate Abaqus

Python scripts are used to collect the desired output.

A guideline for the experiments is made specifically for the single-stringer tests, such

that the results can be reproduced accurately. The guideline consists of the manufacturing,

testing and results-processing of these specimens. The focus of the methodology is on hat-

stiffened panels, but the methodology can be extended to include more stringer designs. The

coupon tests are not included in this chapter, although they follow a similar manufacturing

procedure, the testing is simply done according to the ASTM standards. No multi-stringer

panel has been manufactured or tested.

Chapter goals

• section 2.2: To present the building block approach for skin-stringer separation

characterization.

• section 2.3: To present the numerical framework for the modelling and post-

processing of skin-stringer separation across all levels of the building block pyramid.

• section 2.4: To illustrate the approach to design a single-stringer specimen capable

of reproducing postbuckling deformations of a multi-stringer panel..

• section 2.5: To present the experimental framework for the manufacturing and

testing of single-stringer specimens in seven-point bending and four-point twisting.

• section 2.6: To show the two panel designs and their material properties that will

be used as case studies for this thesis.
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2.2 Building block pyramid
The building block pyramid, consisting of 3 levels to study the interaction of separation

and postbuckling, is shown in figure 2.1.

Figure 2.1: Building Block Pyramid for the characterization of (postbuckling induced) skin-stringer separation,

from bottom to top: coupon, element or single-stringer, and multi-stringer panels and higher.

The current approach consists of 6 separate steps:

0. Coupon tests are performed to characterize the material properties. The building

block pyramid highlights four coupon tests used to determine the interface fracture

toughness. Often the unidirectional properties are already known. Hence, the focus

should be on testing the properties of the actual (cross-ply) interface. At least the

DCB, MMB and ENF tests should be performed in these steps. Specifically for the

MMB test three mixed-mode conditions are generally used: 20%, 50% and 80%. The

outcome is the critical strain energy release rate values, which can be used for the

models in steps 1, 3 and 5.
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1. The multi-stringer panel is analyzed and the region that will lead to the initiation

of skin-stringer separation is identified. A semi-analytical moment/energy-based

criterion is used to identify possible initiation, and cohesive elements are used for

validation. The finite element results at the applied displacement around initiation

containing the information on this critical postbuckling region is used to design a

single-stringer specimen in step 2.

2. The single-stringer specimen is studied by directly loading the skin in the out-of-

plane direction to impose the buckling conditions. These buckling conditions can

either be bending or twisting of the skin. The former is approximated using a seven-

point bending configuration and the latter using a four-point twisting configuration.

In the two configurations, the locations of the support and loading points are adapted

in order to best approach the postbuckling shape of the specific panel. The Residual

Sum of Squares (RSS) is calculated, which is a single value representing the shape

difference between the local buckling half-wave in the multi-stringer panel and the

deformation of the single-stringer specimen. This value is qualitative in the sense

that it needs to be minimized but does not give a physical representation of the

actual difference in shape. The calculation of the RSS is repeated for a given set of

support and loading point locations. The configuration with the smallest difference

is deemed most suited to study the postbuckling conditions on the single-stringer

specimen. The final configuration is used as the input for steps 3 and 4.

3. A more detailed numerical model of this single-stringer specimen is developed using

cohesive elements. The purpose is twofold: to study initiation and propagation of

skin-stringer separation due to an out-of-plane deformation representative of the

postbuckling shape observed in a stiffened panel, and to predict the response of the

experimental test, step 4, in order to design the testing procedure and to choose the

data acquisition accordingly.

4. Experimental tests are used to further investigate the actual physics that affects the

skin-stringer separation response. It allows the validation of the numerical model

from step 3, which can be updated accordingly. The combined information from

steps 3 and 4 can be used for step 5.

5. The information that is obtained from the single-stringer specimen can be used in the

multi-stringer panel model in order to make a final prediction of the failure response

of the panel. Experimental tests of these large panels are also necessary but should

be limited in order to be cost- and time-effective.

Step 0 is presented in chapter 3. Step 1 is presented in chapter 4. Steps 2-5 are presented

in chapter 5 for the seven-point bending test and in chapter 6 for the four-point twisting

test.
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2.3 Numerical framework
A numerical framework has been created for the generation of all the models used in this

thesis
1
. Python is used as the coding language as it is open-source and therefore the mesher

is independent of the Abaqus GUI/CAE. It makes it possible to quickly generate models

for a parametric or sensitivity study. It also makes sure there is consistency in the models,

between the different levels of the building block pyramid. Lastly, the order and naming

of the parts need to be consistent for output processing such that it can be compared to

experimental output.

2.3.1 Meshing structural and interface elements
Even though the numerical models look different from a design point of view, there are a lot

of similarities. Hence, the mesher is written based on these similarities to create consistency.

For example, the coupon, doubler and single-stringer all have a bottom laminate, referred

to as the skin, and a top laminate referred to as the stringer. In the case of the coupon, this

is actually another sublaminate, and for the doubler, it is simply a flange-like design. The

skin and stringer can be connected in four different ways: a contact definition, cohesive

interface elements, a tie-constraint or shared-nodes for continuity. A contact definition

is used for the representation of inserts in coupon specimens, cohesive for the modelling

of skin-stringer separation, and tie-constraints are used to model the skin and stringer

separately, but not allowing any separation between them.

Structural elements
The skin and stringers are thinner compared to the in-plane dimensions, hence the struc-

tures can be approximated as a shell. Although a Continuum Element such as C3D8(R/I)

could be used for these models, a more appropriate choice is a shell element. The three

options that can be used within Abaqus are briefly discussed:

• Conventional Shell element (S4R) is a shell element in its most pure form. The

element has no physical thickness but is a simple quadrilateral plate element with a

node in each corner with 6 degrees of freedom, which correspond to translation and

rotation. Commonly S4R represents the mid-plane of a plate, where the user defines

the thickness used for the calculations. In the case of modelling composites, the

thickness of each individual ply is given as an input. This element is computationally

very efficient, especially for use in buckling problems. However, these elements

are not straightforward to use in combination with contact load or with interface

elements.

• Continuum Shell element (SC8R) is a continuum element. The hexahedron ele-

ment has a finite thickness with a node in all corners with only the three translational

degrees of freedom. The thickness of the element is the local thickness of the plate,

whereas in a composite layup, the relative thickness of each of its plies is given as an

input for the total thickness. Multiple elements can be stacked, where a continuous

stack is able to allow continuous through-the-thickness shearing behaviour. This

can be beneficial in some cases, but a user needs to be weary as the size of the

1https://github.com/ljkootte

https://github.com/ljkootte
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model increases rapidly. The finite thickness of the elements makes them ideal when

modelling the actual contact with a (static) indenter. Furthermore, interfaces are

easier to consider as the top surfaces of the skin elements and bottom surfaces of the

stringer flange elements can be coincident. When using matching meshes, which

is preferred, the nodes of the skin and bottom nodes of the stringer are coincident.

This allows for sharing nodes, efficient tie constraints or interface elements to be

generated.

• Continuum Solid Shell element (CSS8) is relatively new and thus not yet common

or widely investigated. Hence, for the purpose of this thesis, this is omitted. It is

very suitable for through-the-thickness behaviour but less efficient than the SC8R.

Another downside when using the elements to model composite laminates is the fact

that they require 3D material properties as opposed to simple planar ply properties.

The SC8R elements are primarily used within this methodology unless mentioned

otherwise. The main two reasons are the ability to create the actual zero-thickness interface

elements and the ability to accurately model the contact with the indenters.

The numerical tool creates perfect cuboid elements for the skin. In the case of a stringer

design with a radius in the transverse direction, the bottom and top surfaces are always

parallel to each other. The location of the top nodes of the skin and bottom nodes of the

stringer are coincident, where the skin and stringer surfaces meet. Because of the perfectly

square meshes, during the post-processing step results along lines of exact locations can

easily be extracted.

A mesh sensitivity study is strongly recommended at the start of the methodology.

An appropriate size balances the computational efficiency of a model with the accuracy

of the results. The numerical framework allows for defining a global mesh size for the

structural elements; by changing this value multiple models can be quickly generated

for the sensitivity study. The mesh size of these structural elements differs between the

configurations. For a coupon about 1 mm is used, 2 mm for the single-stringer and up to 5

mm for the multi-stringer models. The latter is chosen to limit the size of the model as the

physical dimensions are larger, whilst still being able to capture the buckling deformation

correctly. The slightly smaller element size for the other designs is mainly to cope with the

more complex local deformation near the load introduction points.

A bias in the mesh allows keeping the global mesh size along the border of the models.

An increase of the mesh density is applied near the location where complex damage

mechanisms are expected, modelled by interface elements, to be discussed in section 2.3.1.

The nodes and elements are defined as follows:

*Node
<Node ID>, <X>,<Y>,<Z>
2, 0.625, 0.000, 0.000
32144, 25.000, 125.000, 3.072

*Element, type=SC8R
<Element ID>, <N1>,<N2>,<N3>,<N4>, <N5>,<N6>,<N7>,<N8>
1,1,2,43,42,8037,8038,8079,8078
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A typical mesh of a single-stringer model can be seen in figure 2.2

Figure 2.2: A typical mesh for a single-stringer model; The element size is 2 mm along the edges and 0.3 at the

longitudinal centre and the skin-stringer overlap, where cohesive elements are placed at the interface.

The cross-sectional mesh of the stringer itself plus the possible variables can be seen in

figure 2.3.

Figure 2.3: The variables in the hat-stringer cross-section.

The order in which the element nodes are defined is important for the behaviour of the

element and the assigned section. The primary direction of the element is the vector from

N1->N2. The secondary direction is from N1->N4. Lastly, the stacking direction is from

N1-N5. An incorrect definition of the primary and secondary direction can be fixed by

assigning a coordinate system when assigning a section. The stacking direction requires

more care. First of all, when defining the geometry within the Abaqus GUI, the engineer

would start with the drawing of a cross-section and then extrude it over the length. The
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standard is that the stacking direction will be the same as the extrusion direction, which

needs to be manually changed to the top and bottom of the cross-section. Otherwise, the

stacking of the composite plies in the section definition will also be in the lengthwise

direction. When visualising the stress/strain results, the bottom section output is also

shown in the N1-N4-N5-N8 plane, instead of the N1-N2-N3-N4 plane.

The elements section that is used is the composite shell section. If one element through-

the-thickness is used, which is the case unless mentioned otherwise, the entire layup is

defined in that section. If for example, the skin is divided into layers of elements of equal

thickness, the first row of elements is assigned the first half of the laminate, and the second

row is assigned the second row of elements. As opposed to S4R, the thickness of the plies

has no physical meaning as they are relative to the actual thickness of the elements. For

example, if an element of 1 mm has only two plies with 𝑡𝑝𝑙𝑦 = 0.1 for P1 and 𝑡𝑝𝑙𝑦 = 0.3 for

P2, the thickness of P1 is 0.1/(0.1+0.3)𝑥1.0 = 0.25𝑚𝑚 and 0.75𝑚𝑚 for P2.

*Shell Section, elset=<SectionName>, composite, layup=
<LayupName>, orientation=<CSYS>, stack direction=3
<tply>, <MatName>,<Ori>,<PlyName>
0.128,3,IM7/977-3,-45,P1

The material properties are defined as follows, where for the SI units the density is

given in tonnes/mm3 and the stiffness in MPa.

*Material, name=<MatName>
*Density
<density>
*Elastic, type=LAMINA
<E1>,<E2>,<v12>,<G12>,<G13>,<G23>

Skin-stringer interface modelling
The interface between skin and stringer can be modelled in different ways. The most

important for the purpose of this thesis is through cohesive elements. An extensive part of

this section will look into how the cohesive elements are connected, which properties are

used and the initiation and propagation law they adhere to. Other aspects that are discussed

are the interface connections by sharing nodes, surface-to-surface tie and contact.

If there is no separation allowed, the skin is tied to the stringer using a surface-to-

surface tie constraint. All the skin elements are grouped in an element set named Skin,

and similarly for the stringer elements. A surface with the same name is created, where

S2 refers to the top surface of the element set for the skin and S1 to the bottom surface

of the stringer element set. In the tie constraint the first input, the stringer, is the slave

surface and the skin is the master surface. The logic behind it is that the skin is the surface

undergoing the most deformation, either due to skin buckling or applied out-of-plane

deformation. The stringer simply deforms as a result of the skin deforming, thus the slave

follows the master surface.

*Surface, type=Element, name=Skin
Skin,S2
*Surface, type=Element, name=Stringer
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Stringer,S1
*Tie, name=Skin_Stringer, adjust=yes
Stringer,Skin

Cohesive elements are added to the models in which skin-stringer separation is investi-

gated [95]. Other options that can be considered for this purpose, but are omitted in this

thesis, are the Virtual Crack Closure Technique (VCCT)[96, 97] and cohesive contact[98].

Cohesive zone modelling is preferred over VCCTwithin this work as it allows to model both

the initiation as well as the propagation of delamination. Cohesive elements are created by

simply using the top nodes of the skin and the bottom nodes of the stringer to create an

eight-noded element: COH3D8. Because the mesher is able to create a mesh where the

nodes of the stringer and the skin are perfectly coincident, the resulting cohesive elements

are actually zero-thickness. This is opposed to creating cohesive elements through Abaqus

CAE, where a finite but small thickness needs to be given such that due to rounding errors

no negative volume elements can be created. In this case, the skin, interface and stringer

elements all share the same planar mesh, making the model as efficient as possible. If the

mesh of the skin does not match with the stringer mesh, the user could opt for either tying

the cohesive elements to the adjacent skin or stringer or using cohesive contact.

The cohesive elements follow a bilinear traction-separation law, which is shown in

figure 2.4. K0 and K𝑖 are the interface stiffness for pristine and during damage evolution

respectively. Initiation is defined by the critical strength 𝜏𝑐 and the opening d0. The final

opening is d𝑒𝑛𝑑 when the critical strain energy release rate (G𝐶) is reached. The behaviour

of cohesive elements can be broken down into three stages.

𝜏𝑐

𝑑0 𝑑𝑒𝑛𝑑

𝜏

𝑑

𝐺
𝐾0

𝐾𝑖

𝑑𝑖

𝐺𝑐

Figure 2.4: Bilinear traction-separation law.

In the first stage, the elements behave as linear-elastic up to initiation. The quadratic

stress criterion, presented in equation (2.1), is used to define the initiation of damage in a

cohesive element[99]:

(

𝜏𝐼 + |𝜏𝐼 |

2𝜎𝑐 )

2

+
(

𝜏𝐼 𝐼

𝜏𝑐 )

2

+
(

𝜏𝐼 𝐼 𝐼

𝜏𝑐 )

2

= 1 (2.1)

where 𝜏𝐼 , 𝜏𝐼 𝐼 , and 𝜏𝐼 𝐼 𝐼 are the traction at the interface, where 𝜏𝐼 is only considered when

positive. 𝜎𝐶 and 𝜏𝐶 indicate the interface strength for the specific normal and shearing

modes, respectively.
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During the second stage, the mixed-mode propagation of the damage is captured

according to the Benzeggagh-Kenane law from equation (2.2). The damage variable (D),

normally requested within Abaqus as SDEG, decreases the stiffness of the interface by

𝐾 = 𝐾0(1−𝐷).

𝐺𝐶 = 𝐺𝐼𝐶 +(𝐺𝐼 𝐼𝐶 −𝐺𝐼𝐶)
(

𝐺𝐼 𝐼 +𝐺𝐼 𝐼 𝐼

𝐺𝐼 +𝐺𝐼 𝐼 +𝐺𝐼 𝐼 𝐼 )

𝜂𝐵𝐾

(2.2)

The variables 𝐺𝐼 , 𝐺𝐼 𝐼 , and 𝐺𝐼 𝐼 𝐼 are the strain energy release rates for the three primary

modes. The subscript C indicates the critical strain energy release rate, where 𝐺𝐼 𝐼 𝐼𝐶 = 𝐺𝐼 𝐼𝐶 .

The exponential 𝜂𝐵𝐾 is a material property that defines the interaction between mode I

and mode II. This value is obtained from fitting equation (2.2) to the critical strain energy

release rate versus mode-mixity, obtained from the coupon tests.

The mode-mixity is defined by the ratio of the shearing modes to the total strain energy

release rate as shown in equation (2.3). This output can be requested for the cohesive

elements as MMIXDME, for the Abaqus version up to 2019 this is only through the input

file.

𝑀 =
𝐺𝐼 𝐼 +𝐺𝐼 𝐼 𝐼

𝐺𝐼 +𝐺𝐼 𝐼 +𝐺𝐼 𝐼 𝐼
(2.3)

In the last stage, there is no remaining stiffness. In some cases, the user can opt for

element deletion, but in this case, the elements are kept. The remaining purpose of the

elements is to not allow interpenetration of the skin and the stringer.

The in-plane mesh size of the cohesive elements is determined by the properties of

the adherents, the interface properties and the expected loading conditions. Generally,

an interface that is predominantly loaded in mode I require a denser mesh compared to

mode II. The dense mesh is required to cope with the nonlinear stress peak behind the

crack tip. As a rule of thumb, three to five elements are required in the active cohesive

processing zone[100]. The cohesive processing zone length can be approximated using

equation (2.4)[101].

𝑙𝑐𝑧 =
9𝜋

32
𝐸
𝐺𝑐

(𝜎𝑐)
2

(2.4)

For actual pure mode I load cases, such as in the analysis of a Double Cantilever Beam

with a high interface strength a mesh size as small as 0.1 mm is required. A mesh size of

0.1 mm is used for all coupon models. For the other models, a mesh sensitivity study was

performed in order to obtain five active cohesive elements in the cohesive processing zone.

This led to a mesh size of 0.3 mm, which is used for all models throughout this thesis. In

most models, a mixed-mode condition above 0.3 is observed, hence allowing the coarser

mesh.

The cohesive processing zone length can be visualized by opening the output database

of the model in the Abaqus viewer. The limits of the plotted damage variable, normally

SDEG, should be set to 0.00001 (lower) and 0.99999 (upper). -The Abaqus viewer does not

allow values smaller than 10−6.- The elements that are in the second stage, past initiation

and before final failure, are highlighted. The elements that are either completely intact or

completely failed are outside of these limits and are generally shown in greyscale. Counting

the active elements in the direction of crack propagation should result in no less than three
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elements. Preferably no more than seven elements are present, otherwise, the model size is

inefficiently large.

The material properties for a cohesive interface are given in the input file as follows:

*Material, name=<CohName>
*Density
<density>
*Elastic, type=traction
<KI>,<Ksh>,<Ksh>
*DAMAGE INITIATION,CRITERION=QUADS
<sigc>,<tauc>,<tauc>
*damage evolution, type=energy, softening=linear,
mixed mode behavior=BK, POWER=2.07
<GIc>,<GIIc>,<GIIc>
*COHESIVE SECTION,elset=<CohElsetName>, material=
<CohName>,THICKNESS=specified, response=traction
separation,controls=<ControlsName>
1.0,
*section control,name=<ControlsName>,viscosity=3.e-05

2.3.2 Load cases and test configurations
The load cases are modelled through contact with loading points or support points, which

can be spherical or cylindrical, or by applying direct boundary conditions to a set of nodes.

Panel Models
The design of a multi-stringer panel can be seen in figure 2.5. The length and width, plus

the position and number of stringers and their position can be changed as required. In this

thesis, only a panel with four stringers is used.

The two edges of the panel that are parallel to the stringers are kept unconstrained. The

other two edges have clamped boundary conditions. The panel is loaded in end-shortening

by applying a displacement boundary condition at the end of the panel along the stringer’s

axis. The same principle would apply to a potential single-stringer compression specimen

model.

Seven-Point Bending
The 7PB configuration consists of five supports and two loading points. A specimen is

placed on top of the supports; in figure 2.6 a single-stringer specimen is illustrated. The

main variables that are used in this setup are the length and width of the skin and the

position of the supports and loading points. The four corner supports are placed at a

distance 𝑆𝑋 and 𝑆𝑌 from each of the skin corners. The fifth support is placed at the centre

of the skin (x = L/2, y= W/2). The two loading points are placed at a distance 𝐿𝑋 (x=L/2)

and 𝐿𝑌 from the skin corner. By removing the central loading point a six-point bending

(6PB) setup can be created.
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Figure 2.5: Multi-stringer panel design

The configurability of the model allows different combinations of support and loading

point positions to be studied. This property is later used in section 2.4, where a configuration

is determined that allows the recreation of the deformation observed in a larger multi-

stringer panel.

The specimen is loaded through a contact constraint between the skin and hemispherical

analytical rigid surfaces (ARSR) representing the loading points of the actual experimental

set-up. A finite sliding contact constraint is used to capture the change in contact state

during large skin deformation as opposed to a small sliding condition[23]. A transverse

friction coefficient of 0.2 between the indenters and the skin makes sure the panel does not

fly away during the analysis. The contact areas on the skin are square-shaped and the size

is equal to the radius of the indenters.

The contact between a flat surface and a hemispherical and rigid indenter can cause

issues for the solver. This is because only an infinitesimal area is making contact at a

low deformation. Therefore a smaller mesh size of 0.3 up to 0.5 mm is also present at the

contact areas. The loading points move orthogonally to the skin surface, imposing the

buckling-like deformation.

Each support and loading point is defined in the same way as can be found below. For

supports <ori> is 1.0, which translates to upward facing in the positive z-direction. For the

loading points <ori> is -1 or facing downwards. The ID of the nodes starts at 9900000 and

increases by 1 for each additional support/load point.
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Figure 2.6: Seven-point bending design.

*Node
990000<ID>, <X>, <Y>, <Z>

*Surface, type = REVOLUTION, name = Indenter<ID>
<X>, <Y>, 0.000, <X>, <Y>, <ori>

START, 0., 0.
CIRCL, 10.0, -5.0, 0., -12.5
LINE, 10.0, -9.0
*Nset, nset=R<ID>
990000<ID>
*Rigid Body, ref node=R<ID>, analytical
surface=Indenter<ID>

Each support and loading point is paired with a set of elements of the skin. These skin

elements are individually collected first in an elset, which is named IND<ID>_S<x> to refer

to the indenter number and the Side which will be under contact. After this set of elements

is translated to a surface named Ind<ID>. A support contacts the bottom surface of the

skin elements, corresponding to surface 1 or S1. Oppositely, the loading points contact the

top surface or S2 of the skin elements. The contact pair is identified for each set, whereas

the surface interaction property that includes the frictional coefficient only needs to be

identified once.

*ELSET, ELSET = IND<ID>_S1
%A set of all the elements that will be in contact
*Surface, type=ELEMENT, name=Ind<ID>
IND<ID>_S1,S1
*Contact Pair, interaction=SURFS, type=SURFACE TO
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SURFACE, no thickness, TRACKING=STATE
IND<ID>,Indenter<ID>
*Surface Interaction, name=SURFS
*Friction
0.2

Four-Point Twisting
A 4PT configuration has two supports and two loading points in opposite corners of

the skin, as illustrated in figure 2.7. The two supports as well as the loading points are

positioned 𝑆𝑋 and 𝑆𝑌 from the corners. The remainder of the modelling approach is the

same as discussed in the previous section regarding the 7PB configuration.

Figure 2.7: Four-point twisting design.

Coupons
The three standardized coupon tests to characterize interface fracture toughness are high-

lighted here. The basis of the coupon design is the same and is shown in figure 2.8. An

initial insert with a certain length a0 acts as a precrack.

The double cantilever beam[39], shown in figure 2.9, is the most basic coupon

specimen. Upon loading the edge through a hinge constraint, the crack propagates. When

looking at crack propagation in a skin-stringer interface, the crack front moves in the

direction of the skin width. Therefore within this framework, the width direction in the

coupon specimen is equal to the main direction of crack propagation. The length of the

coupons can be changed, but the standards prescribe 25 mm, which is also used in this

work. With a laboratory that uses imperial units, 1 inch (25.4 mm) could be used.

