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Abstract

An increasing application of fibre-reinforced composites in aircraft and aerospace engineering
contributed to the rise of development of highly effective numerical tools. On the one hand,
computational simulations help to overcome the problems related to expensive experimental
testings by partially substituting them. This in turn could result in decrease of design and
certification costs. On the other hand, the need of effective numerical methods emerged
from the desire to increase the limit loads and thus, to further exploit possible reserves of
composite components. However, the complexity of problems commonly associated with
the modelling of composites requires thorough understanding of the material and structural
behaviour. For this reason, an efficient and reliable progressive failure analysis capability is
required. Moreover, it is indispensable to be able to combine different levels of precision in
one model to effectively examine large structures.

Extensive usage of composite stiffened panels is justified by their slenderness, which results
in desired light weight jointly with high stiffness in designated direction due to accordingly
aligned reinforcing parts called stringers or stiffeners. These stiffeners not only prevent the
skin of the panel from premature buckling under compressive loading, but they also increase
the overall structural strength leading to final failure detected far beyond initial buckling.
Successfully employed in modelling fuselages and wing boxes as primary components, com-
posite stiffened panels have gained recognition. However, substantial enhancements are to be
envisaged in terms of computational methods, as various effects, such as damage initiation
and propagation, plasticity or impact damage, for example, require investigation at different
levels of accuracy. That leads to development of various multiscale and global-local methods.
A literature review has been conducted with a special attention to damage mechanisms
and their importance as well as a following discussion dedicated to the existing multiscale
algorithms with their strong and weak points.

To address a need in computationally efficient strategies, during this work a novel global-local
coupling approach has been developed that is able to model progressive separation of the
skin and the stringer together with intralaminar damage in stiffened CFRP panels under
compression. The main goal of this methodology is to examine the damage at two levels of
accuracy, taking advantage of the fast calculations at the global level and assessing in detail
the damage propagation at the local level. An appropriate information exchange between
the global and local levels in both directions is particularly challenging and it has been
achieved in the demonstrated global-local approach.

According to the proposed method, at the global level a linear elastic coarse model with shell
elements is employed to detect the probable areas of damage. Afterwards, local models are
generated using a fine mesh with solid elements. Kinematic constraints are used as boundary
conditions to prescribe corresponding displacements from the global to the local model.
The damage evolution is simulated by means of a material degradation model and cohesive



elements are applied at the local level. To ensure a full information exchange between the
two levels, a transfer of the reduced material properties from the local to the global level
is carried out. As the relative element sizes of the global and local models are different, a
special homogenization procedure is implemented that preserves energies dissipated between
the local and global levels. The global-local steps are executed until the final failure takes
place.

The new developed approach is illustrated on the basis of one-stringer and multi-stringer
laminate panels considering intact and predamaged cases with initial debonding with an
alm to demonstrate advantages of the proposed method for modelling progressive failure in
the stiffened composite panels with localized damage.

Keywords: Composite structures; Global-local method; Progressive failure analysis; Multi-
scale analysis; Skin-stringer debonding; Delamination; Matrix cracking; Fibre damage



Kurzfassung

Der zunehmende Einsatz von faserverstiarkten Verbundwerkstoffen in der Luft- und Raum-
fahrttechnik beschleunigt die Entwicklung hochwirksamer numerischer Werkzeuge. Einerseits
helfen Computersimulationen, schwierige und kostspielige experimentelle Tests zu vermeiden
um Design- und Zertifizierungskosten zu senken. Andererseits ergibt sich die Notwendigkeit
effektiver numerischer Methoden aus dem Wunsch, Lasten in die Nahe der Belastungsgrenze
zu erh6hen und damit mogliche Reserven von Verbundbauteilen besser zu nutzen. Die
Komplexitdt der Probleme, die hdufig mit der Simulation von Verbundbauteilen verbunden
ist, erfordert allerdings ein umfassendes Versténdnis des Werkstoff- und Strukturverhaltens.
Aus diesem Grund ist eine effiziente und zuverldssige progressive Fehleranalyseféhigkeit
erforderlich. Dartiber hinaus ist es unerlasslich, verschiedene Detailgrade in einem Modell
kombinieren zu kénnen, um grofie Strukturen effektiv zu untersuchen.