The end-notched flexure[40] coupon test has the same design parameters as the

DCB coupon. The difference is in the loading configuration, where the hinge supports
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are replaced by three roller supports, as seen in figure 2.10. The delamination propagates

between the rightmost and the central roller upon moving the central roller downwards.

The contact definition between the coupon and the roller supports has been described in

the seven-point bending configuration section.

The mixed-mode bending[41] test combines the double cantilever beam and the

end-notch flexure test. The configuration is illustrated in figure 2.11. The edges with the

inserts are hinged, and two roller supports impose a bending deformation. The top roller

and top hinge are connected to a reference point at distance c from the top roller. By

changing this distance, the mixed-mode conditions can be altered.

Figure 2.8: General coupon design

Figure 2.9: Double cantilever beam design

Figure 2.10: End-notched flexure design
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Figure 2.11: Mixed-mode bending design

2.3.3 Analyses and post-processing
Analysis
Dynamic implicit analysis with quasi-static properties is used for all models. With a

deformation rate of 4 mm/s, both for the in-plane and out-of-plane loaded models, the

kinetic energy is kept to a minimum.

The requested history outputs are the displacement (U) and reaction forces (RF) at the

supports and loading points as well as all the energies in the system. The history output

has a low number of variables but these are output frequently. Within the input file, it

looks like:

*OUTPUT, HISTORY, FREQ=1
*NODE OUTPUT, NSET=Supports
RF,U
*NODE OUTPUT, NSET=Loads
RF,U
*OUTPUT, HISTORY,variable = PRESELECT

The requested field outputs are the displacement (U) of all the nodes in the body. In

addition, the stresses (S) and strains (EE) as well as the section curvatures (Sk), moments

(Sm) and forces (Sf) are output for all elements. When cohesive elements are used, the

damage variables DMICRT and SDEG are requested, which correspond to the initiation

and propagation status. MMIXDMI and MMIXDME are the mixed-mode condition for

initiation and propagation, respectively. The field output has a high number of variables

and is often requested for large models only every 5 or 10 increments. The data is requested

in the input as follows:

*Output, field,FREQ=10
*Node Output
U
*Element Output, directions=YES
EE, S,Sk,Sm,Sf
*ELEMENT OUTPUT, ELSET=Coh
DMICRT, SDEG, MMIXDMI, MMIXDME

The out-of-plane deformation (U3) is the main variable that shows the postbuckling

behaviour. Hence, in the specimen design in the next section, this variable is used in

comparing the deformation between the panel and the single-stringer specimen.
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Post-processing
Three types of post-processing are done on the models. These are mainly Abaqus Python

scripts, advanced Python scripts with data handling tools, and manually through the

Abaqus viewer.

First of all, Abaqus scripts, automatically called by Abaqus CAE noGUI=script.py, are

used to get the history output for the force-displacement response and write it to a generic

txt file. The script can use the force-displacement response to check for an increase in

compliance, such that at critical points the data regarding that output frame can be written

and/or an image in the correct formatting can be saved.

Global response The global response of the specimen and panels is often shown as a

plot of the out-of-plane displacement (U3) and the damage variable (SDEG) of the cohesive

elements. This is either in isoview or in top plane view. For the cohesive elements in

isoview the skin and stringer are shown as grey and transparent, and for the top plane view

the skin and stringer are removed. An example of the out-of-plane and interface damage

plots is shown in figure 2.12.

(a) Out-of-plane deformation. (b) Interface damage.

Figure 2.12: Examples of numerical results.

For the out-of-plane deformation plots, red generally indicates a positive out-of-plane

displacement, blue negative and light green as low/zero displacements. However, the scale

can change if the negative displacement is much larger than the positive. For the interface

damage in figure 2.12b, blue means that damage in the cohesive elements has not been

initiated. Red indicates that the cohesive element has failed or is very close to failure. The

rainbow colour pattern in between depicts the processing zone, where the damage variable

is between 0 and 1, but this is often a small region.

Force-displacement response The force-displacement response of a finite element

model with cohesive elements is shown in figure 2.13, where the seven-point bending

configuration is used as the example. The total curve represents the total applied force.

The other LC-curves correspond to the reference points of each of the indenters, where

the numbering corresponds to the layout presented in figure 2.14. Due to the perfectly

symmetric loading conditions, the curves of LC1 and LC2 overlap, as well as the curves of

LC3+LC7 and LC4+LC6.
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Figure 2.13: Loadpoint distribution and total force.

(a) Seven-point bending (b) Four-point twisting

Figure 2.14: Loadcell naming of supports and loading points in the adaptive multi-point test equipment. The

schematics depict how to place the dowel pins for aligning the supports (red pins) and loading points (blue pins)

in the test equipment.
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The models, both 7PB and 4PT, exhibit a geometrical stiffening leading to a decrease in

compliance. The stiffening occurs because the loading conditions result in an anticlastic

surface deformation, like a saddle shape, where the bending over one axis inhibits bending

over the other. On the other hand, skin-stringer separation causes an increase in compliance

due to the smaller connecting area. At some point, the increase and decrease compensate

each other such that the load seems to be almost linearly increasing. The maximum load

can often be identified by a steep drop in load. The remaining stiffness after the drop in

load corresponds to the bending of the skin only, as the stringer has been fully separated.

The initiation of skin-stringer separation is more difficult to identify from the force-

displacement curve due to the combined nonlinearity of the deformation and the skin-

stringer separation. With cohesive elements, initiation can be identified within a model

by pinpointing the displacement at which the first cohesive element reaches a damage

variable of 1. More specifically, all the integration points of that element should reach 1,

meaning that the entire element has degraded.

Another option to identify initiation has been developed for the 7PB configuration.

First of all, going through all the output frames to find the first failing element can be

time-consuming. Secondly, for the tests, it is impossible to investigate the interface locally

and continuously. In the alternative method, the central support (LC5) plays a crucial

role. By normalizing the load in the central support by the total applied load, the load

distribution can be tracked. The result is shown in figure 2.15. A clear sudden change

can be spotted around 3.8 mm, which corresponds to the initiation. When the stringer is

partially separated, the corner supports start taking up relatively more load compared to

both the non-separated and fully separated conditions. This method can also be applied to

the force-displacement results of the experimental investigation.

Figure 2.15: Normalized central force.
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Separation response The complexity of the growth of a delamination created during

skin-stringer separation can be reduced to two variables, by assuming the shape follows a

perfect elliptical response. The elliptical approximation is shown in figure 2.16. This makes

it possible to quantify the damaged area’s size, the propagation speed by comparing it to

the applied force/displacement, and the direction of growth by the change in the elliptical

shape. Furthermore, it can be used to compare the separation response between different

models. Lastly, trends can be observed based on these variables.

Figure 2.16: Elliptical definition in relation to the single-stringer specimen.

The list of variables used in the ellipse can be found in figure 2.16. The two variables

that define the ellipse are the separation length (𝑎𝑙) and separation width (𝑎𝑤). Separation

width is the most important, as the maximum value that can be obtained is limited by the

flange width itself. This is opposed to the separation length which is dependent on the

length of the specimen or panel. For example, when comparing the results of the specimen

and the panel at a later stage, the design of the stringer is fixed/constant, whereas the

length of the panel is 5 times the length of the single-stringer specimen. Furthermore,

reaching a critical value of 𝑎𝑤 can already lead to final failure in a quasi-static load case; too

much of the stringer has been released from the skin and consequently, the load-carrying

capabilities are reduced.

In a single-stringer specimen loaded in a 7PB configuration, the separation front seems

to be elliptical. An ellipse is defined by location of the origin/center and the minor and

major axes or focal point distance. The first assumption is that the center of the ellipse

is the same distance from the stringer flange edge as the loading point 𝑣 = 𝑤−𝐿𝑌 . The

longitudinal position (u) of the center is close to the position of the loading point, but

can shift slightly due to the skew deformation introduced by the layup. The minor axis

is defined by the center distance to the edge plus the separation width (𝑏 = 𝑣+ 𝑎𝑤). The

major axis is determined as a function of the minor axis and the separation length, which

is shown in equation (2.5).



2.3 Numerical framework

2

31

Figure 2.17: Elliptical approximation of actual separation fronts.

𝑏 = 𝑣+𝒂𝒘 𝑎 =
0.5𝒂𝒍

𝑐𝑜𝑠
(
𝑠𝑖𝑛−1

(

𝑣

𝑏))

(2.5)

From the elliptical equations, the radius of the ellipse can be determined using the

major and minor axes and the elliptical angle (𝜃), illustrated in equation (2.6). This can

be expressed in an x-y framework using equation (2.7). The actual cohesive separation

front and the elliptical approximation (dashed lines) at multiple stages throughout its

propagation are plotted in figure 2.17. The overlap shows an almost perfect match, which

shows that reducing the problem to only the variables 𝑎𝑤 and 𝑎𝑙 is suitable.

𝑟(𝜃) =
𝑎𝑏

√
(𝑏𝑐𝑜𝑠(𝜃))2+(𝑎𝑠𝑖𝑛(𝜃))2

(2.6)

𝑥 = 𝑢+ 𝑟(𝜃)𝑐𝑜𝑠(𝜃) 𝑦 = (𝑤− 𝑣)+ 𝑟(𝜃)𝑐𝑜𝑠(𝜃) (2.7)

The force and displacement response can be coupled with the separation response to

further investigate the behaviour. The change of the separation width and length for the

applied out-of-plane displacement (speed of propagation) is shown in figure 2.18.

The true power of this method is in combining the separation width and length together

in figure 2.19. The speed of propagation can change due to different loading cases (in-plane

vs out-of-plane) and different material properties. This method makes it possible to identify

if the propagation behaviour is consistent regardless of the propagation speed. It is assumed

that if the shape is similar, the macromechanical damage models are also similar.
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(a) Separation width (b) Separation length

Figure 2.18: Out-of-plane displacement plotted against separation sizes to illustrate speed of propagation.

Figure 2.19: Separation width plotted versus separation length.
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2.4 A configuration to approximate the postbuck-
ling shape

The core of the methodology is to design a single-stringer specimen to mimic the postbuck-

ling deformation of a multi-stringer panel. Two types of locations can be approximated,

these can be seen in the building block pyramid in figure 2.1. The location of the highest

out-of-plane deformation can be matched with a 7PB configuration, and the location of the

highest twisting by a 4PT configuration.

For the panel, a field output report that contains the postbuckling shape around the

expected point of initiation of skin-stringer separation is created. The field output report

contains the node labels and the out-of-plane displacement. The report can be combined

with the input file that contains the mesh description. Pandas in Python is used to create a

DataFrame containing the node label, coordinates and displacement. This DataFrame is

initially used to design the single-stringer specimen. For each single-stringer specimen

model, a similar output DataFrame is created, which will be compared to the DataFrame of

the panel.

The buckling half-wavelength of the panel drives the length of the single-stringer

specimen. The half-wavelength can be easily obtained by dividing the length of the panel

by the number of half-waves. Otherwise, the minima and maxima of the displacement

are obtained as the locations where the first derivative of the out-of-plane displacement

with respect to the longitudinal location is zero. When the second derivative is zero, the

inflection points can be determined. The distance between two inflection points is the

buckling half-wavelength. Using this method the local length at the critical location can

be determined. An example of the out-of-plane displacement at the stringer edge of a

panel is given in figure 2.20, where bend and twist correspond to the maxima/minima

and the inflection points respectively. Note that the inflection point does not necessarily

correspond to a point of zero out-of-plane displacement.

The length (L) of a specimen in 7PB is defined by the distance between the two inflec-

tion points adjacent to the critical bending location. Additionally, an overhang (OH) is

introduced to make sure the supports are not placed on the edge of the specimen. If the

supports were to be placed on the edge, the specimen will simply slide off the supports

under high bending loads. An overhang of OH = 20 mm, so a total length increase of 40

mm, is introduced. For the 4PT specimen an overhang is not needed (OH = 0 mm), the

length of the specimen is defined by the distance between the minima and maxima adjacent

to the critical twisting location.

The width (W) of the single-stringer specimen, regardless of configuration, is defined

by the stringer spacing, shown in figure 2.5, and the additional overhang. If the right

flange of a stringer is critical, the single-stringer specimen should have a width of 𝑊 =

𝑃𝑜𝑠𝑛−𝑃𝑜𝑠𝑛−1+2𝑂𝐻 . If the left flange is critical, 𝑊 = 𝑃𝑜𝑠𝑛+1−𝑃𝑜𝑠𝑛+2𝑂𝐻 .

A single mesh is created for the single-stringer specimen, which will be used for all

possible support and loading point position combinations, and is written to the main

folder. Next, for the set of variables, a subfolder is created with an additional input file that

defines the position of the loading points and supports. Lastly, a main input file is created,

where the other two input files are imported through an "include" statement containing

the properties, boundary conditions and the analysis statement. This approach is slightly
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Figure 2.20: Out-of-plane displacement along the length of the stringer flange termination of a postbuckled

multi-stringer panel.

different for the 7PB configuration compared to the 4PT configuration.

In the 7PB configuration, the number of variables that are studied is reduced to two:

the transverse distance between the edge and the supports (𝑆𝑌 ) and the loading point (𝐿𝑌 )

as can be seen from figure 2.6. Half the single-stringer specimen area is mapped onto the

multi-stringer panel, shown by the dashed lines. The out-of-plane displacement at the

relative location of the central support is z1. In the actual test configuration, the support

points are all in the same plane and do not move relative to each other. Hence, when a

certain value for 𝑆𝑌 is chosen, different 𝑆𝑋 locations are considered. 𝑆𝑋 is taken such that

𝑈3@𝑆𝑋 = 𝑧1.

For the 4PT configuration, the supports and loading points have the same distance from

the edge. As a result, 𝑆𝑋 and 𝑆𝑌 are the only remaining variables, illustrated in figure 2.7.

Previous work has shown that the loading points introduce a peeling effect on the stringer

flange if positioned too close to the stringer. Hence, it is required to have a minimum

distance of 20 mm between the loading point and the edge of the stringer flange. The

design space in mm is defined by 20 ≤ 𝑆𝑋 ≤ 𝐿/2−10 and 20 ≤ 𝑆𝑌 ≤ (𝑊 −𝑊𝑠𝑡𝑟𝑖𝑛𝑔𝑒𝑟 )/2−20.

The displacement applied to the specimens in both configurations is the difference

between the supports and the loading points (𝑧𝑙𝑜𝑎𝑑 = 𝑧2− 𝑧1).

The design space is discretized in steps of 3 mm for both variables for which the RSS is

calculated. For each combination, the difference in out-of-plane deformation is calculated

with respect to the region of the multi-stringer panel. The difference is determined by

calculating the Residual Sum of Squares (RSS), also known as sum of squares of deviation,

as stated in equation (2.8).

𝑅𝑆𝑆 =

𝑁

∑

(𝑖=1)

(𝑊𝑖−𝑤𝑖)
2

(2.8)
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Figure 2.21: Out-of-plane displacements at the relative locations of the supports/loading points in the

multi-stringer panel.

The variables 𝑊𝑖 and 𝑤𝑖 are the out-of-plane displacements at each node for the four-

stringer panel and for the single-stringer specimen in their respective regions. The combi-

nation of the support and loading point position that results in the smallest difference is

deemed to give the optimal configuration for reproducing the postbuckling shape of the

panel

2.5 Preparations and procedures for testing
The testing procedures can be broken down into a few steps. First of all, the manufacturing

of the specimens. Next, the assembly includes alignment of the test equipment such that the

configuration that can reproduce the critical shape is obtained. Lastly, the test procedure

itself includes the loading and unloading procedures plus the measurement tools such as

loadcells, digital image correlation (DIC) and C-scanning.

2.5.1 Manufacturing
This section discusses the manufacturing of single-stringer specimens. The coupon speci-

mens that are tested for material characterization follow the same manufacturing proce-

dure as described here. The composite specimens are manufactured in-house at the Delft

Aerospace Structures and Materials Laboratory. Users of the methodology should adapt

their manufacturing procedure according to their material system and available tools. A

pre-preg roll of IM7/977-3 of 1.2m wide is used within this thesis. The sequence of the

manufacturing steps is shown in figure 2.22.

In figure 2.22a, the material is cut on a vacuum table using an automated Gerber cutter.

A nesting approach minimizes waste when cutting the +45, -45, 0 and 90 plies for the skin

and stringer.

In figure 2.22b the plies are placed on a flat 5mm thick aluminium plate. The plate

has been cleaned appropriately using ethanol and/or acetone. The plate and the stringer
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insert receive three layers of a Marbo coat, with a drying time of 30 minutes in between

the layers, as a release agent. The edges of the plate are taped with tacky tape such that a

debulking foil can be attached. For every three skin plies, the debulking foil is closed and a

vacuum is pulled and kept for 9 minutes, three minutes per ply as a rule of thumb. The

stringer insert is aligned on the centre of the skin. Using gentle pressure the stringer plies

are folded over the insert. The same three plies per debulking is followed.

In figure 2.22c the autoclave assembly goes into the pressurized autoclave oven. The

manufacturer-recommended cure cycle should be followed. Note that the skin and stringers

are cured in the same step (co-cured) and thus not bonded. The assembly consists of release

film on top of the laminate followed by a breather over the whole plate and closed off with

a vacuum foil. The specimen is cured at 177 degrees for 6 hours at a pressure of 7 bar.

In figure 2.22d the stringer insert, which is an assembly of three tapered solid aluminium

pieces is removed from the single-stringer panel. The stringer insert is 400mm, allowing a

maximum single-stringer length of approximately 380 mm.

In figure 2.22e the longer single-stringer panel is cut to the exact size. Generally, two

specimens can be obtained from this single-stringer panel. To cut the panel a diamond

grinder is used with a precision of 0.005 mm. During every grinding cycle, 0.1 mm of

material is removed to obtain smooth and parallel edges.

After the specimens are manufactured the relevant dimensions and the mass have to

be measured. The length, width, thickness at multiple locations, flange overlap and height

are measured, after which the specimens can be made test ready.

For DIC a white base paint (matte/non-reflective) is applied in three thin layers with at

least half an hour of drying time. The thin layers are required such that no droplets are

formed over the (inclined) surfaces, which otherwise can result in faulty thickness/strain

measurements. Next, using a matte black spray canister speckles are painted on top of the

surface. By throttling the nozzle the speckle size can be adjusted, with some experience.

The aim is a speckle diameter of approximately 3 pixels. If a specimen is 250 mm in width,

with a 5MP square camera (around 2200 pixels per axis) a speckle size of (250/2200*3) =

0.35 mm should be used.

(a) Cutting of plies (b) Placing of plies (c) Autoclave curing (d) Removing insert (e) Cutting specimen

Figure 2.22: Manufacturing procedure.
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2.5.2 An adaptive multi-point test eqipment
An adaptive multi-point test equipment has been designed and manufactured within

TUDelft. The test equipment, which is shown in figure 2.23, consists of a base-plate with

a grid of holes for the placement of the support points. Any number of supports can be

placed, but within this project, only two and five supports are considered for the 4PT

and 7PB configurations. The loading points are attached at the top bar, which can rotate.

Furthermore, the loading points are allowed to slide over the top bar to increase the loading

distance. All supports and load points are equipped with 5kN ring load cells and are

consistently numbered as shown in figure 2.23.

1
2

7
5

3

4

6

Figure 2.23: Assembly overview and loadcell numbering of the adaptive multi-point test equipment in a

seven-point bending configuration.

The support points (figure 2.24) are aligned with respect to the base-plate centre using

dowel pins and spacers. The placement of the dowel pins was shown in figure 2.14. The

supports are clamped to the plate using the bridge clamp and screws. The tips of the loading

points can be screwed in and out to adjust the height. Different spacers were used with a

minimum thickness of 0.5 mm to accurately and repeatably assemble the configuration.

The whole setup is shown in figure 2.25. A 20 kN test machine by Zwick is used.

Additionally, DIC, a video camera, and C-scan are used to track the response of the panel.
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Base plate

Bridge clamp

Spacers

Dowel pins

Spacers

Loadcell wire

Screw-in 

loadpoint

Bolt + washer

Figure 2.24: Assembly and alignment of the supports with part naming.

DIC Cameras

Test Equipment GoPro Video

Light source

Zwick 20 kN

DIC Computer

Figure 2.25: Full test set-up, including the Zwick test machine, the adaptive multi-point test equipment and the

digital image correlation system (camera’s, computer and light).
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2.5.3 Test procedure
For the single-stringer specimen tests, a fixed procedure is used. However, per configuration,

multiple specimens are generally tested.

The first specimen is used as a baseline. This specimen is only aligned and loaded

once up to full separation or when a certain set maximum load/displacement is reached.

Together with the numerical predictions it is used to define the points at which the other

specimens are stopped for data acquisition. The results of the other specimens can be

compared to the baseline to identify the effects of reloading and/or realigning.

The remaining specimens are testedwith load interruptions, where each cycle is referred

to as "run<x>". During the load interruption, the specimen is removed from the fixture

such that non-destructive methods can be used to assess skin-stringer separation growth.

Generally, the numerical models with base interface properties underpredict the initiation

load. Hence, the first stopping point is often (slightly) below the initiation point of the

numerical model to show that the specimen is still in pristine condition. The last stopping

point should be the same or slightly higher than the load at which the baseline single-

stringer test specimen failed. The speed of separation growth tends to increase closer to

the failure point. Thus at first, a larger interval can be used and a short interval when

faster separation is observed.

The test is deformation-based with a loading speed of 1 mm/min. The loading speed is

slower than the speed used in the numerical models (4mm/s), such that the user has time

to observe and react.

The start position of the test is set such that an initial force of approximately 20 N is

reached. A small preload makes sure that the specimen does not move when the alignment

fixture is removed. Every run must start from precisely the same starting position, which

means that the initial preload can reduce due to damage formation. If the start position is

constantly changed to maintain the same preload, there is already an initial deformation

that adds up to the set deformation increment.

The end of each run is set by the user as a limit on the displacement. When the limit

is reached, the load should be removed instantly to limit any unstable crack growth. The

load is removed at a speed of 50 mm/min until 80% of the maximum observed load in that

run is reached. The remaining load on the specimen allows the engineer to investigate the

specimen under deformation. In this stage, it is often possible to see the physical opening

between the skin and stringer, where a camera can be used to take the images. Afterwards,

the load can be removed entirely, and the specimen can be taken out of the test machine.

2.5.4 Measurement techniqes
Load cell response The load cell response uses the same format as discussed in the

section on post-processing numerical results. This includes the consistency in the load cell

naming, which was also shown in figure 2.23.

The specimens that undergo multiple load steps with an ever-increasing applied defor-

mation are additionally post-processed. This is to obtain a single curve that represents the

complete load response, which can be compared with the numerical response. The results

of one of the specimens are shown in figure 2.26, as an example. If the specimen is well

aligned each time after placing it back in the test machine, the new load curve should reach

the same load at the displacement at which the previous run was stopped. The deformation
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increment, where possible separation changes the compliance, is between the previous

maximum deformation and the currently set new deformation limit. All the deformation

increments are combined to create a single curve. This approach can also be repeated for

the individual load cells to get the change in the load distribution throughout the entire

testing of the specimen.

Figure 2.26: Stitching of the separate load runs.

Digital Image Correlation The DIC setup can already be seen in figure 2.25. Vic-Snap

is used for image capturing, Vic3D8 for processing and VicPy for post-processing. 5MP

cameras were used with the available lenses, with a focal length between 25 mm and 50mm.

The stereo angle between the cameras is inversely related to the focal length. As a rule of

thumb, 35 degrees is used for low focal lengths. If available, two sets of cameras should be

used to capture the entire specimen deformation, as the upper loading beam blocks part of

the specimen. However, the deformation of the specimen is (anti-)symmetric, and thus,

the capture of one side at least can be sufficient if there is limited availability. The actual

procedure for setting up and calibrating is well-described here
2
.

DIC is used to track out-of-plane deformations. At the start of the test, a reference

image is taken, and during the test, additional images are captured at a rate of 0.5 Hz. For

incremental load cases, a variable capture rate was used. For example, if the specimen was

loaded to 6 mm and is now reloaded up to 7 mm, the capture rate to 6 mm is 0.2 Hz, and

between 6 and 7 mm, it is 0.5 Hz.

The reference image is typically the first image of the test. The deformation and strains

are calculated with respect to the unloaded case. The approach used for the stitching of the

2https://www.youtube.com/watch?v=sgV1gaBe734&list=PLKk1tDmnghhecJ_
2Lg5Fgb4598bFFxkse

https://www.youtube.com/watch?v=sgV1gaBe734&list=PLKk1tDmnghhecJ_2Lg5Fgb4598bFFxkse
https://www.youtube.com/watch?v=sgV1gaBe734&list=PLKk1tDmnghhecJ_2Lg5Fgb4598bFFxkse
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(a) System placement (b) View per camera

Figure 2.27: Digital image correlation.

separate load curves of each individual run is applied here. Using the previous example,

the images up to 6 mm are used from the first run; from the second run, only the images

taken between 6 mm and 7 mm are used. This means that deformation and strains during

the second run are also calculated concerning the initial reference image of the pristine

specimen. If one used the actual reference image (first image at zero displacement) from

the corresponding loading run, it would ignore the strains being released in previous runs.

This is an essential aspect for having usable DIC data that can be compared to the outcome

of the finite element models.

C-scan A tool is required to capture the delamination at the interface during the tests.

The specifics are not necessary for the methodology to work, but a minimum of 1 mm

resolution is required. For the relatively thin composites, a 5 MHz probe is also strongly

suggested. Initially, the Rollerform 5l64-5m was used for the first four 4PT tests, which

also permits the capture of the delamination depth. Although this is a nice feature, the

design of the tool was not suitable for such small and thin specimens.

A submerged c-scan apparatus was developed in-house that was more convenient to

use. The setup is shown in figure 2.28a. Using through-transmission, where the sender

and receiver are at opposites sides of the specimen, only the presence but not the depth of

delaminations was captured.

An image of the C-scan setup is shown in figure 2.28b. The data was output as a CSV

file and post-processed using Python to get the Red-Blue distinction between the separated

and intact regions similar to Abaqus. The length and width of the separation fronts were

measured manually such that the output could be compared to the numerical models.
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(a) Waterbath (b) Post-processed results

Figure 2.28: Method for C-scanning to investigate the skin-stringer separation after a test run. In b, red indicates

loss of signal due to delaminations or slanted edges like the stringer webs.

2.6 Case study
An overview of the material standard material properties is given in this section. Addition-

ally, the two design cases of a multi-stringer panel that will be investigated in this thesis

are presented.

2.6.1 Properties
The material that is used to manufacture all test specimens is IM7/977-3, where the skin

and stringers are co-cured. The base properties are taken from the work of Clay et al. [102];

the lamina properties are presented in table 2.1 and the unidirectional interface properties

are presented in table 2.2. Note that in section 3.5, additional interface properties are shown

as a result of the coupon tests.

Table 2.1: Lamina properties of IM7/977-3[102].

Longitudinal modulus 𝐸11 164000 MPa

Transverse modulus 𝐸22 8980 MPa

Shear modulus 𝐺12 5010 MPa

Poisson’s ratio 𝜈12 0.32

Ply thickness 𝑡 0.128 mm
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Table 2.2: Unidirectional interface properties of IM7/977-3[102].

Mode I

Fracture toughness 𝐺𝐼𝐶 0.256 Nmm
−1

Interface strength 𝜎𝑐 78.9 Nmm
−2

Penalty stiffness 𝐾𝐼 4.8E5 Nmm
−3

Mode II

Fracture toughness 𝐺𝐼 𝐼𝐶 0.65 Nmm
−1

Interface strength 𝜏𝑐 99.4 Nmm
−2

Penalty stiffness 𝐾𝑠ℎ — Nmm
−3

Mode I+II Benzeggagh-kenane parameter 𝜂𝐵𝐾 2.07

Table 2.3: Cross-sectional design of the stringer used in this thesis.

Flange Width 27 mm

Stringer Height 32.7 mm

Top Width 30.6 mm

Radius 5 mm

Angle 70 deg

2.6.2 Design
The panel configuration used as a baseline in this research is illustrated in figure 2.5. It

consists of four co-cured hat-stringers. The panel dimensions are 685 mm in the axial

direction, and 770 mm in the width direction. The locations of the centre of the stringers

are 66 mm, 277 mm, 493 mm, and 704 mm. This results in a width bay of 102.5 mm between

the outer stringers and 107.5 between the inner stringers.

The dimensions of the stringer cross-section are defined in table 2.3, following figure 2.3.

Within this thesis, two four-stringer panel designs are considered. The skin layup is

the same and the stringer layup is varied between the two designs. The different stringer

designs can give alternative modes of failure. The quasi-isotropic layups are collected in

table 2.4.

Table 2.4: Layup used for the thin- and thick-stringer design of a four-stringer panel.

Part design Layup thickness

Skin [-45/45/0/90/-45/45]s 1.54 mm

Thin-stringer design [45/-45/0/90/45/-45]s 1.54 mm

Thick-stringer design [45/-45/0/90/45/-45]2s 3.07 mm
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3
Coupon tests for cross-ply

interface characterization

The coupon tests for material characterisation are at the lowest level of the building block
approach. Coupon tests are standardised to obtain specific material properties. This chapter
turns away from standard unidirectional composites. Instead, it considers the actual layup
of the design of the single-stringer and multi-stringer panels with a cross-ply interface. The
critical strain energy release rates are determined using a double cantilever beam, mixed-mode
bending, and end-notched flexure tests. A cross-ply interface leads to an increase in fracture
toughness, usually less present in unidirectional coupons. A bilinear curve is fitted through the
test results to obtain the initial and steady-state fracture toughness and the fracture processing
zone. Especially in a double cantilever beam, the fibre bridging causes a toughness increase. A
superposed bilinear law models the initiation and the transition zone to steady-state in the
cohesive zone. The proposed method of Davila et al.[56] is adapted to decouple the superposed
laws. Cohesive elements in the second set only release energy after the first set has completely
degraded. The DCB models with this trilinear law correctly reproduce the R-curve response.
However, the mixed-mode bending tests are shown not to be capable of characterising R-
curve effects under a fixed mixed-mode, and therefore, multiple sets of material properties are
proposed.
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3.1 Introduction

M
aterial characterization[36] is the first level of the building block pyramid in fig-

ure 2.1. Generally, the material properties are known from the material supplier/-

manufacturer. Otherwise, a material characterization study has to be done, especially

for properties that are affected by the application. Specifically for composite laminates,

a cross-ply interface can increase the fracture toughness compared to a unidirectional

interface[47–65].

This chapter presents the setup for the coupon tests including the data reduction

schemes. The method for retrieving a bilinear curve to represent the resistance curve effect

is shown. The bilinear curve consists of an initiation point, a linear increase of the fracture

toughness and a steady-state toughness. This method is applied to all the tests: DCB[39],

ENF[40] and MMB[41, 42]. A mixed-mode relationship can be determined from the initia-

tion and steady-state values through a Benzeggagh-Kenane (B-K)[43] approximation.

For the implementation of the interface properties with regard to R-curve effects

different methods exist. For example, a piecewise linear [58, 64, 65], trilinear[56, 60]

or trapezoidal[59] representation. The trilinear method proposed by Dávila et al.[56]

considers the general bilinear cohesive elements as described in chapter 2. By superposing

two elements, both with their own bilinear law, a trilinear law is created that is able to

capture the R-curve effects. An adaptation is proposed in this chapter to ensure a more

independent response of the two sets of elements.

Chapter goals

• section 3.2: To show the coupon design and manufacturing.

• section 3.3: To characterise the interface properties for a quasi-isotropic layup and

investigate the failure characteristics. DCB, ENF, MMB.

• section 3.4: To determine the mixed-mode interaction based on all test results,

considering also the R-curve effects. This includes an adaption to the method of

superposing bilinear cohesive laws and material parameter fitting through FE.

• section 3.5: To present the outcome of the coupon tests in a table containing the

bilinear and superposed trilinear cohesive properties to be used for FE.

• section 3.6: To discuss the validity of the mixed-mode bending tests.

3.2 Coupon design and manufacturing
The design considerations for coupon specimens are important to obtain a correct set

of properties. This design parameters section is divided into the laminate definition, the

manufacturing process and the dimensions, and lastly the calculations.

The interface used for the designs in this thesis is -45/+45, reported in section 2.6.2.

For the coupon tests, the design where the skin and thin stringer have an equal thickness

is chosen: [-45/45/0/90/-45/45]s and [45/-45/0/90/45/-45]s, respectively. This results in an

anti-symmetric layup for the full coupon laminate.

Common laminate properties that are used throughout the material characterization are

the Young’s modulus (𝐸11 and 𝐸22). As non-unidirectional laminates are used, the modulus
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of the actual laminate has to be calculated, which is done using classical laminate theory.

The thickness of the sublaminate (h) and the inverse of the ABD stiffness matrix (abd) are
used, following equation (3.1).

𝐸11 =
1

ℎ𝑎11
= 𝐸22 =

1

ℎ𝑎22
(3.1)

Additionally in the coupon tests, the properties 𝛾 and 𝜒 are introduced. These are

calculated according to equation (3.2) and equation (3.3), respectively. 𝛾 is used to correct

the transverse modulus and 𝜒 to correct the crack length[41].

𝛾 = 1.18

√
𝐸11𝐸22

𝐺13
(3.2)

𝜒 =

√

𝐸22

11𝐺13 [
3−2

(

𝛾

1+ 𝛾)

2

]
(3.3)

The coupon specimens were manufactured under the same conditions and procedure

as described in section 2.5.1. Additionally, aluminium loading blocks were aligned via

Teflon blocks as shown in figure 3.1 and bonded onto the DCB and MMB coupons using

LOCTITE®EA 3430. The loading blocks were tumbled, grid blasted and properly cleaned,

similarly the coupons were sanded and cleaned, all to assure maximum adhesion. The load

blocks were redesigned in order to ensure proper alignment with the fixture and also to

have the axis of loading close to the mid-plane of the laminates. The CAD drawings are

illustrated in figure 3.2.

Figure 3.1: Bonding of the blocks onto the coupons specimen using LOCTITE®EA 3430 and Teflon alignment

fixtures.

The paint was applied to the sides of the coupons prior to attaching the load blocks

for ease of manufacturing. Three thin layers of white paint with proper drying assures a

brittle paint without chipping to accurately follow the delamination growth. Additionally,

the paint was cut with a sharp knife to mark the distance from the insert, which is shown

in figure 3.3.
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Figure 3.2: CAD drawing of load blocks for the coupon specimens.

Figure 3.3: Marking of the coupon specimens with the small 1 mm increments up to 25 mm and the large 5 mm

increments.
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All coupons, for which the parameterised models were shown in section 2.3, have the

same layup and dimensions: h = 1.536, W = 125, L = 25 mm. The insert length is kept

constant at a0 = 25 mm. PTFE foil of 50 micrometres was used for the insert, deviating

from the recommended 13 micrometres, as this was at hand in the laboratory. The ASTM

standard[41] on page 5 section 8.2 mentions:

"A nonadhesive insert shall be inserted at the midplane of the laminate during layup to
form an initiation site for the delamination. The film thickness shall be no greater than 13 𝜇m
[0.0005 in.]. Specimens should not be precracked. By not precracking, an initiation value free
of fibre bridging may be obtained."

Deviating from the standard with the thicker insert affects primarily the results for

initiation. The thicker insert creates a resin pocket at the initial delamination tip that

increases the initial fracture toughness[103, 104]. This could be removed by precracking

the specimen, but as mentioned in the standard this influences the fibre bridging behaviour.

Especially because precracking is often done using the DCB setup or wedging the specimen.

This would create initial pure mode I toughening effects after which the specimen would

be tested in a mixed-mode condition, for example. Therefore the specimens are also not

precracked.

3.3 Coupon testing
This section includes the setup for each coupon, as well as the data reduction scheme,

the force-displacement and Critical Strain Energy Release Rate (CSERR) results, and the

fracture mechanisms. For the coupon tests, a Zwick 10 kN test machine is used with a 1

kN load cell. A camera observes the delamination front, where the images can be related

to the force and displacement data of the machine. The images are manually filtered to

have a data point every 1 mm of delamination length, with the exception of crack jumps.

3.3.1 Mode I: Double Cantilever Beam
The setup that is used for the DCB tests is shown in figure 3.4. The clamps pull the loading

block in the direction normal to the plane of the specimen. Delamination starts at 25 mm

and extends to the right. The specimens are precracked and reloaded according to the

standard[39].

The force-displacement results of the five DCB tests (DCB_1-DCB_5) are plotted in

figure 3.5a. The dots correspond to measurements of the delamination length. Generally

for DCB tests, after initiation, the load will decrease. For this quasi-isotropic layup, the

increase in the fracture toughness during propagation results in a load plateau followed

by a decrease. Some load/delamination jumps are observed similar to [47], but overall the

propagation is smooth.

To determine the CSERR from the force-displacement results and the delamination

length the Modified Beam Theory (MBT) is used. This theory, presented in equation (3.4), is

the most conservative approach in the ASTM standard[39]. Within this approach, there is a

correction for the effective delamination length, Δ. Δ is approximated by a linear fit of the

delamination length and the cube root of the compliance, which is presented in figure 3.5b.
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Figure 3.4: Setup for double cantilever beam. The load is applied on the left with the bottom clamp moving

downwards.

Δ is taken at the intercept of 𝐶
1
3 = 0, which is illustrated in figure 3.5b for DCB_2.

𝐺𝐼 =
3𝑃𝛿

2𝐿(𝑎+ |Δ|)
(3.4)

The outcome of the data reduction, the mode I CSERR, can be found in figure 3.6.

The dots correspond to the instantaneous CSERR at each image. The blue line and area

correspond to the mean and standard deviation(1𝜎) of the sample set. The horizontal

dashed-dot line corresponds to the BK estimate of the CSERR based on the properties in

table 2.2. The dashed red line is a bilinear approximation of the resistance curve response.

For the bilinear approximation, it is assumed that there is an initial fracture toughness

𝐺0, a processing zone with a linearly increasing G, and a steady-state where 𝐺𝑆𝑆 is constant.

A bilinear curve fit with equation (3.5) makes it possible to obtain these distinct values.

In the equation, the crack increase da is always positive. The slope (k) indicates how fast

the CSERR increases when the delamination extends. At some point, 𝐺0+ 𝑘𝑑𝑎 exceeds the

steady-state value, at which G will become 𝐺𝑆𝑆 .

𝐺 = 𝑚𝑖𝑛(𝐺0+ |𝑘|𝑑𝑎,𝐺𝑆𝑆) (3.5)

The length of the processing zone can be calculated from these three values using

equation (3.6). A single fit is done through the complete dataset of all 5 specimens per test

configuration. This gives each test set a single value for the initiation and steady-state

CSERR as well as the processing zone length.

𝐿𝐹𝑃𝑍 =
𝐺𝑆𝑆 −𝐺0

𝑘
(3.6)
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(a) Force-displacement (b) Cuberoot compliance fit with the delta intercept of

DCB_2 highlighted

Figure 3.5: Double cantilever beam: force, displacement and compliance results.

Figure 3.6: The bilinear approximation of the Mode I CSERR from the DCB tests in red. The dots represent the

measurements, the blue curve and area show the mean and steady-state of all the results.
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A closeup of the coupon specimen is shown for a delamination length of 40 mm in

figure 3.7. There is no observed delamination migration, but there is significant fibre

bridging in the wake of the crack tip. When a bundle of these larger fibres break a sudden

jump in the load was observed in figure 3.5a. This fibre bridging is often observed in mode

I loaded multi-directional interfaces [48, 56, 62], which is caused by transverse matrix

cracking[52].

Figure 3.7: Delamination front of DCB 3 with bridging fibers and no delamination migration.

To summarize the outcome, the initiation value is approximately 0.26 N/mm, only 1.5%

higher than the unidirectional. The increase in fracture toughness happens over a length

of 12.1 mm until it reaches a steady value of 0.64 N/mm, an increase of 150%.

3.3.2 Mode II: End-Notched Flexure
The setup for the ENF test is shown in figure 3.8. The central roller pushes down, which

leads to the bending of the skin and a pure mode II delamination. The delamination is

between the left and central roller. The measurements can be done up to the point when

delamination reaches the central roller, after which the results are invalid.

Figure 3.8: Set-up for the end-notched flexure test with the top roller pushing downwards.
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Prior to the fracture tests, the flexural stiffness (E2f) of each coupon is measured[105].

The compliance calibration is performed by shifting the specimen to change the delamina-

tion length without any fracturing. Deviating slightly from the standard, the compliance

calibration was performed at delamination lengths of 20, 25 and 30 mm. The standard pre-

scribes 20, 30, and 40 mm. However, all coupons were manufactured together with an insert

length of 50 mm. This left ample space for the 40 mm calibration. Still, three measurements

are used for the linear fit, albeit with reduced accuracy. The force-displacement response

of the first specimen ENF_1 is shown in figure 3.9a for the three delamination lengths.

The compliance is measured as the linear fit of the results above 90 N. The compliance

as a function of the delamination length cubed is shown in figure 3.9b. Another fit per

specimen is used to solve for the variables A and m in the equation: 𝐶 = 𝐴+𝑚𝑎3. "𝐴" can

then be used in equation (3.7) to obtain the flexural stiffness.

𝐸𝑁𝐹 ∶ 𝐸2𝑓 =
𝐿3𝑅

4𝐴𝐿ℎ3
(3.7)

(a) Force-displacement for sample ENF_1 (b) compliance plot for all samples

Figure 3.9: Compliance calibration plots for ENF coupons.

The data reduction scheme to calculate mode II CSERR is presented in equation (3.8).

The slope m of the compliance calibration, equation (3.7), is used. Generally, only the peak

force is used to calculate the CSERR, because delamination often extends directly to a point

close to the central roller. For these more compliant specimens due to the quasi-isotropic

layup as opposed to unidirectional, delamination initially extended only 10-15 mm.

𝐺𝐼 𝐼 =
3𝑚𝑃2𝑎2

2𝐿𝑅
(3.8)
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The force-displacement and CSERR results of all five ENF coupon specimens (ENF_1-

ENF_5) are shown figure 3.10. A large load drop is observed close to 5 mm of displacement,

resulting in a crack increase of 10-12 mm. The CSERR at initiation is almost twice as high

as for the unidirectional results, represented by the dashed-dot line. This can be an effect

of the thicker insert, which would make the results questionable. Furthermore, it was not

possible to perform a bilinear fit as the results seem to be constant at around 1.2 N/mm.

(a) Force-displacement. (b) Strain energy release rate

Figure 3.10: End-notched flexure results.

The delamination front after the first load drop, with another 10 mm of available stable

delamination growth, is shown in figure 3.11. As opposed to the DCB (figure 3.7) there

is more of a sawtooth behaviour at the interface, which can be related to delamination

migration. However, the interface with the insert remains the dominant interface.

Figure 3.11: Delamination front of ENF 4 with a zigzagging delamination migration. The horizontal/sliding

displacement between the two lines (mode II) can be observed on the left.
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3.3.3 Mode I+II: Mixed-Mode Bending
The MMB setup is shown in figure 3.12, where the blue horseshoe pushes down on a roller

creating a lever acting on the top beam of the coupon. Delamination growth is between

the load blocks on the left and the central roller at the top of the coupon.

Figure 3.12: Set-up for mixed-mode bending (20%) with the right side pushing downwards to create a lever

opening the left side of the coupon.

The length of the lever (𝑐0) in the mixed-mode bending tests is inversely related to

the mixed-mode conditions and calculated with equation (3.9). The parameter 𝛼 is related

to the mixed-mode condition, shown in equation (3.10), and 𝛽 is a delamination length

correction defined in equation (3.11).

𝑐0 =
12𝛽2+3𝛼+8𝛽

√
3𝑎

36𝛽2−3𝛼
𝐿𝑅 (3.9)

𝛼 = 1/𝑀𝑀 −1 (3.10)

𝛽 =
𝑎+𝜒ℎ

𝑎+0.42𝜒ℎ
(3.11)

The weight of the lever introduces an additional force at its centre of gravity. The lever

length is adapted based on the centre of gravity and the ratio of the (estimated) load (𝑃𝑒𝑠𝑡 )

and the gravitational force (𝑃𝑔 ). This is shown in equation (3.12).

𝑐 =
(
1+
𝑃𝑔

𝑃𝑒𝑠𝑡)
𝑐0−

𝑃𝑔

𝑃𝑒𝑠𝑡
𝑐𝑔 (3.12)

The centre of gravity (𝑐𝑔 ) is itself dependent on the lever length. The weight and centre

of gravity of the lever, measured from the top roller similar to how c is defined, is 𝑤𝑏𝑜𝑑𝑦

12.5 N and 𝑐𝑏𝑜𝑑𝑦 = 44.3 mm. The total mass of the lever is 𝑃𝑔 = 17.93 N, which enables the

calculation of the centre of gravity based on the lever length in equation (3.13).
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𝑐𝑔 =
𝑐𝑏𝑜𝑑𝑦𝑤𝑏𝑜𝑑𝑦 + 𝑐(𝑃𝑔 −𝑤𝑏𝑜𝑑𝑦)

𝑃𝑔
(3.13)

By inserting equation (3.13) into equation (3.12) and rewriting it, 𝑐 can be obtained

corrected for 𝑐𝑔 in equation (3.14).

𝑐 =
(
1+

𝑃𝑔

𝑃𝑒𝑠𝑡 )
𝑐0−

𝑐𝑏𝑜𝑑𝑦𝑤𝑏𝑜𝑑𝑦

𝑃𝑒𝑠𝑡

1−
(𝑃𝑔𝑤𝑏𝑜𝑑𝑦 )

𝑃𝑒𝑠𝑡

(3.14)

The peak force can be calculated, but this does not include the fact that the presence

of the gravitational force lowers the peak load of the machine. However, obtaining the

exact mixed-mode condition is not necessary. As long as sufficiently spaced mixed-mode

conditions are tested, a mixed-mode law can be fitted. It is important that the actual

condition is calculated after the tests. The lever lengths are the following: MMB20% = 128

mm, MMB50% = 48.5 mm, and MMB80% = 28 mm.

In the MMB, the CSERR components are calculated separately, considering the grav-

itational force. The mode I component is calculated using equation (3.15) and mode II

using equation (3.16). These values total the CSERR and can be used to calculate the actual

mode-mixity using equation (3.17).

𝐺𝐼 =
12[𝑃(3𝑐−𝐿𝑅)+𝑃𝑔 (3𝑐𝑔 −𝐿𝑅)]

2

12𝐿2ℎ3𝐿2𝑅𝐸2𝑓
(𝑎+𝜒ℎ)

2
(3.15)

𝐺𝐼 𝐼 =
9[𝑃(𝑐+𝐿𝑅)+𝑃𝑔 (𝑐𝑔 +𝐿𝑅)]

2

12𝐿2ℎ3𝐿2𝑅𝐸2𝑓
(𝑎+0.42𝜒ℎ)

2
(3.16)

𝑀𝑀 =
𝐺𝐼 𝐼

𝐺𝐼 +𝐺𝐼 𝐼
=
𝐺𝐼 𝐼

𝐺𝑡𝑜𝑡
(3.17)

Within this thesis, it was chosen to use the outcome of the ENF compliance tests as an

input for the MMB data reduction. The tests were all performed in the same series and the

specimens were cut from the same panel. The closest neighbour interpolation was used to

find the E2f value corresponding to an ENF specimen that has the nearest thickness to the

MMB specimen.

The MMB results for the mixed-mode conditions of 0.2, 0.5 and 0.8 are plotted in

figure 3.13. The approach of equation (3.5) is used for the bilinear curve fit of the CSERR

results. For MMB20 the propagation is very stable with minimal load jumps, which results

in a low standard deviation, between 0.01 and 0.07 throughout propagation. For a higher

mixed-mode condition 𝐺0 and 𝐺𝑆𝑆 increase and the fracture processing zone length itself

shortens.