Der umfangreiche Einsatz von Fasenverbundpaneelen kann auf ihre Schlankheit zuriick-
gefithrt werden, die aufgrund der entsprechend ausgerichteten Versteifungskomponenten,
die als Stringer bezeichnet werden, das gewiinschte niedrige Gewicht gemeinsam mit einer
hohen Steifigkeit in der erforderlichen Ausrichtung erzielen. Diese Versteifungen verhin-
dern nicht nur, dass die Paneele unter Druckbelastung vorzeitig beult, sondern sie erhchen
auch die Gesamttragfahigkeit, was wiederum zu einem endgiiltigen Strukturversagen weit
jenseits des initialen Beulens fithrt. Bei der Modellierung von Rumpf- und Fligelkasten
erfolgreich als Hauptkomponenten eingesetzt, haben Fasenverbundpaneele Bedeutung erlangt.
Beziiglich der Berechnungsmethoden sind jedoch erhebliche Verbesserungen erforderlich,
da unterschiedliche Effekte, wie beispielsweise die Schadenseinleitung und -ausbreitung,
Schidden durch Plastizitdt oder Aufprall, auf verschiedenen Genauigkeitsniveaus unter-
sucht werden miissen. Dies fithrt zur Entwicklung unterschiedlicher Multiskalen- und
Global-lokal-Ansétzen. Es wurde eine Literaturrecherche mit besonderem Augenmerk auf
Schadensmechanismen und deren Bedeutung sowie eine anschlieBende Diskussion iiber die
bestehenden Multiskalenalgorithmen mit ihren Stéarken und Schwéchen durchgefiihrt.

Um einem Bedarf an rechentechnisch effizienten Strategien gerecht zu werden, wurde im
Rahmen dieser Arbeit ein neuartiger global-lokaler Kopplungsansatz entwickelt, der in der
Lage ist, die progressive Trennung von Auflenhaut und Stringer zusammen mit intralam-
inaren Schéden in versteiften CFK- Paneele unter Druckbeanspruchung zu modellieren. Das
Hauptziel dieser Methodik ist es, den Schaden auf zwei Skalen-Ebenen zu untersuchen. Zum
Einem wird eine globale Struktur mit relativ grober Vernetzung erstellt, die den Vorteil von
ziigigen Berechnungen aufweist. Zum Anderem wird die Schadensausbreitung auf lokaler
Ebene im Detail bewertet. Ein angemessener Informationsaustausch zwischen der globalen
und der lokalen Ebene ist besonders herausfordernd und wurde im Rahmen des dargestellten
global-lokalen Ansatzes erreicht.

Nach dem in dieser Arbeit vorgeschlagenen Verfahren wird auf globaler Ebene ein linear-



elastisches Modell mit Schalenelementen eingesetzt. Die Vernetzung wird so gewéhlt, damit
die alle moglichen Schadensbereiche erfasst werden. Anschlielend werden lokale Modelle
mit einem feinen Netz aus Volumenelementen erzeugt. Kinematische Kopplungen werden
als Randbedingungen verwendet, um entsprechende Verschiebungen vom globalen zum
lokalen Modell vorzugeben. Die Schadigungsentwicklung wird mit Hilfe eines entsprechenden
Materialmodells simuliert und Kohesivzonenelemente auf lokaler Ebene angewendet. Um
einen umfassenden Informationsaustausch zwischen den beiden Ebenen zu gewéahrleisten,
wird eine Ubertragung der reduzierten Materialeigenschaften von der lokalen auf die globale
Ebene durchgefiihrt. Da die relativen Elementgroflen der globalen und lokalen Modelle
unterschiedlich sind, wird ein spezielles Homogenisierungsverfahren implementiert, welches
sicherstellt, dass auf der lokalen und globalen Ebene die gleiche dissipierte Energie vorliegt.
Die global-lokalen Schritte werden ausgefiihrt, bis das endgiiltige Strukturversagen eintritt.

Der neu entwickelte Ansatz wird auf Basis von Einstringer- und Multistringer-Laminatpaneelen
unter Beriicksichtigung intakter und vorgeschédigter Fallbeispiele mit initialem Ablésun-
gen veranschaulicht, um die Vorteile des vorgeschlagenen Verfahrens zur Modellierung des

fortschreitenden Versagens in den versteiften Fasenverbundpaneel mit lokaler Schéaufzuzeigen.

Schlagworte: Faserverbundstrukturen; Global-lokale Methode; Progressive Versagensanal-
yse; Multiskalen-Analyse; Haut-Stringes-Ablésung; Delamination; Matrixversagen; Faserver-
sagen
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1 Introduction

The incentive for the present thesis is an existing need of partial substitution of expensive
experimental tests of composite structures by efficient virtual mechanical testing tools. In
order to carry out numerical calculations reliable and effective computational methods are
necessary to simulate the complex structural and material behaviour of composite materials.
A reasonable desire to increase an ultimate load and to exploit possible reserves of composite
structures also requires an accurate numerical prediction of the failure behaviour, as the
first failure does not necessarily lead to a final collapse and the structure may further carry
substantial loads. Contemporary restrictions on the computational capacities inspired a
development of various multi-scale strategies to alleviate the costs of numerical analyses.
Therefore, to address these demands, a two-way global-local coupling approach has been de-
veloped in this work to capture progressive failure in application to composite stiffened panels.