An initial increase is followed by a decrease of the measured G due to delamination

migration. The migration is visible in all cases as shown in figure 3.14, which is common

in these types of tests[61, 62]. During migration effectively the bottom plies of the upper

laminate become part of the lower laminate. This results in a more compliant upper beam

as well as a mismatch in the bending properties between the lower and upper beam. If the

coupon is designed for this mismatch it can be accounted for, but because of the migration,
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(a) Force-displacement for MMB 20% (b) Energy release rate for MMB 20%

(c) Force-displacement for MMB 50% (d) Energy release rate for MMB 50%

(e) Force-displacement for MMB 80% (f) Energy release rate for MMB 80%

Figure 3.13: Mixed-mode bending results for all mixed-mode conditions.
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this is not possible. Despite these migration effects, the middle interface also continued to

propagate lagging behind the migrated delamination front. For consistency, it was chosen

that the delamination length was always measured with respect to the delamination front

of the original interface. The energy that is released in the migrated interface is simply

accounted for in the R-curve properties.

(a) MMB20 4

(b) MMB50 5

(c) MMB80 4

Figure 3.14: Delamination fronts of MMB coupons with both fiber bridging. An additional delamination is

present in the top sublaminate besides the growing delamination at the original interface.

For the lower mixed-mode conditions the test forces are relatively low with respect to

the gravitational force of the lever. Therefore it is important to calculate the actual mixed-

mode condition, as this is affected by the ratio of 𝑃𝑔/𝑃𝑡𝑒𝑠𝑡 (e.g. for MMB20_3: 17.93/28=64%).

The actual mixed-mode conditions are 0.2, 0.44, and 0.76 according to equation (3.17).
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3.3.4 Investigation of the delamination surface of the coupon
specimens

To investigate the interface the DCB and MMB specimens were loaded under DCB condi-

tions to separate the upper and lower beams. A loading rate of 50 mm/s was selected as a

huge displacement was necessary for full separation. The ENF were separated by shimming

the already separated interface and manually opening it, because the ENF coupons do not

have any loading blocks.

The lower beams of the separated coupons are shown in figure 3.15. The DCB showed

significant fibre bridging, leading to distinct fibres being visible in the +45 direction. Only

the DCB specimen did not show delamination migration. All other specimens showed

migration. Due to a peeling edge effect and the fact that 45 fibres terminate at the edge,

delamination is triggered. Because the specimen itself is 25 mm in width and the ply is

angled at 45 degrees, migration occurs over a region of 25 mm. There is no observable

difference in the migration patterns between the MMB/ENF specimens. The migration

length is the shortest from 45 to 0 as this is fully matrix dominated. This is as opposed to

the migration arresting effect of the 90 plies, as the direction of growth is parallel to the

fibre.

DCB 

MMB20

MMB50

25 mm

ENF

0
90

MMB80

Figure 3.15: Interface of each of the coupon specimens showing the migration patterns, except for DCB. All

specimens were tested up to an increase of 25 mm, the rest of the migration is caused by the DCB loading to fully

open the interface.
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3.3.5 Overview of the coupon test results and mixed-mode
relation

The outcome of the mixed-mode conditions is presented in table 3.1. The material param-

eters will be used as an input for the numerical models that follow a cohesive material

model with a Benzeggagh-Kenane mixed-mode law[43], which is explained in section 2.3.1.

Table 3.1: Interface toughness and fracture processing zone length for all mixed-mode conditions.

DCB MMB 20% MMB 50% MMB 80% ENF

Mode-mixity 0 0.2 0.44 0.76 1

𝐺0, N/mm (1𝜎) 0.26 (0.06) 0.30 (0.01) 0.34 (0.02) 0.7 (0.10) 1.19 (0.14)

𝐺𝑆𝑆 , N/mm (1𝜎) 0.64 (0.07) 0.66 (0.07) 0.61 (0.07) 0.93 (0.11) 1.29 (0.08)

𝐿𝑓 𝑝𝑧 , mm 12.1 11 7 3 1

𝐺𝑆𝑆/𝐺0, +% 150 120 80 33 8

The general BK law is repeated in equation (3.18), where 𝐺𝐼 and 𝐺𝐼 𝐼 are taken as

the direct results of the DCB and ENF results. The BK exponential 𝜂 is determined by

minimizing the difference between the MMB results and G(M). The actual mixed-mode

conditions are used as presented in table 3.1, calculated after the tests were performed, to

compensate for any additional influence of the weight of MMB lever.

𝐺(𝑀) ≈ 𝐺𝐼 +(𝐺𝐼 𝐼 −𝐺𝐼 )𝑀
𝜂

(3.18)

A BK fit is obtained separately for both the initiation (𝜂0 = 2.77) and Steady-state (𝜂𝑆𝑆

= 3.33) results. The data points and fit are shown in figure 3.16, as well as the fit of the

unidirectional tests. As expected, the increase in mode II also leads to an increase in

the fracture toughness. Up to a mode-mixity of 50% there is little difference in fracture

toughness between the unidirectional and the quasi-isotropic laminates. The relative

increase of the fracture toughness is greater for mode I loads, which is accompanied by a

larger fracture processing length as presented in table 3.1.
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Figure 3.16: Benzeggagh-Kenane fit through the mixed-mode strain energy release rate values for unidirectional

(Gclay), initiation(G0) and steady-state(GSS).

3.4 Determination of the trilinear law
Within the coupon tests, there was fibre bridging and delamination migration that led

to an increase in fracture toughness. To capture these effects in FE would require large

models with a complicated mesh. This might be possible for these small coupons, but

for larger specimens such as single- and multi-stringer panels, this is too costly. Instead,

these R-curve effects are included purely for the increase in fracture toughness for the

main interface. By superposing two bilinear cohesive laws a trilinear law is obtained[56]

which includes the initiation and steady-state behaviour. Initiation will be covered by the

primary(Pri) law and toughening by the secondary(Sec) law. The approach is easy to

implement in the models, only requiring a second material definition, cohesive section

assignment, and output request, following section 2.3. Furthermore, Dávila et al. suggests

adding the following line to the input file to simply copy the already existing cohesive

elements with the same nodal definitions, but with their own unique element IDs.

*ELCOPY, element shift=1000000, oldset=COH,
new set=COH_Bridge, shift nodes=0

The trilinear law following the concept of Dávila et al.[56]a is illustrated in figure 3.17a.

This method has the requirement that the opening at initiation (𝑑0) of the primary law

matches with the initiation in the secondary law. In this thesis, an alternative requirement

is proposed. The second cohesive element is activated only when the first one has degraded

completely. In other words, the opening at the initiation of the secondary law(𝑑𝑆𝑒𝑐0 ) is equal

to the opening at the failure of the primary law(𝑑𝑃𝑟𝑖
𝑒𝑛𝑑

). This can be visualised in figure 3.17b.
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𝜏𝑃𝑟𝑖

𝜏𝑆𝑒𝑐

𝑑0
𝑃𝑟𝑖=𝑑0

𝑆𝑒𝑐 𝑑𝑒𝑛𝑑
𝑃𝑟𝑖 𝑑𝑒𝑛𝑑

𝑆𝑒𝑐

𝜏

𝑑

𝐺𝑃𝑟𝑖

𝐺𝑆𝑒𝑐

𝐺𝑇𝑟𝑖

(a) Original method: matching primary initiation to

secondary initiation [56]

𝜏𝑃𝑟𝑖

𝜏𝑆𝑒𝑐

𝑑𝑒𝑛𝑑
𝑃𝑟𝑖 =𝑑0

𝑆𝑒𝑐 𝑑𝑒𝑛𝑑
𝑆𝑒𝑐𝑑0

𝑃𝑟𝑖

𝜏

𝑑

𝐺𝑃𝑟𝑖

𝐺𝑆𝑒𝑐

𝐺𝑇𝑟𝑖

(b) Adapted method: matching primary failure to

secondary initiation

Figure 3.17: Superposing bilinear laws to obtain a trilinear cohesive response.

All together this change is to have the two laws operate more independently of each

other. The secondary cohesive element is not releasing any energy before the primary

element has completely failed. Additionally, the interface strength of the primary law

does not need to be changed with respect to the original bilinear law; The strength of the

secondary law at initiation of the primary is much smaller due to the low stiffness.

The determination of the material properties for the secondary law is broken down

into four steps:

1. section 3.4.1: Determine the critical fracture toughness and the BK fit.

2. section 3.4.2: Determine the mode I interface strength using an FE model of a DCB

to study the fracture processing zone length.

3. section 3.4.3: Determine the mode I penalty stiffness.

4. section 3.4.4: Determine the mode II interface strength/stiffness, adding the require-

ment for the secondary law to also be thermodynamically consistent[106].

3.4.1 The critical fracture toughness
The fracture toughness of the primary law is defined by the𝐺0 and 𝜂0 that has been obtained

in section 3.3.5:

𝐺
𝑃𝑟𝑖
𝑖 = 𝐺

0
𝑖 𝑖 = 𝐼 , 𝐼 𝐼 (3.19)

𝜂
𝑃𝑟𝑖
= 𝜂
0

(3.20)

The toughness in the secondary law is chosen such that when superposed with the

primary law it is equal to the steady-state test results:

𝐺
𝑆𝑆
𝑖 = 𝐺

𝑃𝑟𝑖
𝑖 +𝐺

𝑆𝑒𝑐
𝑖 𝑖 = 𝐼 , 𝐼 𝐼 (3.21)

or

𝐺
𝑆𝑒𝑐
𝑖 = 𝐺

𝑆𝑆
𝑖 −𝐺

𝑃𝑟𝑖
𝑖 𝑖 = 𝐼 , 𝐼 𝐼 (3.22)



3.4 Determination of the trilinear law

3

63

For the superposition, two sets of BK-laws are needed to approximate the steady-state

results. Therefore equation (3.23) is solved for 𝜂𝑆𝑒𝑐 with all other variables already known.

𝐺
𝑆𝑆
(𝑀) ≈ 𝐺

𝑃𝑟𝑖
𝐼 +(𝐺

𝑃𝑟𝑖
𝐼 𝐼 −𝐺

𝑃𝑟𝑖
𝐼 )𝑀

𝜂𝑃𝑟𝑖
+𝐺

𝑆𝑒𝑐
𝐼 +(𝐺

𝑆𝑒𝑐
𝐼 𝐼 −𝐺

𝑆𝑒𝑐
𝐼 )𝑀

𝜂𝑆𝑒𝑐
= 𝐺

𝑃𝑟𝑖
+𝐺

𝑆𝑒𝑐
(3.23)

The final results of the primary(Gpri), secondary(Gsec) and superposed (Gpri+Gsec)

are shown figure 3.18. As the difference between primary and steady-state becomes smaller

for higher mode II Gsec slopes downwards. As Gsec is superposed over Gpri, the resulting

Gpri+Gsec is different from the direct optimisation of GSS in figure 3.16.

Figure 3.18: Superposed (GPri+GSec) Benzeggagh-Kenane fit for primary (GPri) and secondary (GSec) toughness

to approximate the mixed-mode steady-state (GSS) results.

3.4.2 The secondary mode I interface strength
The strength for the secondary bilinear law needs to be determined. For the primary law

the strength is an experimentally determined value by a transverse tensile strength test

on a unidirectional coupon, which is a pure matrix-loaded test. The interface strength

defines the point of initiation, but indirectly it defines the fracture processing zone length

of the cohesive zone model[59, 101, 107]. This attribute is exploited for the secondary law.

Through a sensitivity study on the interface strength in a numerical model, the process

zone length to go from initiation to steady-state can be fitted to match the experiments.

A model of a DCB coupon was used to study the sensitivity of the mode I interface

strength. Themodel was developed according to the framework described in section 2.3. For

illustration, the out-of-plane displacement and interface damage at an applied displacement

of 10 mm is shown in figure 3.19 for a DCB coupon with a secondary interface strength of

0.7 MPa.
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(a) Out-of-plane deformation (b) Interface damage

Figure 3.19: Example of the response of a DCB model at 10 mm applied displacement with a secondary interface

strength of 0.7 MPa.

An interface strength of 0.35 MPa - 3.0 MPa was investigated. From these models,

the force-displacement curves are extracted as well as the delamination length. Using

equation (3.4) the R-curve response experienced by the DCB models is retrieved. The

results of the different interface strengths for a fixed 𝐺0𝐼𝐶 of 0.26 N/mm and 𝐺𝑆𝑆𝐼𝐶 of 0.65

N/mm are given in figure 3.20.

The initiation and steady-state are not affected by the interface strength, and both follow

nicely the experimental results (in grey). While the transition is affected. In figure 3.20a

the peak force is reduced, giving a lower strength, and in figure 3.20b the processing zone

length is increased.

The fracture processing zone length can also be visualised within the model itself. The

number of active cohesive elements in the secondary cohesive element set should match the

processing zone length of 12.1 mm, as presented in table 3.1. The top view of the secondary

interface, highlighting the coloured processing zone, is given in figure 3.21 for the four

models. Considering both plots of figure 3.20 and the length calculated in figure 3.21, an

interface strength of 0.7 MPa is deemed to be the best.

3.4.3 The secondary mode I penalty stiffness
The penalty stiffness can be calculated from the primary and secondary interface strengths

and the CSERR. The goal is to have the point of initiation of the secondary law be at

the same displacement as the point of full failure for the primary law. A bilinear law

forms a triangle from which the endpoint of the primary law can be calculated based on

trigonometry using:

𝐺𝐶 = 0.5𝜎𝑐𝑑𝑒𝑛𝑑 (3.24)

Rewriting it makes it possible to obtain the displacement for full failure[108]:

𝑑
𝑃𝑟𝑖
𝑒𝑛𝑑 =

2𝐺𝑃𝑟𝑖𝐶

𝜎𝑃𝑟𝑖𝑐
(3.25)
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(a) Force-displacement (b) Strain energy release rate

Figure 3.20: Change of the peak force and processing zone length due to the change of the Mode I interface

strength in the DCB models.

(a) 𝜎𝑐 = 0.35MPa

𝐿𝑓 𝑝𝑧 = 19.2 mm

(b) 𝜎𝑐 = 0.7MPa

𝐿𝑓 𝑝𝑧 = 12.9 mm

(c) 𝜎𝑐 = 1.5MPa

𝐿𝑓 𝑝𝑧 = 8.2 mm

(d) 𝜎𝑐 = 3MPa

𝐿𝑓 𝑝𝑧 = 5.2 mm

Figure 3.21: Fracture processing zone length in the DCB FE models of the secondary set of cohesive elements for

different interface strengths.

The initiation point of the secondary law can be calculated as follows:

𝑑
𝑆𝑒𝑐
0 =

𝜎𝑆𝑒𝑐𝑐

𝐾 𝑆𝑒𝑐
(3.26)

With the requirement that 𝑑𝑆𝑒𝑐0 = 𝑑
𝑃𝑟𝑖
𝑒𝑛𝑑

the stiffness can be calculated by:

𝐾
𝑆𝑒𝑐
= 𝜎

𝑆𝑒𝑐
𝑐

𝜎𝑃𝑟𝑖𝑐

2𝐺𝑃𝑟𝑖𝐶
(3.27)

3.4.4 The secondary mode II interface strength and stiffness
The fracture processing zone for mode II is unknown and therefore difficult to use to

estimate the mode II interface strength and consequently the penalty stiffness. In addition

to the matching of the primary end and the secondary initiation, the requirement of
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thermodynamical consistency is added[109, 110]. This requirement was already present for

a normal bilinear law for the primary cohesive elements but has so far not been included

for the secondary law. This consistency means that during a change in mixed-mode

conditions, no energy is being retrieved. This is especially important in the secondary law

as it deals with large processing zones and thence change in mixed-mode conditions. This

requirement is discussed in section 5.3 and the equation is repeated in equation (3.28)

𝐾𝑠ℎ = 𝐾𝐼
𝐺𝐼𝐶

𝐺𝐼 𝐼𝐶 (

𝜏𝑐

𝜎𝑐)

2

(3.28)

First write equation (3.27) in terms of the secondary shear stiffness:

𝐾
𝑆𝑒𝑐
𝑆ℎ = 𝜏

𝑆𝑒𝑐
𝑐

𝜏𝑃𝑟𝑖𝑐

2𝐺𝑃𝑟𝑖𝐼 𝐼𝐶
(3.29)

which can now be related to equation (3.28), from which the following is obtained:

𝐾
𝑆𝑒𝑐
𝐼

𝐺𝑆𝑒𝑐𝐼𝐶

𝐺𝑆𝑒𝑐𝐼 𝐼𝐶 (

𝜏𝑆𝑒𝑐𝑐

𝜎𝑆𝑒𝑐𝑐 )

2

= 𝜏
𝑆𝑒𝑐
𝑐

𝜏𝑃𝑟𝑖𝑐

2𝐺𝑃𝑟𝑖𝐼 𝐼𝐶
(3.30)

The terms can be reordered to solve for 𝜏𝑆𝑒𝑐𝑐

𝜏
𝑆𝑒𝑐
𝑐 =

(𝜎𝑆𝑒𝑐𝑐 )
2

𝐾 𝑆𝑒𝑐𝐼

𝜏𝑃𝑟𝑖𝑐

2𝐺𝑃𝑟𝑖𝐼 𝐼 𝑐

𝐺𝑆𝑒𝑐𝐼 𝐼 𝑐

𝐺𝑆𝑒𝑐𝐼 𝑐
(3.31)

By substituting again equation (3.27) for 𝐾 𝑆𝑒𝑐𝐼 the final solution is obtained:

𝜏
𝑆𝑒𝑐
𝑐 = 𝜏

𝑃𝑟𝑖
𝑐

𝜎𝑆𝑒𝑐𝑐

𝜎𝑃𝑟𝑖𝑐

𝐺𝑆𝑒𝑐𝐼 𝐼 𝑐

𝐺𝑃𝑟𝑖𝐼 𝐼 𝑐

𝐺𝑃𝑟𝑖𝐼 𝑐

𝐺𝑆𝑒𝑐𝐼 𝑐
(3.32)

By rewriting it can be seen that ratios for the strength and toughness of the primary

law need to be equal to the secondary law:

𝐺𝑃𝑟𝑖𝐼 𝐼 𝑐

𝐺𝑃𝑟𝑖𝐼 𝑐

𝜎𝑃𝑟𝑖𝑐

𝜏𝑃𝑟𝑖𝑐
=
𝐺𝑆𝑒𝑐𝐼 𝐼 𝑐

𝐺𝑆𝑒𝑐𝐼 𝑐

𝜎𝑆𝑒𝑐𝑐

𝜏𝑆𝑒𝑐𝑐
(3.33)

Equation (3.29) can now be solved for the secondary shear stiffness as well.

3.5 Final properties
Two sets of properties, initiation and steady-state have been derived in this chapter in

addition to the results already available from Clay et al.[102]. The properties from the

unidirectional interface will be used for the base models of the multi-stringer and single-

stringer specimens in future chapters, which will provide a lower-limit prediction of

separation. For the numerical-experimental comparison, the steady-state is used as an

upper bound.

Three sets of superposed properties are proposed. The first uses the properties of

the unidirectional tests from literature and the steady-state from this characterization.

The second set uses the initiation and steady-state from this characterization study. The
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difference for mode I is only small, but the split between the initiation and propagation

values for mode II is greater. Lastly, a trilinear law with no increase in mode II is assumed

to study the mixed-mode behaviour in the single-stringer models.

Table 3.2: List of the final cohesive interface properties to be used throughout this thesis.

Name Symbol 𝐺𝐼 𝜎𝑐 𝐾𝐼 𝐺𝐼 𝐼 𝜏𝑐 𝐾𝑠ℎ 𝜂𝐵𝐾

Base UD (Clay [102]) 𝐺𝑐𝑙𝑎𝑦 0.256 78.9 4.76E5 0.65 99.4 - 2.07

Initiation (0) 𝐺0 0.26 99.4 4.76E5 1.19 99.4 4.11E5 2.77

Steady-state (SS) 𝐺𝑆𝑆 0.64 78.9 4.76E5 1.29 99.4 - 3.33

Trilaw 𝐺𝑐𝑙𝑎𝑦 −𝐺𝑆𝑆
𝐺𝑐𝑙𝑎𝑦 0.256 78.9 4.76E5 0.65 99.4 8.98E3 2.07

𝐺𝑆𝑆 0.384 0.7 108 0.64 0.6 44 5.67

Trilaw 𝐺0−𝐺𝑆𝑆
𝐺0 0.26 78.9 4.76E5 1.19 99.4 1.65E5 2.77

𝐺𝑆𝑆 0.38 0.7 106 0.1 0.05 2.11 1.64

Trilaw 𝐺𝑐𝑙𝑎𝑦 −𝐺𝐼 𝐼0
𝐺𝑐𝑙𝑎𝑦 0.256 78.9 4.76E5 0.65 99.4 8.98E3 2.07

𝐺𝐼 𝐼0 0.38 0.7 106 0.1 33.0 5.55E3 1.65

3.6 Discussion
This discussion includes mainly the implementation of the properties in the MMB models

and the corresponding discussion on the validity of the properties, the data reduction

method and the test itself.

3.6.1 Mixed-mode implementation of the trilinear law.
The interface properties are implemented in the mixed-mode bending models, developed

through section 2.3. An example of the response in FE is given in figure 3.22.

(a) Out-of-plane deformation (b) Interface damage

Figure 3.22: Example of the response of an MMB model at 8 mm applied displacement.

The mixed-mode conditions of the tests are considered for the calculation of the lever

length in the numerical model: 20%, 44% and 76%. The force-displacement responses are
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not compared to the tests as in the numerical model the mass of the lever is not considered.

The force-displacement response and strain energy release rates are shown in figure 3.23.

(a) Force-displacement (b) Strain energy release rate

Figure 3.23: Numerical results of MMB for different mixed-mode conditions with R-curve properties.

The initiation and slope of the CSERR are captured by the models as can be seen in

figure 3.23b. However, all three models fail to reproduce the steady-state part of the R-curve

that was observed during the tests. In order to understand the shortcomings of the MMB

models with a superposed trilinear law, a closer look is taken at changing the secondary

mode II interface strength and secondly at different interface toughnesses. The 44% mixed-

mode bending tests were selected as the load case to verify the correct implementation of

the properties.

3.6.2 Mode II secondary interface strength effect on mixed-
mode trilinear law.

The effect of the secondary interface strength on the force-displacement and strain energy

release rate responses are shown in figure 3.24. The basic model with interface strength

of 0.05 MPa, as a result of equation (3.32), severely overpredicts its own input. The low

interface strength results in a long processing zone, which has an effect on the instantaneous

mixed-mode conditions [107, 111, 112].

The outcome is that in order to reproduce the same R-curve-like effects as the test the

secondary interface strength needs to be increased to 180 MPa. This actually leads to the

displacement at the initiation of the cohesive element being higher than the displacement

at full failure. It is simply assumed that all its energy will be released upon reaching

the maximum strength. In order to implement this higher strength, the earlier imposed

requirement of thermodynamical consistency is ignored. The requirement of having the

initiation of the secondary mode match the final failure of the primary mode is still retained.
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(a) Force-displacement (b) Strain energy release rate

Figure 3.24: Shortening of the fracture processing zone due to increase of the secondary Mode II strength in an

44% MMB FE model.

3.6.3 Mode II interface toughness effect on mixed-mode tri-
linear law.

The interface properties proposed in table 3.2 are implemented in the MMB 44$ model. The

results of these models are shown in figure 3.25. All three bilinear law models reproduce

the interface toughness measurements. The fact that GSS is overshooting the steady-state

is a result of the optimized fit to obtain the BK law. Although the measured steady-state

was around 0.61 N/mm, the implemented steady-state BK is closer to 0.7, as could be seen in

figure 3.16. All trilinear models completely overshoot the steady-state. Most interestingly,

setting mode II to have no increase in fracture toughness also has no effect on the outcome.

3.6.4 Discussion on the validity of the constant mixed-mode
assumption

The changing mode-mixity can be seen from the output of a primary and secondary

cohesive element at the same location. The total mixed-mode CSERR at the centroid

of both elements plotted against its damage variable SDEG is presented in figure 3.26.

Generally, the primary element starts around pure mode II, and the total mixed-mode

condition slowly falls during damage evolution until it reaches the desired 0.44. Note that

the instantaneous mode-mixity is likely to be lower than 0.44 to compensate for the initial

energy released under mode II. The secondary cohesive element initiate and fails under

pure mode I. This is why there was no effect in the outcome of the MMB50 models when it

is assumed there is no increase in mode II fracture toughness (GII0) in figure 3.25.

The changing mixed-mode conditions can be visualised from the deformation of lami-

nates adjacent to the interface. The side view of a mixed-mode bending coupon, showing

the cohesive interface in red, is presented in figure 3.27. The nodes at either side of the

interface have a vertical and horizontal displacement with respect to the other side. The
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(a) Force-displacement (b) Strain energy release rate

Figure 3.25: Illustration of all properties of table 3.1 in the 44% MMB FE model. There is no change when

removing the mode II R-curve effect (GII0)

Figure 3.26: Change of mode-mixity during damage evolution in a cohesive element.

higher the ratio of the vertical opening to the horizontal, the more mode I is present. Larger

processing zones lead to a higher mode I opening due to the mismatch in the curvatures of

the two arms [111].

In summary, the increase of fracture toughness due to the failure mechanisms in the

wake of the crack is assumed to happen in the fixed 44% mixed-mode state. However, the

energy is being released locally under (pure) mode I. The MMB data reduction method does

not account for this. Hence it is not suitable for the characterisation of R-curve effects.

The effect of not knowing the toughening properties under a fixed mixed-mode condi-

tion is minimal if the structure itself does not experience it. Hence, for the continuation

of this work, it is assumed that all energy in the MMB has been released under the three
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Figure 3.27: Interface deformation of a MMB 50% with a scale factor of 3. The ratio of vertical to horizontal

displacement is larger on the right and smaller closer to the crack front on the left.

fixed mixed-mode conditions. What might still have an effect that is ignored is that the

toughening mechanisms for mode I are different if the history of the crack opening is under

a certain mixed-mode. For example, in figure 3.21, fibres are bridging between a +45//-45

interface, whereas in figure 3.14, there are fewer fibres bridging, but there is delamination

migration.

3.7 Conclusion
Coupon tests are used to characterise the interface fracture toughness for a cross-ply

interface. The layup of the bottom sublaminate is the same as the skin for all other

specimens considered within this thesis, and the top sublaminate is its anti-symmetric

counterpart. DCB, MMB (20%, 50% and 80%) and ENF tests were performed to get the full

range of interface properties. This made it possible to calculate the dependency of the

interface toughness on the mode-mixity following the Benzeggagh-Kenane relationship.

Cross-ply interface toughening effects occurring at the interface cause the CSERR to

increase when the delamination length increases. This R-curve effect is also identified by

fitting a bilinear optimisation curve through the data set of each coupon test. With these

results, initiation and steady-state interface toughness as well as the fracture processing

zone length were obtained. For higher mode-mixity, the initiation values increased, and

the fracture processing zone length and the increase of fracture toughness both decreased.

Both the fibre bridging decreased and the delamination migration increased for increasing

mixed-mode.

The R-curve effect was implemented within the finite element models through an ap-

proach where two bilinear cohesive laws are superposed to obtain a trilinear law behaviour.

The work of Dàvila was used as the basis and adapted. With the updated approach, the

initiation of the second law occurs exactly when the first element has fully failed. This

decouples the two cohesive elements; the two superposed elements will not release energy

simultaneously. Furthermore, the requirement of thermodynamic consistency between
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normal and shearing modes is also applied to the second law. This allows calculating the

mode II interface strength without knowing the fracture processing zone length.

The interface properties were applied to a DCB and MMB 44% model, and the same

experimental data reduction scheme was applied to the numerical models. This showed

that the R-curve effect is well captured for the DCB model. The opposite is true for the

MMB 44% model, but the results are used regardless as it has been shown that reducing

the increase of fracture toughness of mode II had no effect on the outcome of the models.

This chapter presented a table of all the considered sets of cohesive interface properties,

two bilinear law and three superposed trilinear law sets of properties. The effect of the

interface properties on postbuckling separation will be the topic of the other chapters.
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4
A semi-analytical approach

to identify initiation of
bending separation

The typical bending of the skin in postbuckling can locally be addressed as a two-dimensional
problem. Due to this two-dimensionality, a simple criterion that predicts the initiation location
can be designed. The approach is semi-analytical, working in conjunction with a finite element
model of a stiffened panel. Unlike models employing cohesive elements to capture initiation,
the computational time is short whilst attaining acceptable accuracy. Verification is done
through a representative 2D skin-flange bending model, where analytical failure is compared
to failure using cohesive elements. The assumption of a small precrack is similar to a state of
cohesive elements with low interface strengths. The analytical framework is also applied to a
finite element model of postbuckled four-stringer composite panels. The model is validated
through cohesive elements in the four-stringer panel with an error within 10%. This procedure
can potentially reduce the overall development cost and allows the investigation of the design
parameters that influence the skin-stringer separation.
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4.1 Introduction
This chapter presents a semi-analytical approach to investigate the initiation of skin-stringer

separation. Commonly these types of criteria are either fully numerical or analytical. Within

a purely analytical framework, there are limits to the complexity of the structure, such as

boundary conditions and imperfections. Whereas in FE, the primary method to capture

initiation, cohesive zone modelling, is time-consuming for large structures.

This failure criterion works in conjunction with a finite element model to predict

the initiation. This offers significant computational advantages as well as versatility and

usability. This approach uses the moment output from a finite element analysis to identify

the locations of maximum bending and maximum twisting. Subsequently, a failure index is

calculated to estimate the applied displacement where the stringer will start to separate

from the skin due to the postbuckling deformations.

A simple model can be made of a composite structure using FE, where different geome-

tries or stacking sequences can be considered. Furthermore, FE allows the consideration of

initial geometrical imperfections by adding a scaled buckling eigenvalue mode or actual

panel measurements. Different buckling cases could be investigated for the same geometry

and the possible change in buckling patterns at high postbuckling ratios

After the derivation, implementation and verification of the semi-analytical criterion, it

is applied to the four-stringer panel designs discussed in section 2.6. This makes it possible

to efficiently determine the critical postbuckling shape, which corresponds to step 1 in the

building block pyramid in figure 2.1. This chapter is split into separate sections:

Chapter goals

• section 4.2: To derive a semi-analytical equation for the determination of the

initiation of skin-stringer separation.

• section 4.3: To illustrate the finite element implementation and verify the criterion

by comparing semi-analytical to cohesive initiation.

• section 4.4: To determine the initiation in two four-stringer panel designs using the

criterion and verify the outcome of the panel once more to a cohesive model.

4.2 The semi-analytical approach
The derivation of the initiation criterion for bending is based on the fracture mechanics-

based approach initially developed by Williams [25, 113] to estimate the propagation of an

initial crack in laminated composites.

A coupon specimen with an initial pre-crack in a double cantilever beam is used, as

shown in 4.1a. The nomenclature designates the top laminate as the flange (f) and the

bottom laminate as the skin (s), and where these two are connected, the skin-flange overlap

as (sf). A moment (M) is applied to the skin, the flange, and the skin-flange overlap and

subsequently, the parts undergo a rotation (𝜙).

Although the skin-flange overlap is intact, the skin and flange part of the intact overlap

are considered separately. This can be done as in the finite element model, the skin and

flange are modelled as separate elements. This makes it possible to consider the slope of
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the overlap to be bilinear instead of linear, deviating from William’s work [25]. The two

connected parts consist of the skin laminate (sf1) and the stringer laminate (sf2).

After a small crack extension, the previous crack front is split into the unconnected

skin and flange laminates, as can be seen in 4.1b. For a small crack extension, it is assumed

that the moments in sections s and f do not change. Hence, the initial moments of the skin

and flange now also act on the two unconnected sections at the initial crack front.

(a) Initial state. (b) After propagation.

Figure 4.1: Skin-flange cross-section with individual bending moments and section rotation.

Due to the small crack extension da, the strain energy (U) and the external energy (V)

change and the difference between the two states give the strain energy release rate (G):

𝐺 =
(

𝑑𝑉

𝑑𝑎
−
𝑑𝑈

𝑑𝑎 )
(4.1)

The crack extends by a length of da if the strain energy release rate approaches the

critical strain energy release rate (Gc) value. The curvature (𝜅) in the direction of crack

extension is equal to the variation in the slope over the distance dy, therefore:

𝑑𝜙

𝑑𝑦
= 𝜅𝑦 =𝑀𝑦𝑑22 =

𝑑𝜙

𝑑𝑎
(4.2)

where 𝑑22 is the bending compliance of a composite laminate. The variation in the

external energy can be defined as the change in the curvature and applied moment due

to the crack extension. The external energy applied to the crack front prior to a crack

extension is given by:

𝑑𝑉

𝑑𝑎
=
(
𝑀𝑦𝑠
𝑑𝜙𝑠

𝑑𝑎
+𝑀𝑦𝑓

𝑑𝜙𝑓

𝑑𝑎 )
−
(
𝑀𝑦𝑠𝑓 1

𝑑𝜙𝑠𝑓 1

𝑑𝑎
+𝑀𝑦𝑠𝑓 2

𝑑𝜙𝑠𝑓 2

𝑑𝑎 )
(4.3)

Substituting equation (4.2) and considering that sf1 and s have the same bending

compliance and sf2 and f also have the same bending compliance, the following expression

is obtained:

𝑑𝑉/𝑑𝑎 =
(
𝑀
2
𝑦𝑠
−𝑀

2
𝑦𝑠𝑓 1)

𝑑22𝑠 +(
𝑀
2
𝑦𝑓
−𝑀

2
𝑦𝑠𝑓 2)

𝑑22𝑓 (4.4)
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The strain energy of a plate subjected to bending moments is given by:

𝑈 =
1

2
𝑀
2
𝑦𝑑22 (4.5)

Considering the sections at the crack front of figure 4.1a, the following equation is

obtained:

𝑈 =
1

2 (
𝑀
2
𝑦𝑠𝑓 1
𝑑22𝑠 +𝑀

2
𝑦𝑠𝑓 2
𝑑22𝑓 )

(4.6)

After a crack extension, as represented in figure 4.1b, the strain energy is given by:

𝑈 =
1

2
(𝑀

2
𝑦𝑠
𝑑22𝑠 +𝑀

2
𝑦𝑠
𝑑22𝑓 ) (4.7)

Therefore the variation of the strain energy due to the crack extension da is:

𝑑𝑈

𝑑𝑎
=
1

2 (
𝑀
2
𝑦𝑠𝑓 1
𝑑22𝑠 +𝑀

2
𝑦𝑠𝑓 2
𝑑22𝑓 )

−
1

2
(𝑀

2
𝑦𝑠
𝑑22𝑠 +𝑀

2
𝑦𝑠
𝑑22𝑓 ) (4.8)

𝑑𝑈

𝑑𝑎
=
1

2 (
𝑀
2
𝑦𝑠
−𝑀

2
𝑦𝑠𝑓 1)

𝑑22𝑠 +
1

2 (
𝑀
2
𝑦𝑓
−𝑀

2
𝑦𝑠𝑓 2)

𝑑22𝑓 (4.9)

The variation in the strain energy (equation (4.9)) is half of the variation in the external

energy (equation (4.4)), hence the strain energy release rate of equation (4.1) can be written

as:

𝐺 =
1

2 (
𝑀
2
𝑦𝑠
−𝑀

2
𝑦𝑠𝑓 1)

𝑑22𝑠 +(
𝑀
2
𝑦𝑓
−𝑀

2
𝑦𝑠𝑓 2)

𝑑22𝑓 (4.10)

Until this point, the derivation followed William’s work [25], except for splitting the

skin-flange overlap in the two sections. In the case of initiation of skin-stringer separation in

a stiffened panel, a free edge needs to be considered. The updated skin-flange cross-section

is illustrated in figure 4.2.

Figure 4.2: Skin-flange cross-section with flange termination.

Before a crack extension, the moment in the top section of the skin-flange laminate,

sf2, is only attributed to the transfer of the loads from the skin through the skin-stringer

interface. This is because there is a free edge and thus 𝑀𝑦𝑓 is zero. After a crack extension,

the moment 𝑀𝑦𝑠𝑓 2 becomes zero as well. Therefore, in this case equation (4.10) becomes:
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𝐺 =
1

2
(𝑀

2
𝑦𝑠
𝑑22𝑠)−(

𝑀
2
𝑦𝑠𝑓 2
𝑑22𝑓 +𝑀

2
𝑦𝑠𝑓 1
𝑑22𝑠)

(4.11)

The failure index (FI) for skin-stringer separation initiation can be calculated by com-

paring the strain energy release rate to the critical strain energy release rate. Although

any stiffness mismatch between skin and flange laminates will couple opening and shear

crack tractions, it is assumed that, in the loading case of figure 4.2, the critical strain energy

release rate is dominated by mode I. Consequently, the failure index is expressed in terms

of the mode I critical energy GIc as:

𝐹𝐼 =
1

2𝐺𝐼 𝑐
(
𝑀
2
𝑦𝑠
𝑑22𝑠 −(

𝑀
2
𝑦𝑠𝑓 2
𝑑22𝑓 +𝑀

2
𝑦𝑠𝑓 1
𝑑22𝑠))

(4.12)

The failure index is set to zero if the bending moment is negative in the skin-only

section.

4.3 Implementation and verification of the semi-
analytical criterion

A representative skin-flange model is developed to show the implementation of the criterion

within FE. Furthermore, the model is used for the mesh sensitivity study and verification

through a cohesive comparison.

4.3.1 Representative verification model
For the illustration of the implementation process and for the verification of the criterion

a simple skin-flange bending model is developed. The model is representative of the

skin-flange section of a multi-stringer panel, specifically the red highlighted section in

figure 4.3.

Figure 4.3: Section of a stiffened panel for which the criterion implementation/verification model is

representative.

The verification model is shown in figure 4.4 including dimensions. A load orthogonal

to the skin is applied to create a bending moment locally at the skin-flange interface similar

to the conditions in a postbuckled panel. A distance of 100 mm was chosen between
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the applied displacement (dz) and the flange termination to limit the vertical shear load.

All nodes are constrained to only deform in the yz-plane. This effectively creates the

2-dimensional loading and deformation conditions on which this criterion is based, whilst

being consistent with the use of SC8R elements. The left side of the model is fully clamped.

The dimension in the x-direction is always 1 mm with only a single element in that

direction. Also in the z-direction, only a single element is used per sublaminate, but its

thickness depends on the layup. The mesh size in the y-direction is variable. A mesh size of

1 mm and a stringer twice the thickness of the skin is used as the reference model, which

can be found in figure 4.4.

Figure 4.4: Numerical skin-flange bending model for criterion verification.

The applied displacement (dz) versus the force is given in figure 4.5 and the correspond-

ing out-of-plane displacement (U3) plot at 20 mm displacement in figure 4.6. The results

are mainly presented to give an indication of the type of loading and to be able to recreate

and validate the results.

Figure 4.5: Force-displacement response of the baseline skin-flange model.
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Figure 4.6: Deformation of the baseline skin-flange model.

4.3.2 Finite element implementation
Within the FE model, three sets of elements are defined, for the skin (s), the skin part of

the skin-flange (sf1) and the flange part (sf2). The three output locations are highlighted in

figure 4.4. For the verification model, this is a single element per set, but for the single/multi-

stringer panels it includes all the elements along the length/x-axis at this cross-sectional

location. The sets are defined as follows in the input file:

*ELSET, ELSET = FI_S
nID1, nIDx

*ELSET, ELSET = FI_SF1
nID2, nIDx

*ELSET, ELSET = FI_SF2
nID3, nIDx

The section curvatures or moments and forces can be requested, next to the standard

strains/stresses:

*Element Output, directions=YES
EE, S,Sk,Sm,Sf

At the end of the analysis a python for Abaqus script is called that writes a comma-

separated values (csv) file for all output frames and for each of the sets through a for loop.

Using the abaqus function LeafFromElementSets, only the elements within that set are

written to the csv file using writeFieldReport.

session.fieldReportOptions.setValues(
reportFormat=COMMA_SEPARATED_VALUES)

for loc in ['S','SF1','SF2']:
leaf = dgo.LeafFromElementSets(elementSets=(Part+
'.FI_'+loc, ))

myViewport.odbDisplay.displayGroup.replace(leaf=leaf)
session.writeFieldReport(fileName='{}/{}_SK_{}_{}.csv'
.format(Path,ViewportName,loc,Frame), append=OFF,
sortItem='Element Label', odb=odb, step=i, frame=j,
outputPosition=INTEGRATION_POINT, variable=
(('SK', INTEGRATION_POINT), ), stepFrame=SPECIFY)
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The csv file includes the following columns:

• ODB Name

• Step

• Frame

• Part Instance Name

• Element Label

• IntPt

• X

• Y

• Z

• Section Name

• Material Name

• Section Point

• SK-SK2

• SK-SK1

• SK-SK3

Through standard Python this can be imported as a Pandas (pd) dataframe.

Df_SK = pd.read_csv(framename.csv',usecols =
[' Element Label','X','Y','Z','Section Name',
'Material Name',' SK-SK1',
' SK-SK2',' SK-SK3']
).sort_values(['X'])

The added benefit of the csv file is that next to the standard field output (element label

and element output) it also includes the xyz coordinates of the element centroid as well

as the section and material name. The coordinates can be used to sort all the elements

in the x-direction. The section and material name can be coupled to the initial input file.

Reading the input file the material properties can be connected to the composite layup

continuum shell section to calculate the bending stiffness (ABD Matrix). In the end for

each element group, (s, sf1 and sf2) the x-location the bending stiffness and the section

curvature/moment is known.

Defining a lambda function in Python to calculate the component𝑀2𝑦𝑑22 = 𝑘
2
𝑦𝐷22 allows

to easily calculate the Failure Index using equation (4.12):

valsq = lambda loc, out, j: Df_SK[loc][out].values**2
*ABD[loc][j,j]

CSERR = 0.5*abs(-valsq('S','SK2',4)+valsq('SF1','SK2',4)+
valsq('SF2','SK2',4))
CSERR[Df_SK['S']['SK2']<0]=0

FI_B = CSERR/Gc['I']



4.3 Implementation and verification of the semi-analytical criterion

4

81

4.3.3 Mesh sensitivity of the semi-analytical criterion
The sensitivity of the semi-analytical criterion to the mesh size is studied on the model

depicted in figure 4.4. The element size of the skin and skin-flange overlap are first varied

simultaneously, between 0.1 and 2.0 mm. Next, the skin element size is varied while keeping

the overlap at 0.3 mm. Hereafter the skin size is fixed at 0.3 mm and the overlap is changed.

Additionally, the skin and overlap are fixed at 2.0 mm and only the first element of the

overlap, at which the output sf1/sf2 is requested, is decreased.

Examples of the different meshing strategies are shown in figure 4.8. These models

show the bending moment (SM2) to see how that is affected locally by the choice of the

mesh size. The magnitude of the bending moment in the skin is unaffected by the mesh

size, comparing figure 4.8a to figure 4.8b. Hence in figure 4.7 the criterion seems to be

independent of the skin mesh size. Oppositely, a smaller mesh size for the stringer flange,

as shown in figure 4.8c, does lead to a higher local bending moment in Sf2. These are

attributed to the singularities present at a stringer flange edge[114]. This sensitivity is also

seen in figure 4.7, when looking at the curve "flange, skin = 0.3 mm". The refinement is

however only required in the first (rightmost) element of the skin-flange overlap, illustrated

in figure 4.8d.

Figure 4.7: Mesh sensitivity of the semi-analytical criterion. Changing only the flange mesh size, only the skin

mesh size, and changing both simultaneously.
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(a) skin = flange = 2.0 mm

(b) skin = 0.3 mm, flange = 2.0 mm

(c) skin = 2.0 mm, flange = 0.3 mm

(d) skin = flange = 2.0 mm, flange edge (SF1/SF2) = 0.3 mm

Figure 4.8: Mesh view of verification models, showing bending moment at a displacement of 18 mm.
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4.3.4 Verification of the criterion against cohesive initia-
tion

The semi-analytical criterion can be verified using a similar model employing cohesive

elements. The cohesive elements are zero-thickness with an element length of 0.3 mm

along the y-axis and implemented following the method of section 2.3. The bilinear Gclay
properties of table 3.2 are used for the cohesive material. However the mode I interface

strength is varied: 10, 25, 50, 78.9, and 100 MPa and with that the shear penalty stiffness

changes according to equation (3.28). The out-of-plane displacement and interface damage

of the cohesive model with a strength of 78.9 MPa is shown in figure 4.9.

(a) Out-of-plane displacement

(b) Close up of interface damage

Figure 4.9: FE field output results of the cohesive model with an interface strength of 78.9 MPa.

The force-displacement response of the models with cohesive elements and the model

with the criterion implemented is shown in figure 4.10. The initiation within the cohesive

enriched models, defined by the location of the peak force, decreases with interface strength.

At a low strength (<50 MPa), initiation stabilizes around the analytically found initiation

point. The exact percentage difference is collected in table 4.1. This shows that if the

strength is already exceeded, due to matrix cracking or other pre-damages, the criterion

is able to predict the onset of that assumed pre-damage. If not, the criterion gives a

conservative prediction of initiation[115].
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Figure 4.10: Force-displacement curves of the semi-analytical model and cohesive models with different interface

strengths to illustrate initiation.

Table 4.1: Displacement at initiation for the semi-analytical model (Crit.) and cohesive models with different

interface strengths.

Model Crit. 10 MPa 25 MPa 50 MPa 78.9 MPa 100 MPa

d, mm 24.95 25.61(+3%) 25.07(+0%) 27.00(+8%) 29.56(+18%) 31.87(+28%)

4.4 Initiationof separation ina four-stringerpanel
The semi-analytical criterion derived in section 4.2 can be used to determine the initiation

in a multi-stringer panel design. In this section, the applied compressive displacement at

which skin-stringer separation might occur in the four-stringer panel is determined used

the criterion. The critical locations in the corresponding postbuckling shape can obtained

as well. The four-stringer panel models are also studied using cohesive elements to verify

the outcome of the criterion.

The material properties and the laminate designs have been discussed in section 2.6.1

and section 2.6.2, respectively. As explained in section 2.6.2, two designs are considered: a

panel with stringers that are the same thickness as the skin (thickness flange/skin=1) and

a panel where the stringers are twice the thickness of the skin (thickness flange/skin=2).

They will be simply referred to as the thin-stringer and thick-stringer panel, respectively.

The thick-stringer panel and the thin-stringer panel will be discussed in section 4.4.1 and

section 4.4.2, respectively. The specifics regarding the mesh and analysis can be found in

section 2.3 and there are no initial imperfections applied to these models.

The four-stringer panel model without cohesive elements is presented in figure 4.11.

The total amount of elements is 5e5 and the amount of nodes is 2.5e5. Three sets of elements

are defined, the last skin element (s) and the first elements of the skin-flange overlap (sf1

and sf2). All elements at this cross-sectional location along the full length of the panel are

included in the sets.



4.4 Initiation of separation in a four-stringer panel

4

85

Figure 4.11: Four-stringer panel with a mesh size of 2 mm and local edge refinement of 0.3, with the three

sections (s, sf1 and sf2) highlighted for the output used in the criterion.

A four-stringer panel model with a section that includes cohesive elements is created.

The central part that is finely meshed is tied to its surroundings and includes cohesive

elements at the interface. The model can be seen in figure 4.12 and contains 1.5E6 nodes

and 1.3e6 elements.

First, the load-displacement curve and postbuckling shape of the simple model will

be shown. Next, the failure indices from the criterion along the flange termination plus

the corresponding bending moment My and twisting moment Mxy distribution will be

compared. Next, the results are compared to the cohesive model.

4.4.1 Thick stringer panel: bending failure
The force-displacement response and out-of-plane buckling deformation patterns at an

applied compression displacement of approximately 2.6 mm are shown in figure 4.13. The

panel postbuckling shape has seven half-waves with out-of-plane deformations below 4

mm.

The failure index is calculated in different sections along the edge of the flange and for

an increasing applied compression displacement. The failure index distribution at intervals

of 0.5 mm displacement is shown in figure 4.14. It is possible to determine the location and

the value of the applied compression displacement in which the failure index is greater

than one. The locations of the peaks correspond to the locations of maximum bending.

The failure index in the panel with thick stringers exceeded 1 at a displacement of 2.6 mm.
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Figure 4.12: Four-stringer panel model with a refined center, encompassing the two middle stringer, at which

cohesive elements are placed. This model can capture skin-stringer separation: initiation and propagation.

(a) Force-displacement response. (b) Postbuckling deformation at 2.6

mm.

(c) legend

Figure 4.13: The postbuckling response of the four-stringer panel with thick stringers without cohesive elements.

The blue half-waves indicate that the skin bends away from the stringer.
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Figure 4.14: Failure index due to bending in the four-stringer panel with thick stringers. The index is calculated

along the full length of the panel and displayed here for every 0.5 mm applied displacement increment until it

exceeds 1 at 2.6 mm.

The bending moment and the twisting moment along the stringer edge at applied

displacements 2.6 mm are shown in figure 4.15. The moments are taken from the three

elements along the flange edge. The blue line labelled s represents the moments in the

skin outboard of the flange edge, the line sf1 represents the moments in the skin where

the skin and flange overlap and the line sf2 represents the moments in the flange. The

bending moment is significantly higher than the twisting moment. The bending moment

is maximum at the points where the maximum out-of-plane deformation is observed. The

twisting moments are approximately zero at the locations of maximum bending, showing

that ignoring the twisting moment in the analytical model for bending is valid.

(a) (b)

Figure 4.15: Bending and twisting moments at the critical displacement of 2.6 mm.
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The results of the cohesive model are collected in figure 4.16. Cohesive failure accompa-

nied by a load drop is observed at an applied displacement of 2.37 mm a. The displacement

is 9% lower for initiation compared to the analytical criterion.

Figure 4.16: The postbuckling and separation results of the thick stringer panel model with cohesive elements for

the verification of the displacement and critical locations.

The cohesive model confirms that separation is predominantly present at the location

of maximum out-of-plane deformation (3rd and 5th half-wave). The output frame of the

simple model containing the postbuckling deformation at 2.4-2.6 mm should be used to

design the single-stringer specimen in a seven-point bending configuration in chapter 5.

4.4.2 Thin stringer panel: twisting failure
The force-displacement response and buckling pattern of the thin-stringer panel are shown

in figure 4.17. The thin flange of the stringer tends to bend with the skin. Generally, an

(effectively) wider bay for the same length can lead to fewer buckling waves, in this case,

the panel presents five buckling half-waves. The out-of-plane deformation of the skin is

significantly higher relative to the panel with thick stringers. This is a combination of the

fewer half-waves and the more compliant stringer flange.
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(a) Force-displacement response. (b) Postbuckling deformation at 3.3

mm.

(c) legend

Figure 4.17: The postbuckling response of the four-stringer panel with thin stringers without cohesive elements.

The failure index plot of this panel is presented in figure 4.18. Even at 4 mm applied

displacement, the index calculated for bending initiation does not exceed 0.15. This indicates

that the thin stringer panel is not prone to fail in bending.

Figure 4.18: Failure index due to bending in the four-stringer panel with thin stringers.

The bending and twisting moments are shown in figure 4.19. The distribution is flipped

compared to the thick stringer panel in figure 4.15, where the twisting moment is >3x

higher compared to the bending moment. Therefore it is very likely that this panel will

exhibit separation due to twisting before bending separation occurs.

The failure mode is verified by the model with cohesive elements, shown in figure 4.20.

Indeed separation occurs at the locations of maximum twisting around an applied dis-

placement of 3.3 mm. The output frame of the simple model containing the postbuckling

deformation at 3.3 mm should be used as a reference to design the single-stringer specimen

to be tested in a four-point twisting configuration in chapter 6.
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(a) Bending moment (b) Twisting moment

Figure 4.19: Moments at the critical displacement of 3.3 mm. The magnitude of the twisting moment, at the

inflection points, is higher than the maximum bending moment.

Figure 4.20: The postbuckling and separation results of the thin stringer panel model with cohesive elements,

showing separation at the inflection points.
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4.5 Conclusions
An analytical approach was developed to predict the initiation of skin-stringer separation,

considering the moments along the skin-flange cross-section. The criterion uses the

principle that when the stringer separates from the skin, the separated stringer part will be

unloaded. In contrast, the separated skin part will become equal to the skin part that is

adjacent to the edge.

The criterion is semi-analytical and works in conjunction with finite element. Three

sets of elements are created within the models, each one contains all the elements at the

cross-sectional location of the skin, the skin and the flange of the skin-flange overlap at the

flange edge. A Python script requests the output in CSV, which is combined with the input

file containing the material properties and material section definitions. For every output

frame of the finite element model, the failure index can be calculated along the complete

flange edge of the model.

The criterion was first implemented in a flange bending model that behaves in 2D but

does have continuum shell elements. The criterion is mesh-dependent for the stringer

flange but independent of the skin mesh size. Only the last element of the flange needs to

be refined to approximately 0.3 mm.

Comparing the results of the criterion to a skin-flange bending model with cohesive

elements showed a correlation of 0-3% for low interface strengths. The low interface

strengths simulate a pre-damage-like condition in the cohesive model, which is assumed

in the criterion.

Using the proposed criterion in the four-stringer panel, it is possible to estimate at

which applied compression displacement and predict at which location skin-stringer sepa-

ration occurs. The criterion indicated initiation at 2.6 mm at the maximum out-of-plane

displacement locations for the four-stringer panel with thick stringers. Similarly, a cohesive

model of the same panel showed separation at these locations, but already at 2.4 mm. The

four-stringer panel with thin stringers did not exceed the failure index of the criterion. The

panel with cohesive elements also agreed that separation due to bending does not occur.

Separation was observed instead due to twisting in between the half-waves at 3.4 mm.

The next step in the methodology is using the results obtained from the criterion, at

which applied compression displacement and at which location skin-stringer separation

occurs, to select the appropriate test configuration. Specifically for separation due to a

high twisting moment, a four-point twisting configuration would be considered. However,

in the case of initiation due to a high bending moment using a seven-point bending test is

most appropriate.
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5
A seven-point bending

configuration to capture
skin-stringer separation

Skin-stringer separation can occur in two regions of a four-stringer panel: the region of maxi-
mum deflection and the region of maximum twisting. A seven-point bending configuration, in
which five supports and two load points induce buckling waves to the specimen, can mimic
the deformation in the region of maximum deflection. An optimization procedure to find the
placement of the supports and load points minimizes the error between the representative
single-stringer specimen’s out-of-plane deformation and the panel’s corresponding region.
The separation behaviour was studied using a combination of numerical models and experi-
mental tests. The peak of the normalized force in the central load cell was a good indicator
for initiation. The separation shape was similar between the tests and the models and inde-
pendent of the interface properties. Removing the R-curve effect for mode II had a negligible
influence on the separation response. During the tests, separation became unstable above a
separation length of 15 mm, 60% of the flange width. A 107 Nmm/mm local bending moment
triggered separation in the single-stringer specimen. Applying this value as an allowable to
identify initiation in the four-stringer panel resulted in a correlation of 0.4%. Furthermore, the
seven-point design recreates the local moment distribution observed in the panel. The designed
single-stringer specimen well represented the shape of separation in the four-stringer. Even in
the panel, separation was perfectly elliptical, but the focal points moved close to each other
during propagation. The seven-point bending test proved to be a good test for skin-stringer
separation in postbuckling conditions with a significant reduction in required load (<1%) and
more manageable tracking of separation growth.
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5.1 Introduction
This chapter presents a numerical and experimental investigation of the seven-point bend-

ing test for the characterization of skin-stringer separation failure in postbuckled composite

multi-stringer panels. In chapter 4, the critical postbuckling shape of the four-stringer panel

has been determined. Specifically, in the panel with thick stringers, separation in mode I is

dominant. The design of a single-stringer specimen based on the postbuckling deformation

of a four-stringer panel is shown as well as the resulting skin-stringer separation response.

This chapter serves the following purposes:

Chapter goals

• section 5.2: Determine the design of the single-stringer specimen to mimic the

critical postbuckling conditions.

• section 5.3: Observe the initiation and propagation behavior of an out-of-plane

loaded panel with different interface properties.

• section 5.4: Characterize the interface failure mechanisms in a postbuckling-like

induced skin-stringer separation.

• section 5.5: Compare the finite element models to the experimental tests to illustrate

the effectiveness of the models and to judge the material properties that are used.

• section 5.6.1: Update the initiation allowable and compare the forces and moments

along the edge of the single-stringer specimen to the four-stringer panel.

• section 5.6.2: Verify the ability of the single-stringer specimen to reproduce the

skin-stringer separation behaviour by comparing it to the four-stringer panel.

5.2 Determining the single-stringer specimen con-
figuration

The out-of-plane deformation of the skin in the four-stringer panel of chapter 4 at the

buckling half-wave spanning from 380 mm to 480 mm is being matched by a single-

stringer specimen in a seven-point bending configuration. The out-of-plane deformation

of the panel at an applied compressive displacement of 2.2 mm is plotted in figure 5.2a.

The conclusion from chapter 4 was that initiation would occur at 2.4-2.6 mm and that

displacement should be taken as a reference, but due to the order of the performed work

2.2 mm was initially deemed to be critical. There is no postbuckling shape change, but

only a change in magnitude so its effect would be minimal.

A single-stringer specimen in a seven-point bending configuration is designed according

to the method described in section 2.4. The design parameters of the model were shown in

figure 2.6. The length of the specimen is approximately the length of a buckling half-wave

and the width is related to the stringer spacing of the multi-stringer panel. In this case, the

dimensions are L=140 mm and W=254 mm, respectively.

A total of 121 models with different positions of the supports and loading points have

been analyzed numerically and the shape error has been calculated. Two variables were

changed, the transverse distance between the edge and the supports (𝑆𝑌 ) and the loading

point (𝐿𝑌 ). The calculation of 𝑆𝑋 based on 𝑆𝑌 has been described in section 2.4. For each
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variable 11 different locations were chosen; starting at 20 mm with an increment of 4 mm

up to 60 mm from the bottom edge of the skin.

Four distinct results of a seven-point bending configuration with different positional

variables are shown in figure 5.2b-e with the same deformation scale as the panel. The

shape error for each of the 121 combinations is calculated following the method presented

in section 2.4. The surface plot of the shape errors is shown in figure 5.1, where a low error

valley is present along the 𝑆𝑌 = 𝐿𝑌 line. The optimum configuration is found at 𝑆𝑌 = 36 mm

and 𝐿𝑌 = 36 mm and 𝑆𝑋= 24 mm, which corresponds to the design illustrated in figure 5.2b

and figure 5.3.

The four designs of figure 5.2b-e illustrate the effect that the placement of the supports

and loading points have on the induced deformation. In figure 5.2c, having the same

distance for the supports and loading points to the edge, but too close to the stringer

flange, results into a large wake below the loading points. In figure 5.2d, with only the

loading point close to the flange, a local dimple is created which is not allowed to go into a

half-wave due to the restricting supports in the corner. Oppositely in figure 5.2e, with only

the supports too close to the flange the loading point causes only the bending of the skin

itself over 1 direction, which looks similar to a 3-point bending-induced deformation.

Figure 5.1: The shape error for all 121 configurations (different combinations of 𝑆𝑌 and 𝐿𝑌 ), with the four designs

of figure 5.2 indicated as b-e. A lower RSS corresponds to a better approximation of the actual postbuckling shape

of the panel.
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(a) Panel

(b) 𝑆𝑌 = 36 mm, 𝐿𝑌 = 36 mm (c) 𝑆𝑌 = 60 mm, 𝐿𝑌 = 60 mm

(d) 𝑆𝑌 = 24 mm, 𝐿𝑌 = 52 mm (e) 𝑆𝑌 = 44 mm, 𝐿𝑌 = 24 mm

Figure 5.2: a: The critical region of the four-stringer panel to be compared to the single-stringer specimens; b-e:

Single-stringer specimens in a seven-point bending configuration with different positional variables, displayed by

the circles and crosses for the supports and loading points, respectively. All subfigures use the scale of a.
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(a) Optimal 7PB design (b) Cut out of the critical four-stringer panel region

Figure 5.3: Optimal design (figure 5.2b) for a single-stringer specimen in a seven-point bending configuration and

the corresponding four-stringer panel region (figure 5.2a). The area considered in the comparison excludes the 20

mm along the border.

5.3 Predicting separation through cohesive zone
modelling

To analyze separation in the single-stringer specimen, an FE model was created using the

method discussed in section 2.3. Within the model different interface properties were used,

corresponding to the results of material characterization presented in table 3.1. The first set

of cohesive elements, following the unidirectional properties of Clay et al.[102] (Gclay), is

used as the baseline and lower bound prediction of the tests. This allows the identification

of the earliest possible initiation point. The steady-state (GSS) is used as an upper bound,

to capture the maximum possible load, which can be vital for selecting the appropriate test

rig and load cells. The remaining models follow a trilinear cohesive behaviour (Gclay-GSS,

Gclay-GII0, and G0-GSS), which considers the toughening effects due to fibre bridging and

possible delamination migration.

The force-displacement response, including the individual loading point and support

point, of the baseline is shown figure 5.4. Due to the perfect and symmetric loading

conditions, the curves of LC1 and LC2 overlap as well as the curves of LC3+LC7 and

LC4+LC6. The layup creates a bias, because of the selected -45 outermost ply, leading to a

slight difference in LC6 and LC7. The central support takes up a lower load compared to

the corner supports.

The total force response of the fivemodels and the normalized force of the centre support

point are presented in figure 5.5, a and b respectively. The increase in the compliance in

the force-displacement curve is due to the initiation of separation, which also corresponds

to the peak of the normalized central force. The point of initiation is mainly higher for

G0-GSS and GSS as the mode II critical strain energy release rate is higher. The trilinear

models that include Gclay initiate at the same point as the bilinear Gclay model and reach

the same displacement for the maximum load as the bilinear GSS model.
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Figure 5.4: The force distribution in the supports and loading points plus the total force in the baseline Gclay

seven-point bending model with cohesive elements.

The displacement and load at the point of initiation values, based on the first cohesive

element failure as well as from identifying the max of the normalized force are reported

in table 5.1. The table also includes the force and displacement at which the maximum

load has been reached. The peak of the normalized central force is a good indicator of the

initiation as it matches with cohesive initiation.

Table 5.1: Initiation and max load of the seven-point bending models.

Norm init. Coh init. Force init. Disp at max load Max load

mm mm kN mm kN

Gclay 3.77 3.84 2.11 5.99 3.49

Gclay-GSS 3.85 3.86 2.13 7.21 4.74

Gclay-GII0 3.91 3.91 2.17 7.20 4.73

G0-GSS 4.32 4.32 2.51 8.00 5.69

GSS 4.50 4.50 2.67 7.33 4.90
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(a) Total force (b) Normalized central force

Figure 5.5: Force-displacement response of the numerical models for different interface properties.

For Gclay-GSS, the out-of-plane deformation plots as well as the interface damage

at different stages of separation growth are illustrated in figure 5.6. The postbuckling-

like deformation is somewhat constant, but when the stringer has fully separated the

shape is more similar to a tunnel as also observed in stiffened panels[5, 7]. The fracture

processing zone length of the primary set of cohesive elements, which models the initiation

of separation, is short at 1 mm. Oppositely, for the secondary set, which represents the

toughening R-curve behaviour, the length is >20 mm, which is almost equal to the full

flange width.
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Figure 5.6: Deformation and interface separation for different loading amplitudes between initiation and failure

for the seven-point bending model with Gclay-GSS properties. For the SDEG variable: grey is separated, black is

intact and coloured is currently active in the cohesive processing zone. Primary corresponds to the cohesive

elements modelling initiation and secondary to the elements that capture the R-curve effects.
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The globalmixed-mode conditions for both initiation and propagation and each cohesive

set are shown in figure 5.7. Initiation in the primary set is purely due to shearing. Evolution

in the primary set is approximately at a mode-mixity of 20-50%, where the closer to the

inner edge the more mode I is present. This is because the arm that applies the moment is

a combination of the initial distance to the edge plus the separation width, so an increase

in this arm increases the mode I component. The secondary set of cohesive elements

undergoes pure mode I failure, which was also observed in the mixed-mode bending tests

from section 3.6. This is why there is no difference between the Gclay-GSS and Gclay-GII0

models in figure 5.5, which means that the assumption from section 3.6 about ignoring the

mode II R-curve effect is valid.

Figure 5.7: Mixed-mode conditions at initiation and full evolution for the pri(mary) Gclay and sec(ondary) GSS

set of cohesive elements in the Gclay-GSS models.

The speed of propagation of skin-stringer separation, both in length and width direction,

is shown in figure 5.8. The rate of growth of the separation width increases with the applied

displacement. Oppositely, for the separation length, an initial large increase is observed

after which the rate slows down until a final quick jump in length and width, corresponding

to total separation.

Figure 5.8: Separation sizes for all seven-point bending models.

The speed of the propagation differs between the models, but the shape of the separation

front is similar. The separation fronts, including the elliptical approximation, are shown

at intervals of 5 mm in figure 5.9. The corresponding plot of the separation width versus

length, figure 5.10, highlights that the separation fronts are still similar between the models

with the different interface properties.
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(a) Gclay (b) Gclay-GSS

(c) G0-GII0 (d) G0-GSS

(e) GSS

Figure 5.9: Separation fronts and elliptical approximations (dashed) at different stages of separation growth; a

subfigure for each seven-point bending FE model.

Figure 5.10: Effect of the interface properties on the elliptical separation shape defined by its length and width.



5.4 Testing of skin-stringer separation

5

103

5.4 Testing of skin-stringer separation
For the tests in a seven-point bending configuration, four composite single-stringer speci-

mens were manufactured (7PB7 to 7PB10), shown in figure 5.11. The alignment schematic

and the setup for the seven-point bending configuration are illustrated in figure 5.12.

Figure 5.11: Four in-house manufactured single-stringer specimens for testing in seven-point bending.

(a) Schematic for alignment (b) Physical setup

Figure 5.12: Layout of the seven-point bending configuration.
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The lowest prediction of initiation in the FE models was at 3.5 mm and the highest

displacement until the separation width reaches the maximum value was just below 8

mm. Hence, the three specimens were stopped at 3.0 mm and tested up to 8.0 mm with an

increase of 0.5 mm per run, plus an additional run to remove the stringer. This resulted in

a total of 12 individual load runs per specimen.

In figure 5.13a, the force-displacement response is plotted for each individual run of

specimen 7PB8 including a stitched curve representing the total response of the specimen.

After the separation is initiated the compliance of each individual run increases. The

maximum load of 4.5 kN was reached at 7.0 mm displacement. The loadcell distribution

in figure 5.13b shows that the left side becomes unstable first, which can be caused by

manufacturing imperfections. The force-displacement curves and the normalized central

force of the four specimens are shown in figure 5.14 with the summarized results in table 5.2.

(a) Individual loading runs (b) Loadcell response

Figure 5.13: Force response of the 7PB8 specimen.

Table 5.2: Initiation and maximum load of the seven-point bending tests.

Norm init. Force init. disp at max load max load

mm kN mm kN

7PB7 3.18 1.65 7.05 4.42

7PB8 3.57 1.79 7.00 4.52

7PB9 3.29 1.59 7.09 4.73

7PB10 3.54 1.77 7.17 4.67
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(a) Total force response (b) Normalized center force

Figure 5.14: Force responses of all seven-point bending specimens.

The out-of-plane deformation and the C-scan after run 6 (at 4.5 mm) and run 11 (at 7.0

mm), are shown in figure 5.15. The trend of the out-of-plane displacement indicates that the

specimen deforms similarly to the numerical models. The skin-stringer separation response,

the red half moons, still follow an elliptical response as indicated by the overlapping dashed

white lines. Specimens 7PB8 and 7PB10 initially show symmetric separation, but when the

critical separation width was reached one side failed before the other. 7PB9 showed one-

sided separation only, whereas the out-of-plane deformation plots still show a symmetric

postbuckling-like shape.

The elliptical approximation of the separation front of the individual specimens is

shown in figure 5.16. The red dots on the skin indicate the centre of the ellipses close

to the loading points and the other dots represent the focal points close to the supports

points. The colour of the dashed line corresponds to the end of each run, which was

represented in figure 5.13. Two things can be observed from these graphs. Firstly, the

separation size increases more quickly when closer to the maximum load; The C-scans

were all spaced equally from each other with 0.5 mm applied out-of-plane displacement.

Secondly, the ellipse becomes more circular as the focal points move closer to the centre at

high separation.

The ellipse deviates from the separation front for the experimental test when a large

part of the flange has separated, as illustrated in figure 5.17, which was not the case for

the numerical models. This was attributed to separation migration into the top ply of the

skin, as illustrated in figure 5.18. From the centre of the separation front, a -45 °line can be

drawn, where everything to the right experiences migration, caused by the separation front

growing in a direction perpendicular to the fibres. Overall the elliptical shapes are similar

to other single-stringer tests with bending failure, such as in the SSC tests[34, 69, 70, 116]

and the other 7PB tests[79, 80, 82], where also delamination migration to the first and

second skin ply was observed[80, 82].
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Figure 5.15: Out-of-plane deformation (DIC) and interface separation (C-scan) results of the seven-point bending

tests at 4.5 and 7 mm of applied displacement.

(a) 7PB8 (b) 7PB9 (c) 7PB10

Figure 5.16: Elliptical approximation of the C-scans, where each coloured dashed line corresponds to the end of a

loading run.
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Matrix cracking and migration of separation cause R-curve effects that result in in-

creased apparent fracture toughness, slowing separation along the propagation direction.

The left side is therefore allowed to propagate at a faster rate since the front propagates par-

allel to the fibre direction. The combination of considering ply orientation and directionality

of growth in cohesive zone modelling should further be investigated[117, 118].

Figure 5.17: Interface separation, highlighting the separation migration location.

Figure 5.18: Side view of physical separation showing migration from the interface into the top skin ply.

Figure 5.19: Top view of the interface from skin side post-mortem, showing that the top ply is partially peeled off.
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5.5 Numerical-experimental comparison
Three aspects can be compared between the numerical model and the experimental results:

1) the initiation point, 2) the maximum load, and 3) the separation behaviour.

The total force-displacement response is shown in figure 5.20. There is good correspon-

dence in terms of the stiffness between the models and tests. The trilinear Gclay-GSS is

the closest match to the tests in terms of maximum force. The tests experience multiple

sharp load drops after the maximum is reached, whereas in the numerical model it is just

one continuous drop.

Figure 5.20: Force-displacement comparison between numerical models and seven-point bending tests.

The speed of separation propagation is compared in figure 5.21. The GSS model is not

able to capture the initiation, whereas propagation is too fast in the Gclay model. The

separation width is best captured by G0-GSS, whereas the separation length corresponds

better to Gclay-GSS.

(a) (b)

Figure 5.21: Comparing separation sizes between numerical models and tests.
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When comparing the actual shape (figure 5.22a) it can be seen that the numerical

models and tests show good similarity. Some deviations arise when the propagation is

asymmetric, for example in specimen 7PB9 where separation only occurred on one side.

However, the influence of the matrix cracking and delamination migration has only a

limited effect on the actual propagation shape.

Another factor that can be compared is the load cell forces for the loading points at

each side versus the separation width, as shown in figure 5.22b. Once more, the load at

initiation is similar and starts to increase for a growing separation size. In all cases, the

loadcell forces plateau around a separation width of 15 mm. This indicates that separation

growth becomes unstable when the separation spans 60% of the total stringer width.

(a) (b)

Figure 5.22: Comparing separation shape and loadcell load between numerical models and tests.

The force and displacement results of initiation and full separation of the tests are

compared to the model with Gclay-GSS in table 5.3. Within 3% the maximum load is

captured as well as a high correlation between the growth of separation in figure 5.21.

Table 5.3: Load comparison between numerical analysis and tests.

Initiation Maximum load

Disp, mm Force, kN Disp, mm Force, kN

Gclay-GSS 3.86 (+7%) 2.13 (+17%) 7.21 (+2%) 4.74 (+2%)

Exp 7PB8 3.57 1.79 7.00 4.52

Exp 7PB9 3.70 1.90 7.09 4.73

Exp 7PB10 3.55 1.78 7.17 4.67

Exp Avg 3.61 1.82 7.08 4.64
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For completeness, the similarity of the postbuckling-like deformation is highlighted in

figure 5.23a/b as well as the corresponding separation in figure 5.23c/d for the Gclay-GSS

model and 7PB8 specimen at 6 mm out-of-plane displacement.

(a) Num Gclay-GSS: deformation (b) Exp 7PB8: deformation

(c) Num Gclay-GSS: separation (d) Exp 7PB8: separation

Figure 5.23: Out-of-plane deformation, sharing the same scale, and the corresponding interface separation at 6

mm of applied displacement.

5.6 Initiation and propagation of separation in the
four-stringer panel

Initiation in the four-stringer panel can now be predicted using the outcome of the nu-

merical and experimental work. Furthermore, the interface properties that best describe

the propagation behaviour of a single-stringer specimen in postbuckling-like conditions

can be implemented in the four-stringer panel model for a final prediction. Lastly, it can

be illustrated that the separation shape of the four-stringer panel is captured within the

seven-point bending test.
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5.6.1 Initiation of separation and force/moment distribution.
The results of the single-stringer specimens, numerical and experimental, can be used

within the framework of the semi-analytical method. Instead of using the critical strain

energy release rate as in the method described in section 5.6.1, the bending moment in the

skin close to the stringer edge could be used, similar to [27]. It was also shown in figure 4.7

that the magnitude of the skin bending moment is independent of the mesh size (between

0.1-5.0 mm). The updated failure index calculation is stated in equation (5.1) and the rest of

the framework remains the same as described in section 4.3.2.

𝐹𝐼 =
𝑘𝑦𝐷66

𝑀 𝑐𝑦
=
𝑀𝑦

𝑀 𝑐𝑦
(5.1)

From the FE model Gclay-GSS the maximum bending moment along the skin edge

at initiation is taken as the new allowable 𝑀 𝑐𝑦 . The bending moment at the initiation

of skin-stringer separation in the seven-point bending FE model is 107 Nmm/mm. For

the tested single-stringer panels, no bending moment could be measured, however, the

(mean) initiation force is known, 3.61 kN as presented in table 5.3. Plotting the force versus

moment curve of the FE Gclay-GSS model in figure 5.24a, the moment corresponding to

the force of 3.61 kN can be found, which is 100 Nmm/mm.

The allowables (107 and 100 Nmm/mm) can be used in the four-stringer panel model

without the cohesive elements using equation (5.1) to predict initiation in the FE model

and the experimental case. The maximum bending and twisting moments in the skin along

the edge of the four-stringer panel is plotted in figure 5.24b.

Initiation in the finite element model of the four-stringer panel with Gclay-Gss proper-

ties is expected to occur at 2.38 mm, only 0.4% above what was predicted in section 4.4.1

with Gclay properties. However, it is more likely that the failure load in the experimental

case is lower at 2.22 mm. Albeit, this won’t be validated as testing the four-stringer panel

is outside of the thesis scope.

In order to understand the similarity in the loading distribution around initiation for

this optimised seven-point bending configuration, the bending/twisting moments and

normal/shear forces are shown in figure 5.25.

Within figure 5.25a all three moment components of the single-stringer specimen

match the four-stringer panel. Especially in between the supports, which are located at the

top/bottom of the twisting moment (Mxy).

Within figure 5.25b only the shear force (Nxy) is captured. The force acting orthogonal

to the stringer flange (Ny) can add an additional mode II loading of the interface. The

normal force in the longitudinal direction (Nx) is higher as the four-stringer panel is directly

loaded by this compressive force. At initiation, the influence of Nx is negligible as it is

loading a zero-thickness cohesive element, which does not take in-plane forces into account.

However, the lack of this compressive force can influence the propagation behaviour as it

can cause the stringer flange to buckle as well if it is (partially) separated[119–122].



5

112 5 A seven-point bending configuration to capture skin-stringer separation

(a) Maximum moment in the seven-point bending

model with cohesive elements.

(b) Maximum bending/twisting moment in the

four-stringer panel.

Figure 5.24: Maximum bending moment along the skin-flange edge that can trigger initiation of skin-stringer

separation.

(a) Bending/twisting moment (b) Force

Figure 5.25: The bending/twisting moments and normal/shear forces in the skin along the edge of the

four-stringer panel and the single-stringer in 7PB around the expected initiation load.



5.6 Initiation and propagation of separation in the four-stringer panel

5

113

5.6.2 Propagation and shape of separation.
For the final prediction of failure as well as the verification of the methodology, the Gclay-

GSS properties are implemented in the four-stringer panel with cohesive elements. The

propagation behaviour, specifically the shape, can be compared to the single-stringer results

to show if/that the 7PB configuration captured the behaviour.

The postbuckling shape at 2.9 mm applied compressive displacement and the mode-

mixity at the partially separated interface is shown in figure 5.26. Following the same

procedure as for the numerical model of the single-stringer specimen (section 2.3.3), the

separation front in the four-stringer panel can be approximated as an ellipse. The assump-

tion is made that the centre of the ellipse is 37 mm from the stringer edge as shown in

figure 5.26, which is the same distance (v) between the edge and the loading point for the

seven-point bending specimen.

Figure 5.26: Postbuckling deformation of the four-stringer panel at 2.9 mm. A section of the hat-stringer is

removed for illustration to show the interface, where the mode-mixity is shown in the cohesive zone. The

interface separation is approximated with an ellipse.
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The force and the separation width response versus applied displacement is plotted in

figure 5.27 for the seven-point bending and four-stringer panel model using the Gclay-GSS

interface properties. Note that the x-axis says applied displacement, the four-stringer panel

is subjected to in-plane loading as opposed to out-of-plane for the seven-point bending

configuration. Even though the results are not comparable in figure 5.27a, it shows that the

maximum load for the single-stringer specimen required from the test machine is almost

1% with respect to the four-stringer panel.

In figure 5.27a it can be seen that in the four-stringer panel buckling occurs around 0.8

mm, initiation at approximately 2.35 mm and the stringer has fully separated at 3.4 mm.

The load-carrying capabilities are 4x the buckling displacement, or 3x for initiation.

The separation grows to its full length in a millimetre of applied (in-plane) displacement,

as opposed to 3.4 mm of applied out-of-plane displacement, from 3.5 to 6.9 mm, for the

seven-point bending specimen. This larger increment allows for easier monitoring of

separation during testing, which is particularly useful for the development of structural

health monitoring methods[123, 124].

(a) (b)

Figure 5.27: Comparing force and separation width versus applied displacement, with in-plane displacement for

the panel (FSP) and out-of-plane for the single-stringer model (7PB).

For different separation widths, the actual crack front is compared to the elliptical

approximation in figure 5.28. The results show that the skin-stringer separation shape due

to postbuckling is perfectly elliptical, even more so than the representative seven-point

bending specimen.

The overall separation shape of the four-stringer panel is comparable to what was

predicted with the seven-point bending specimens, as can be seen in figure 5.29a. Up to

a separation width of 8 mm, the 7PB is able to capture the shape of FSP correctly. It is

assumed that at least up to this point the samemixed-mode conditions and the delamination

migration observed in the tests will therefore be present in the panel. After a separation

width of 12mm, the shape of 7PB starts to deviate from the FSP, wheremainly the separation

length is shorter for the same width. However, as observed from figure 5.29b, separation

tends to become unstable after a width of 12-15 mm.
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(a) Panel (b) 7PB

Figure 5.28: Separation front comparison between the four-stringer panel and the single-stringer specimen (7PB).

In the four-stringer panel, separation results in a shortening of the buckling half-wave

and causes the inflection points to move closer to each other. For the 7PB, the position of the

support points is initially selected to be on the inflection points of the multi-stringer panel.

In the single-stringer specimen, the supports define the focal points of the ellipse. The

results suggest that in the four-stringer panel, the inflection points of the buckling wave

define the focal points of the ellipse. Therefore the shortening of the half-wavelength leads

to a decrease in the focal point distance as shown in figure 5.29b. This subsequently leads

to an overall decrease in the separation length growth with respect to the single-stringer

specimen.

(a) (b)

Figure 5.29: Comparing separation length and focal point change per separation width for the panel (FSP) and

single-stringer model (7PB).

5.7 Conclusions
The numerical model of the single-stringer specimen in a seven-point bending configuration

is designed to investigate the initiation, maximum load and shape that describes the skin-

stringer separation response.
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Out of 121 configurations, the model with the supports and loading points at the same

distance from the edge and not too close to the stringer flange resulted in the lowest shape

difference with respect to the critical region of the panel. Placing only the supports too far

inwards causes a three-point bending-like configuration. Oppositely the loading points

too far inwards cause local dimpling of the skin instead of a half-wave-like shape. The

optimal configuration to match the deformation of the thick stringer panel investigated

in chapter 4 has the following design variables: 𝑆𝑋 = 24 mm, 𝑆𝑌 = 36 mm, 𝐿𝑋 = 70 mm,

𝐿𝑌 = 36 mm, 𝑊 = 254 mm, and 𝐿 = 140 mm.

The separation response was predicted with numerical models that included cohesive

elements. Five sets of cohesive properties, three of which used a superposed trilinear law

to capture the R-curve effect, were investigated for these configurations. The interface

properties had a minimal influence on the shape of separation but did affect the propagation

speed. Removing the R-curve effect for mode II had a negligible impact on the separation

response.

Four specimens were manufactured and tested. Load interruptions were used to track

the change of the separated area with C-scans. The centre loadcell gave a good indication of

initiation of skin-stringer separation as the load taken up by the centre support decreased.

The C-scans also allow for the measurement of the separation length and width. The

actual propagation shape changes from the elliptical approximation due to delamination

migration. Migration, similar to what was observed in the coupon tests, goes into the

skin when the separation front is parallel to the fibres. At the other end of the front, the

separation growth was free.

Overall the trilinear interface model that uses the initiation properties of the unidirec-

tional coupon tests and the propagation from the coupon tests of chapter 4 has the best

correlation with the tests. This observation considered all metrics: initiation, maximum

load and the actual separation response. Furthermore, the maximum load cell force was

obtained around a separation width of 12-15 mm after which it plateaued and decreased.

This indicated that the separation behaviour becomes unstable when the separation width

is 50% of the total flange width.

The semi-analytical approach applied can be updated to include only the critical bending

moment obtained from the single-stringer models/tests. With the updated numerical

allowable initiation is predicted within 0.4% of initiation in the cohesive four-stringer

panel model. The experimentally obtained allowable suggest separation starts even before

that. The magnitude of the bending moment that triggers separation at initiation was

comparable to the multi-stringer panel. Furthermore, the distribution of the bending and

twisting moments along the stringer flange edge was equivalent. The normal compressive

force was absent in the specimen due to the applied out-of-plane deformation, however,

the effect on initiation can be neglected as the interface is zero-thickness.

The single-stringer specimen was capable to predict the separation shape of the post-

buckled four-stringer panel. However, due to the changing postbuckling shape during

propagation the focal length of the ellipse changes, which is related to the inflection points

of the buckling wave, leading to a more circular separation shape as opposed to the seven-

point bending configuration with almost fixed focal points. Nevertheless, above 50% of

the flange width separation growth becomes unstable and the exact shape becomes less

important.
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6
A four-point twisting

configuration to capture
skin-stringer separation

In a postbuckled panel with flexible stringers, skin-stringer separation can occur at the locations
of highest twisting in between two buckling half-waves. A four-point twisting specimen loaded
out-of-plane is developed to mimic the local postbuckling deformation. A study of the supports
and loading point placement resulted in a design with the loading points close to the stringer
flange. This design reproduces the local twisting moment and shear load distribution along
the stringer flange. Additionally, a bending moment component not representative of the
loading conditions in the panel was present at the edges. The four corners were physically
clamped during the tests to prevent separation at the edges. The numerical models showed
predominantly twisting separation, which an ellipse could describe. The effect of interface
toughening (R-curve) modelled by a superposed trilinear cohesive law was minimal. The
post-mortem interface from the tests also suggested that there were not many toughening
mechanisms, no migration and only some matrix cracks. The tests did have a lot of variability
and asymmetrical separation patterns. However, the postbuckling deformation and separation
patterns did match between the numerical models and the tests. Lastly, the separation shape
from the panel is captured around initiation but deviates as the interface damage tends to
become more circular in an actual postbuckled panel. Still, it is expected that the single-stringer
specimen captures the failure mechanisms in the panel at the start of separation, which drives
the design the most.



6

118 6 A four-point twisting configuration to capture skin-stringer separation

6.1 Introduction

I
n chapter 4 it was observed that a four-stringer panel with thin stringers can exhibit

skin-stringer separation due to high skin twisting between the minima and maxima of a

postbuckling half-wave. This chapter serves as a proposition of the use of a single-stringer

specimen in the adaptive multi-point bending equipment to bridge the gap between the

coupon and panel tests. Specifically, the Edge Crack Torsion[44, 45, 125–130], a coupon

test to characterize mode III CSERR, is used for the design basis of this test.

Chapter goals

• section 6.2: Determine the design of the single-stringer specimen in four-point

twisting to mimic the critical postbuckling conditions.

• section 6.3: Observe the initiation and propagation behavior of an out-of-plane

loaded panel with different interface properties.

• section 6.4: Characterize the interface failure mechanisms in a postbuckling-like

induced skin-stringer separation.

• section 6.5: Compare the finite element models to the experimental tests to illustrate

the effectiveness of the models and to judge the material properties that are used.

• section 6.6.1: Compare the forces and moments along the edge of the single-stringer

specimen to the four-stringer panel.

• section 6.6.2: Verify the ability of the single-stringer specimen to reproduce the

skin-stringer separation behaviour by comparing it to the four-stringer panel.

6.2 Single-stringer specimen design
The postbuckling deformation in the four-stringer panel model with thin stringers can lead

to skin-stringer separation due to twisting of the skin. This has been observed in figure 4.20.

The postbuckling shape around this critical location at an applied in-plane displacement

of 3.3 mm is plotted in figure 6.1a. This critical area encompasses the region between the

highest and lowest point of a buckling wave, and between the middle of the skin bay to

the middle of the stringer itself. The dashed line indicates the edge of the stringer flange.

The optimum four-point twisting configuration, out of 194 combinations of 𝑆𝑋 and

𝑆𝑌 , is plotted in figure 6.1b. With a matching legend for the out-of-plane displacement, a

qualitative comparison can be made. It can be observed that the trend between the supports

and loading points matches well with the four-stringer panel, whereas outside of this

region, the approximation starts to diverge. The optimal configuration to approximate the

postbuckling deformation, where RSS is the lowest as described in section 2.4, is defined

by 𝑆𝑋 = 44 mm and 𝑆𝑌 = 50 mm.

Originally, the optimum was found to be closer to the stringer edge, however, an initial

numerical+experimental study [131] has shown that this lead to local peeling of the flange.

This peeling is introduced by the direct out-of-plane loading close to the flange. This

effect due to the free edge is not present in a multi-stringer panel, which means that the

focus should be on the more global twisting deformation. Therefore a limit was set that a

minimum distance of 20 mm to the edge should be used. The resulting optimum plot is

shown in figure 6.2a.
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(a) Thin four-stringer panel at 3.3 mm (b) Optimum 4PT Model

Figure 6.1: Comparing the out-of-plane deformation between a four-stringer panel and a single-stringer

specimen in four-point twisting. The cross indicates the loading point and the circle is the support.

(a) Plot of the shape error (b) Dimensions of 4PT specimen

Figure 6.2: Optimum results of the four-point twisting design study.



6

120 6 A four-point twisting configuration to capture skin-stringer separation

6.3 Predicting skin-stringer separation through
cohesive zone modelling

For the prediction of the skin-stringer separation response, a model with cohesive elements

has been developed according to the method from section 2.3. In the finite element model,

rigid body ties replace the cohesive elements for the first 10 mm at all four corners to not

allow separation at the clamped location.

The force-displacement response is plotted in figure 6.3. The initiation can only be

identified from the cohesive response as opposed to the seven-point bending configuration

where the redistribution of the loads can be observed. The points of initiation as well

as the maximum loads are collected in table 6.1. Due to the clamps, which are shown in

figure 6.10, there is not a large load drop. The largest difference in the models is observed

between Gclay and G0/GSS, where a higher mode II toughness leads to a higher initiation

point. Although after the initial load drop, a minimal increase in compliance is observed.

Figure 6.3: Force-displacement curves of the four-point twisting models.

Table 6.1: Initiation and max load of the four-point twisting models.

Coh init. Force init. disp at max load max load

mm kN mm kN

Gclay 7.28 2.94 10.88 5.31

Gclay-GSS 7.30 2.95 >12.00 >6.22

Gclay-GII0 7.17 2.87 >12.00 >6.11

G0-GSS 9.00 4.28 >12.00 >6.59

GSS 9.42 4.65 >12.00 >6.56
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The deformation and cohesive results, both for the primary and secondary set of

cohesive elements, of 4PT Gclay-GSS are collected in figure 6.4. The deformation field

only grows in magnitude, but the shape is not really affected by the separation growth.

Separation starts suddenly between 7-7.5 mm, afterwards, it grows quite constant. Around

9 mm, the local bending induced by the loading point also introduces peeling separation.

Although at 10 mm the separation width already spans 2/3rd of the flange, none of the

elements of the secondary set of elements has failed due to its large processing zone.

An attempt was made to also approximate the separation fronts with ellipses, assuming

again that the centre of the ellipse is the same distance from the stringer flange as the

supports/loading points. The separation front with the elliptical approximation is shown in

figure 6.5. When a single mode is present, separation does grow elliptically. As soon as the

shearing failure interacts with peeling failure the shape of the separation front becomes

more complex.

The separation width can still be used as a measure of separation size and is shown in

figure 6.6. Due to the two different locations of initiation, the length is not a representative

value anymore. The separation width can give an idea of the speed of separation growth as

well as a way of comparing the FE models to the tests. Similar to the ENF tests, pure mode

II separation tends to trigger a sudden rapid separation growth up to 5-7 mm separation

widths. Separation triggered by peeling is more gradual.

A large difference is observed in figure 6.6 between using 0.65 and 1.19/1.29 for the

(primary) mode II interface toughness. However, there was no effect of adding an R-curve

effect, except for the last 5 mm of separation growth.

Themixed-mode conditions inwhich the energy is being released are shown in figure 6.7.

Both initiation and evolution are pure mode II for the primary set of cohesive elements,

except for the green region near the load point. For the secondary cohesive elements

initiation still occurs mainly in mode II, but more and more mode I energy is present when

the separation width reaches the total flange width.

Chronologically the four-point twisting tests were the first to be performed, during

the development of the methodology. Only the Gclay properties were available and the

outcome of just this model was used as input for the test preparations. It shows that

following the order of the building block pyramid, starting with (structural) coupon tests

is important.
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Figure 6.4: Out-of-plane displacement and interface damage of the 4PT specimen with Gclay-GSS properties at

different applied displacements.
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(a) Gclay (b) Gclay-GSS

(c) Gclay-GSS (d) G0-GSS

(e) GSS

Figure 6.5: Actual separation fronts and elliptical approximations (dashed) of the four-point twisting models.

Figure 6.6: Separation width curves of the four-point twisting models.

Figure 6.7: Mixed-mode conditions at initiation and full evolution for the pri(mary) Gclay and sec(ondary) GSS

set of cohesive elements.
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6.4 Testing of the skin-stringer separation
In total 8 specimens are manufactured to be tested in this configuration. Specimen 4PT5

and 4PT6 are shown in figure 6.8. The first specimen (4PT1) is loaded in a single loading

cycle until failure. Based on the results of 4PT1 and the FE analysis, it was decided to load

the remaining specimens until the following displacement: 6 mm, 7 mm, and from 8 to 10

mm with steps of 0.25 mm, resulting in a total of 11 runs. In the end, the clamps at the

corners are removed and a 12th load run allows to fully separate the stringer from the skin

to investigate the fracture surface.

Specimens 4PT1-4PT4 were tested in early 2019, whereas specimens 4PT5-4PT8 were

tested in 2021. For consistency, the exact same load pattern was used in all 7 incrementally

loaded specimens. The differences and improvements between those two sets are C-scan

capabilities (first the Rollerform probe of 5MHz and later the in-house built one as described

in chapter 2), alignment of the specimen, shimming of the load points, and the digital image

correlation setup.

Figure 6.8: Specimen 4PT5 and 4PT6.

The alignment and the setup for the four-point twisting configurations are illustrated in

figure 6.9. The top bar is rotated to allow for anti-symmetric loading. This anti-symmetric

loading creates the inflection deformation, which is portrayed in figure 6.10.

The force-displacement response of 4PT2 for each individual run is shown in figure 6.11a

and for each load cell for the total response in figure 6.11b. The first drop in force occurs

at an applied force of approximately 1 kN per loading point, or 2 kN of the total force, at

an applied displacement of 6 mm. This drop was caused by local delaminations around

the loading points. Due to the small misalignment, an upward load jump can be spotted

around 7 mm. More frequent drops in force occur at a displacement of approximately 9

mm, which is a result of separation growth.

The same results for 4PT5 are shown in figure 6.11c,d. Due to the placement of 1mm

thick steel shims at the loading points, the delaminations were much less severe and only

present at very high loads. At each new run, the load returned to the previous maximum

load for the same displacement, showing that the alignment works well. All specimens,

collected in figure 6.11e, show most of the load drops between 9-10 mm displacement. The

separation width is measured for all the separation fronts and plotted in figure 6.11f.
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(a) Schematic for alignment (b) Physical setup

Figure 6.9: Layout of the four-point twisting configuration.

Figure 6.10: Sideview of the 4PT showing the skin inflection.
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(a) 4PT2: loading runs (b) 4PT2: load cell response

(c) 4PT5: loading runs (d) 4PT5: load cell response

(e) All: force-displacement (f) All: separation width

Figure 6.11: Results of the single-stringer tests in four-point twisting.
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The raw C-scan images of 4PT2 and 4PT5 are shown in figure 6.12. The indentation

delaminations, the four red/white circles close to the centre and the flange are much less

severe for 4PT5 compared to 4PT2. The interface separation will be discussed in more

detail, showing only the skin-stringer overlap region with post-processed data, using the

red-blue colour scheme for consistency.

(a) 4PT2 (b) 4PT5

Figure 6.12: Raw 4PT C-scan results.

The separation states, pristine (Run0) and at the end of each run, are given for 4PT2

in figure 6.13. After run 5, 8.5 mm applied displacement, separation starts close to the

loading points on one side. The separation shape is somewhat elliptical but extends all

the way down to where the clamps are placed. Separation grows slowly asymmetrically

until suddenly, the other side separates in a perfect ellipse. Simultaneously the inside of

the stringer flange in the corner also starts to separate.

The C-scans of all specimens after run 7 (9 mm) and run 11 (10 mm) are collected in

figure 6.14. Although the specimens do not show a lot of consistency, the same pattern can

be recognized. Generally, it is asymmetrical with a combined twisting separation and load

point-induced peeling at one side, often followed by the inside corner also separating at

some point. On the other side, probably due to the increased compliance, the separation

is purely twisting. Separation in the corner is accompanied by multiple delaminations

through the thickness inside of the hat radius, shown in figure 6.15. This is an effect of the

large out-of-plane deformation that tries to straighten the corner leading to the fracture,

which can also be seen in T-stiffened panels[132–134].
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(a) Run0 (b) Run1 (c) Run2

(d) Run3 (e) Run4 (f) Run5

(g) Run6 (h) Run7 (i) Run8

(j) Run9 (k) Run10 (l) Run11

Figure 6.13: C-scan at the end of every run for 4PT2.
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Figure 6.14: C-scans of all four-point twisting specimens.
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Figure 6.15: Fracture of hat radius in four-point twisting specimen near the clamped edge.

The interface can be investigated by performing a last run without clamps to fully

separate the stringer from the skin. The right interface of 4PT2 is shown in figure 6.16

from the skin side where the fibres are oriented in -45 deg. The final separation front is

highlighted. A second front can still be seen from the state at the end of run 9, figure 6.13j.

Two things can be said with regard to these results. First of all, the separation propagates

in jumps instead of continuous as was more common in the seven-point bending tests.

Secondly, the fibre bridging and delamination migration is very limited. The surface itself

is smooth, only some matrix cracking can be seen where the separation front is parallel to

the fibres.

Reflecting back on the coupon tests and the seven-point bending tests, the smooth

interface was slightly surprising. However, the large number of migration effects in the

coupon tests of MMB and ENF was a result of the free edges that triggered delaminations.

The smooth separation front also shows that likely the amount of R-curve effects in mode

II/III loading is much smaller compared to more mode I loaded interfaces such as in the

seven-point bending test, figure 5.19.

Looking at the literature, Canturri[135] observed migration when 𝐺𝐼 𝐼 𝐼 , considering the

fiber direction, is above 22% of the total critical strain energy release rate. In the work of De

Morais et al.[136] migration was observed consistently to the 0//45 interface, which led to R-

curve effects that were captured by the superposition of the cohesive elements. Adjacently,

in the ECT tests of Czabaj, Audd et al[130, 137, 138] migration was only observed in 90//90

and 0//0 interfaces and not in the +45//-45; The mode III CSERR of the +45//-45 interface is

75% of the 0//0 interface. The interface delamination in the 4PT specimens (figure 6.14) is

similar to the shape of the +45//-45 ECT specimen in figure 6.17[138].
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Figure 6.16: Post-mortem interface seen from skin side of 4PT2.

Figure 6.17: Interface delamination of ECT specimens[138].

6.5 Numerical-experimental comparison
The section describes the comparison between the analyses performed on the single-stringer

model and the eight 4PT tests.

It can be seen in figure 6.18a that the stiffness curves of the tests are nicely followed

by the numerical models. The change in compliance is very limited in both the numerical

models and the tests, which means that the force-displacement itself is not a good metric

to compare the damaged state.

Figure 6.18b contains the separation width per applied displacement. The results of the

tests fall between the models with a high and low mode II interface toughness. The reason

for the difference is a combination of the asymmetrical growth and the fact that mode III

separation has not been characterized. Nonetheless, the Gclay-GSS curve follows nicely

the upper bound of the experimental results.

For a more one on one comparison, the out-of-plane displacement at 10 mm for Gclay-

GSS and 4PT2 are given in figure 6.19. The out-of-plane deformation of the tests is almost

indistinguishable from the numerical model. Similarly, the separation shape at this point

is shown in figure 6.20. The shape of 4PT2 on the right flange is most similar to the

finite element results. However, the left flange shows the other failure modes that are

partially captured in the finite element model such as the peeling near the load point and

the separating corner.
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(a) (b)

Figure 6.18: Comparing the four-point twisting experimental and numerical curves.

(a) Gclay-GSS (b) 4PT2

Figure 6.19: Comparing the four-point twisting experimental and numerical out-of-plane deformation at an

applied displacement of 10 mm. The numerical model shares the legend with subfigure b.
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(a) Gclay-GSS (b) 4PT2

Figure 6.20: Comparing the four-point twisting experimental and numerical separation at an applied

displacement of 10 mm.

6.6 Initiation and propagation of separation in the
four-stringer panel

Although chapter 4 did not include a criterion for twisting, the approach of section 6.6.1

can be adapted for twisting. This makes it possible to predict initiation in the four-stringer

panel based on a maximum twisting allowable. The bending/twisting moment and force

distribution can be compared between the single-stringer specimen and the panel to

show the similarities. Furthermore, the shape of separation in the 4PT specimens can

be compared to the four-stringer panel model with the trilinear (Gclay-GSS) superposed

cohesive elements.

6.6.1 Initiation of separation and force/moment distribution
The twisting moment is extracted from the 4PT model and plotted against the applied force

in figure 6.21a. The force at initiation from the experimental mean is used to approximate

the critical twisting moments. These result in a numerical and experimental allowable for

initiation due to twisting: 97.6 Nmm/mm and 108.4 Nmm/mm.

The maximum bending and twisting moments in the four-stringer panel with thin

stringers without cohesive elements is shown in figure 6.21b. The bending moment plateaus

around 35 Nmm/mm, but the twisting moment exceeds the allowable at 3.57 mm for FE,

+8% with respect to the cohesive results of figure 4.20, and 4.0 mm for experimental.

The local bending/twisting moments and normal/shear forces in the skin-only elements

closest to the skin-flange edge are shown in figure 6.22a,b.

From figure 6.22a it can be seen that the twisting moment in the panel around initiation

is captured by the single-stringer specimen. Also the bending moment Mx is captured, and

indeed zero at the inflection point. The bending moment My is high in magnitude close to

the loading points, which leads to the mode I peeling, despite the increased distance from

the flange.

The compressive load is not captured as can be seen in figure 6.21b, but as in the

seven-point bending configuration, it is also assumed to not play a role for the initial part of

the initiation. The magnitude of the shear force is negligible in the panel and the specimen.
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(a) (b)

Figure 6.21: Maximum twisting moment along the skin-flange edge that can trigger initiation of skin-stringer

separation.

(a) (b)

Figure 6.22: The bending/twisting moments and normal/shear forces in the skin along the edge of the

four-stringer panel and the single-stringer in 4PT around the expected initiation load.
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6.6.2 Propagation and shape of separation
The trilinear cohesive properties (Gclay-GSS) are implemented in the four-stringer panel

with thin stringers. The postbuckling deformation and the approximation of the elliptical

separation front at 3.4 mm are shown in figure 6.23. The distance of the centroid to the

edge of 22.5 mm corresponds to the distance between the load/supports points and the

edge in the 4PT configuration.

Separation occurs solely at the inflection point, as opposed to the maximum negative

out-of-plane displacement in the thick-stringer panel, despite the higher deformation

magnitude. As a result, pure mode II separation occurs for the primary interface, which

agrees with the 4PT models.

The force-displacement response is presented in figure 6.24a. Initiation starts around

3.3 mm (440 kN) and the interface separation is fully developed at 3.5 mm (460 kN). With

buckling occurring around 0.62 mm (100 kN) the load-carrying capabilities are 560% above

buckling. After initiation, the panel can only withstand 6% higher displacement before full

separation, even with the R-curve effects accounted for.

The approximated separation length and width of the elliptical fronts is presented in

figure 6.24b. In both cases, initiation is abrupt, where the delamination jumps directly to 4

mm in separation width and 30 mm in length.

The actual separation fronts during propagation are shown in figure 6.25. The separation

length is clearly larger in the single-stringer specimen than in the panel for the same

separation widths. Furthermore, the local peeling around 125 mm in figure 6.25b due to

the loading point is not present in figure 6.25a.

The separation behaviour in twisting tends to bemore unstable compared to the bending

case from chapter 5. In the thick-stringer panel, the displacement could be increased by

44% after initiation to reach full separation, as opposed to the 6% in the thin-stringer panel.

This is even though, locally the magnitude of the bending in the thick-stringer panel is

approximately the same as the twisting moment around initiation in the thin-stringer

panel at 100 Nmm/mm. Even more so, the mode II CSERR is 2.5 times mode I for initiation.

However, at a separation width of 15 mm, the separation length due to twisting is only 50

mm and in bending with its lower eccentricity is 80 mm. Hypothetically, if the thin-stringer

panel would separate in bending with five half-waves, the separation length would be even

longer than 80 mm as they are defined by the distance between the adjacent inflection

points, which is higher for a smaller number of half-waves. The smaller separation length

for twisting corresponds to a smaller total area releasing energy.
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Figure 6.23: Buckling deformation and twisting induced separation in the panel at 3.4 mm. The elliptical centre is

assumed at the same distance from the edge as the loading points in the 4PT configuration

(a) Panel (b) 4PT

Figure 6.24: Comparing force and separation width versus applied displacement, with in-plane displacement for

the panel (FSP) and out-of-plane for the single-stringer model (4PT).
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(a) Panel (b) 4PT

Figure 6.25: Elliptical approximation of skin-stringer separation front for thin-stringer panel specimen

comparison.

6.7 Conclusions
A four-point twisting configuration is obtained that can reproduce the postbuckling defor-

mation of a multi-stringer panel prone to fail due to high skin twisting. By comparing the

out-of-plane displacement of the panel, it was observed that the loading points needed to

be close to the edge of the stringer flange and the centre of the specimen. The final design

is 𝑆𝑋 = 44 mm, 𝑆𝑌 = 50 mm, 𝑊 = 254 mm, and 𝐿 = 140 mm.

A numerical model with cohesive elements with five different interface properties was

considered, obtained from the coupon tests in chapter 3. The twisting deformation was

captured throughout the entire separation process. Separation occurs primarily due to

twisting in pure mode II/III. From the inside corner, there is also some mode I opening,

which was limited by replacing the cohesive elements along the edge to model clamp-like

conditions used during the tests. As long as separation is caused by pure shearing, the

separation front follows an ellipse with the centre at the same distance from the edge

as the loading points. The numerical models showed a difference between using 0.65

and 1.19/1.29 for the (primary) mode II/III interface toughness. However, there was no

significant influence of a mode II R-curve effect.

Eight specimens were tested, seven with load interruptions between 8-10 mm every

0.25 to track the separation front. The separation started abruptly, common in shear-

loaded interfaces, and propagated stably. Generally, separation occurred asymmetrically

and often only in one of the two flanges. The primary failure mode was the shearing-

induced separation, but secondary separation also occurred. The peeling load was more

predominant than in the numerical models, as the clamps did not prohibit everything. The

corner radius also fractured at high twisting deformation of around 10 mm.

Overall the four-point twisting specimens capture the out-of-plane deformation and

show the twisting separation observed in the numerical models. The Gclay-GSS trilinear

interface model best captured the test results but was on the conservative side. Variability

is a lot higher for shear-loaded interfaces, and mode III properties are still not well known.

Nonetheless, there will not be a sizeable R-curve effect as the post-mortem scans showed a

clean interface without any delamination migration or fibre bridges.

By overlaying the forces and moment distribution along the flange edge, it was verified

that the twisting moment that triggers separation was identical. Additionally, a bending

moment was presented near the supports and loading points, similar to the ECT coupon

tests. Using this twisting moment as an allowable for initiation predicted separation within

8% of the numerical model of the four-stringer panel with cohesive elements. It is expected
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that considering purely delaminations, this is exceeded in a physical test of a four-stringer

panel at 4.0 mm.

The 4PT models and some specimens capture the panel’s initiation behaviour. In

all cases, the initiation is sudden, with a jump of 5 mm in separation width. However,

during propagation, the delamination shapes start to diverge, wherein the panel tends to

become more circular, i.e. shorter length for the same width. It is a promising start for

the characterization of twisting-induced separation in a postbuckled panel, but further

development is still needed.
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7
Conclusions and

recommendations

Reducing the structural weight is crucial in aircraft to lower fuel consumption. Therefore,

it is essential to understand the limits of the structures and their materials. Especially

for composite materials, which allow weight reduction compared to metals but also have

complex failure mechanisms. This thesis presents the methodology to study one of the

possible failure mechanisms: postbuckling-induced delaminations that can lead to skin-

stringer separation. During postbuckling conditions, high deformations lead to interface

stresses, eventually causing the separation of the stringers. Hence, postbuckling is often

not allowed in structures and thus their load-carrying potential is not fully utilized. The

methodology follows a typical building block approach: coupon levels at the bottom

for material characterization, element-level single-stringer specimens, and full panels.

Different perspectives were used: analytical, numerical and experimental. The goal was to

characterize skin-stringer separation induced by postbuckling conditions in large panels

on the single-stringer level.

The main advantages of the methodology presented throughout this thesis can be

summarized as follows:

• The interface properties can be characterized effectively as the coupons represent

the larger structure and thus also consider delamination migration, fibre bridging

and other toughening effects that might occur in the panel.

• The toughening behaviour of the interface leading to an R-curve effect is imple-

mented in the numerical models through two superposed cohesive laws that operate

independently and consider thermodynamic consistency.

• A semi-analytical framework can quickly assess possible skin-stringer separation due

to bending using an energy-based criterion. The framework allows being updated

to use a moment-based allowable, obtained from the single-stringer tests, to better

predict initiation.
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• The failure response can be studied using single-stringer specimens representing the

multi-stringer panels. The single-stringer specimens are considerably less expensive

to test due to their smaller size and complexity.

• The skin-stringer separation due to twisting and bending is investigated in two

separate tests, the four-point twisting and seven-point bending respectively, allowing

a better understanding of the dominant mode.

• Separation can be characterized and tracked more accurately in a single-stringer

specimen subjected to out-of-plane loads as the deformation is controlled directly.

• The shape of the deformation of these single-stringer specimens is imposed by the

location of the loading points, so it is not affected by geometrical imperfections or

non-uniformity in the compressive loading distribution.

7.1 Conclusions
A methodology was presented following a building block pyramid, encompassing the

coupon, single-stringer and panel level, using a combination of experimental tests and

numerical models. The approach makes it possible to reduce the number of tests required

in each consecutive level of the building block pyramid. The coupon tests provide material

properties. A numerical model of a multi-stringer panel shows the possible postbuckling

deformation. On the single-stringer level, skin-stringer separation due to postbuckling

conditions can be investigated in detail. To develop the numerical models, a pre-processor

was created in Python. The pre-processor allows various loading conditions, such as

three-point bending, four-point twisting, seven-point bending, mixed-mode bending, and

compression (for buckling), to be defined. A comprehensive guideline was presented

encompassing the design, modelling, testing, and post-processing of a single-stringer

specimen in an adaptive multi-point test configuration.

It was found that the coupons designed with an anti-symmetric layup captured delami-

nation migrations accurately. It is necessary to consider mode I, II and mixed mode I/II

to capture mode interactions if relationships such as the B-K relation are to be used. In

mode I dominated tests, the toughening during propagation, also known as the R-curve

effect, can be accurately identified. Increasing the mode II component reduced the amount

of fibre bridging but induced delamination migration. The finite element implementation

of the R-curve effect was adapted; the superposed element that considers the toughening

effects only starts failing once the primary cohesive element has completely degraded.

In this method, the fictitious mode II interface strength can be calculated directly from

the thermodynamic consistency requirement in the superposed cohesive element. After

these modifications, the numerical models of the mode I double cantilever beam specimen

were able to predict the experimental response. The mixed-mode bending models did not

capture the R-curve effects observed in the tests. A large processing zone led to the strain

energy being released under (pure) mode I instead of the assumed mixed-mode condition,

invalidating the mixed-mode bending R-curve results. Nevertheless, sets of functional

interface properties were found, which can be implemented in the models higher up the

building block pyramid.

A developed semi-analytical criterion can be used to estimate the initiation of separation

in a postbuckled panel using a critical strain energy release rate allowable. The framework
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only requires the bending moment perpendicular to the skin as the output of a finite

element model. The failure index can be directly calculated along the entire length of

the flange at each load stage. The criterion is sensitive only to the mesh size of the first

element in the skin-flange overlap, allowing a coarse mesh everywhere else, keeping the

model efficient. Two panel designs were analyzed: a thick-stringer panel with stringers

twice the thickness of the skin and a thin-stringer panel with skin and stringer of equal

thickness. The criterion predicted that failure would occur at the maximum out-of-plane

displacement locations for the thick-stringer panel, while the thin-stringer panel did not

exceed the allowable limit. Further analysis using a cohesive model of the thin-stringer

panel revealed that separation occurs due to twisting between the half-waves.

The design of a single-stringer specimen in a seven-point bending configuration suc-

cessfully recreated the postbuckling conditions of the thick-stringer panel. By matching the

specimen’s out-of-plane deformation to the panel’s critical area, a set of support/load point

variables can be established. A numerical model with cohesive elements in this optimal

configuration can then be used to study the resulting skin-stringer separation behaviour.

The R-curve had a limited effect on initiation or the separation shape but slowed down

separation speed. Removing the mode II R-curve has a negligible effect on the response. In

the experiments, separation migration occurred when the propagation path was orthogonal

to the fibre direction. Furthermore, propagation speeds parallel to the fibre are higher

due to the absence of R-curve effects. Propagation became unstable after a separation

width of 50% of the total flange width. The numerical model with unidirectional initiation

properties and the steady-state properties from the coupons with matching layup is the

best predictor for the experimental tests. The maximum bending moment observed in

the numerical model and the experimental tests can be used to establish a new allowable

for the semi-analytical criterion. The new allowable bending moment was exceeded in

the panel model with the criterion within 1% of the displacement in the cohesive model.

The distribution of the bending and twisting moments in the numerical analyses of the

panel also closely matched those in the single-stringer specimen model around initiation,

demonstrating the power of the design strategy. The separation shape in the panel was

correctly predicted until 13 mm, after which the separation shape in the panel deviates

due to the change in postbuckling shape. The sizable separated area causes the inflection

points to move closer to each. Nevertheless, tracking the shape becomes obsolete at this

point, as separation tends to become unstable.

A four-point twisting configuration can be used to investigate skin-stringer separation

due to twisting, which was present in the thin-stringer panel. Two supports and two

loading points in opposing corners, similar to the edge crack torsion test, recreate the

inflection shape. Separation caused by pure shearing results in an elliptical separation

front. Typically in separation due to mode II+III, initiation is abrupt and, in these cases,

asymmetrical. There are limited R-curve present, as seen in the smooth fracture interface,

without any visible fibre bridging or migrations. The twisting moment measured in the

skin of the specimens and numerical models can be used to predict initiation in the four-

string panel, although the results show an 8% over-prediction. Initiation in the panel is

sudden, with a distinct and nearly circular separation shape. While promising, further

development is needed to increase accuracy in characterizing twisting-induced separation

in a postbuckled panel.
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An adaptive multipoint bending testing configuration based on a combination of numer-

ical and experimental analyses provides a useful and accurate tool to study postbuckling

behaviour in a variety of carbon fibre-reinforced composite panel structures. Using nu-

merical and experimental tests for the lower levels of the building block pyramid while

assessing the larger specimens predominantly numerically results in a process that is both

accurate and efficient.

7.2 Observations throughout the building block
pyramid

Observations that were made throughout this entire thesis are listed below. A comparison

is made between the single-stringer and multi-stringer panel, the coupon and the singe-

stringer specimen, and between bending and twisting separation. Understanding the

similarities and differences because of assumptions and simplificationswill aid in translating

the results from one level of the pyramid to the next. Furthermore, noticing the difference

between twisting-induced and bending-induced separation will give a better understanding

of postbuckling-induced separation.

Between the single- and multi-stringer panels:
• Out-of-plane deformations were equivalent, leading to also the same bending/twist-

ing moment distribution.

• The separation shape was similar up to 50% of the flange width.

• Initiation was abrupt for the panel and specimens that showed separation due to

twisting.

• The force acting perpendicular to the skin flange in the panel is not captured by the

single-stringer specimen.

• The normal compressive force is absent in the single-stringer specimens.

From the list above, it can be seen that the adaptive multi-point test configuration works

well for reproducing the postbuckling shape and, consequently, the moment distribution

and the separation shape. Hence, the bending/twisting moment observed in the single-

stringer specimen can be a good indicator for initiation in the multi-stringer panel. Due to

the lack of a normal compressive force in the single-stringer specimen, the deformation

shape does not change when a large part of the stringer has separated. The absence of the

perpendicular force needs to be investigated further.

Between the coupon tests and the single-stringer specimens:
• The mixed-mode bending showed the same delamination migration pattern as the

seven-point bending single-stringer specimen in the centre of the specimen.

• The mode II R-curve did not affect the response in coupon or single-stringer speci-

mens.

• Initiation was abrupt in the ENF mode II test, similar to the mode III four-point

twisting test.

• Migrations were more severe in the coupons due to the free edge.
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In a coupon specimen that is designed to reflect the layup of the single-stringer specimen,

the migration effects are also captured. Therefore, the interface properties obtained from

these tests can directly be applied to the models of the single-stinger specimens. However,

migration was too severe in the coupon tests due to the free edges and these should be

limited to make it even more representative of the larger specimens. The mode II R-curve

did not influence the single-stringer specimen, thus it would not be directly necessary to

characterize this on coupon level. Note that this might only pertain to the designs of this

thesis.

Between bending and twisting separation:
• Separation shape was elliptical and became more circular while propagating in both

cases.

• For the same separation width, the length was shorter for twisting separation, leading

to a smaller total separated area.

• Twisting separation propagates faster despite the higher interface toughness.

Separations tend to grow from an elliptical to a circular shape for bending and twisting,

which can be used to define the growth path. The shorter separation length in the twisting

separation compensates for the larger interface toughness, as the total energy released at

full separation is a combination of the separated area and strain energy release rate. As also

observed on the coupons and single-stringer specimens, initiation due to twisting often

occurs as a sudden jump, whereas it is more gradual for bending. Therefore a higher margin

of safety is required for panels that are twisting-critical as opposed to bending-critical

panels.

7.3 Recommendations for future research
The methodology encompasses three levels of the building block pyramid to study the

skin-stringer separation at different complexities and sizes. In order for the methodology

and its tests to become a standard in the development of composite structures more work

is required. Some recommendations for improvement of the method or future research are

mentioned here.

Currently, a simple optimisation is used to design the single-stringer specimen in the

adaptive multi-point test equipment. A proper optimization technique, such as gradient

descent method, should be used such that more variables can be considered. For example,

such additional variables could be specimen length and width or additional supports/load

points.

Investigate a six-point bending test configuration. The central support point in seven-

point bending allows for stable separation propagation. Consequently, this makes the

separation shape less representative when the separation front moves towards the centre.

In a multi-stringer panel, when the stringer fully separates, a tunnel between is formed,

extending from one bay to the next [7]. By removing this central support, the same can be

achieved. This has been tested, showing promising initial results. The requirement of the

corner supports to be on the inflection points should stay.

With the methodology, it is now easy to investigate the effect of different postbuckling

shapes within the same panel design. The hypothesis is that for a shorter half-wave, a
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smaller area will be separated before the skin starts to tunnel. The inflection points will

be closer to each other, which defines the maximum length of the elliptical separation

shape. This does not mean that it will be more critical due to the different moment

distributions. These cases can be explored through the seven-point bending tests with

different specimen lengths and positions for the supports and load points. Furthermore,

shear-loaded postbuckling[139] which can also trigger separation can be investigated

further using the seven-point bending test[79].

Implement other failure mechanisms in the models, such as Hashin or the subroutine

CompDam[140]. To implement the latter, the mesher needs to be updated as the method

requires fibre-aligned meshes to model matrix cracks and delamination migrations.

Further use of the test configurations would be very interesting for the develop-

ment of structural health monitoring tools[77], fatigue characterization of skin-stringer

separation[141] possibly in combination with (indentation) damages[142], or characteriz-

ing novel toughening mechanisms such as Z-pins[143, 144], stitching[145–147] or carbon

nanotubes[148].
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3PB Three-Point Bending.

4PB Four-Point Bending.

4PT Four-Point Twisting.

7PB Seven-Point Bending.

B-K Benzeggagh-Kenane.

CSERR Critical Strain Energy Release Rate.

CSS8 Continuum Solid Shell element.

DCB Double Cantilever Beam.

DIC Digital Image Correlation.

ECT Edge-Crack Torsion.

ENF End-Notched Flexure.

FE Finite Element.

FSP Four-Stringer Panel.

MMB Mixed-Mode Bending.

R-curve Resistance curve.

RSS Residual Sum of Squares.

S4R Conventional Shell element.

SC8R Continuum Shell element.

SSC Single-Stringer Compression.
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