The first chapter consists of description of a motivation that drove the current research.
Afterwards a state of the art is presented with a following discussion on the research
objectives of this thesis aimed at reducing a gap between existing methodologies and de-
sired modelling of advanced composite materials. Finally, an outline of the thesis is presented.

1.1 Motivation

An increasing application of the composite structures over the past decades occurred due to
the possibility to tailor their mechanical properties allowing to achieve desired parameters
and to overcome the limitations commonly associated with homogeneous materials. Primarily
designed for an application in the aircraft and aerospace industries, the composite materials
step by step are gaining a fair place in the automotive industry, civil engineering and marine
engineering, medicine and even in creation of sport equipment.

Light-weight laminated stiffened panels made of carbon-fibre reinforced plastic (CFRP) with
high-to-strength and high-to-stiffness ratio are actively used for modelling fuselages and wing
boxes in today’s’ aircrafts. These panels are commonly reinforced with so-called stiffeners or
stringers to increase load-carrying capabilities especially under compressive loads that are
typical during their lifetime. The stringers that are usually aligned with main load directions
also enhance the post-bucking response of these panels. While weight saving results in a
reduction of emission which is beneficial for the environment, resistance to corrosion and
fatigue leads to decrease in maintenance costs. Another aspect, that is important in many
industrial applications, is a possibility of complex designs that offer composite materials,
which in turn may lead to decrease in the number of assembled components and, thus, reduce
manufacturing costs. Nevertheless, application of composite materials is also associated
with several disadvantages. One of the most important drawbacks of composites is high raw
material costs. Another important aspect might be associated with high fabrication and
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assembly costs. Also difficulties related to the detection of the damage and repairing it are
often mentioned. Hence, it is essential to develop reliable numerical modelling tools that
would be able to predict the damage onset and propagation through the structure.

There exist several challenges that should be addressed to ensure a successful implementation
of composite components in general and stiffened panels as a particular case. First of all, sub-
stitution of the initially used metal parts by advanced composites and further enhancement
of the design characteristics inevitably leads to increase in design and certification costs.
Therefore, it is desirable not only to improve the mechanical performance of the overall
structure, but also to decrease required experimental testings by partially replacing them
through reliable virtual testing tools [26, 27, 126]. Hence, the development of robust struc-
tural design tools is a substantial step towards reduction of the expensive physical tests. This
strategy requires the thorough understanding of the damage mechanisms and the ability to
incorporate the detailed modelling of the critical regions into the global structural simulation.

This approach is also inspired by the possibility of further exploitation of the composite
parts after first occurrence of the damage as composite structures could potentially maintain
load-carrying capacities beyond the load of the initial damage. However, the current design
of composite structures is relatively conservative and the onset of the damage is not allowed
to happen before the limit load due to high safety factors. In order to exploit the potential
reserve of the load-carrying capability and consequently to further reduce structural weight,
a confidence in simulation of the response of composite structures is targeted. Following the
future design scenario suggested in the scope of the COCOMAT project [33] and illustrated
in Fig. 1-1, the onset of the damage of stiffened panels that are prone to buckling could
be allowed to take place between the limit and ultimate loads. This aim of increasing the
current limit load of stiffened panels longer into the postbuckling regime was motivated
by the damage tolerance that stiffened panels typically exhibit before final collapse. The
current design scenario is restricted to non damaged behaviour during the service time due
to the risk of unstable crack propagation that could significantly reduce the load bearing
capacity and might lead to a premature failure. In order to include the effects of damage and
consequent material degradation in the analysis, efficient and reliable numerical techniques
are required. Only when these tools will be developed and carefully validated against the
experimental data, the limit load could be firstly shifted deeper into the postbuckling regime,
which corresponds to "Future design scenario", see Fig. 1-1. And finally, the limit load
could be moved even to tolerate the damage initiation in stiffened panels during the flight
operational time. This is even more challenging future step forward than that was envisaged

by the COCOMAT project.

Although during the last decades significant knowledge has been accumulated regarding struc-
tural and damage behaviour of stiffened composite panels, no agreement has been attained
on the universal failure criterion or no computational capabilities have been developed that
would allow to numerically simulate a complex postbuckling behaviour of the stiffened panel
with various damage mechanisms in one model. Therefore, various multi-scale techniques
that couple different levels of accuracy have been proposed in the literature. However, there
is still a gap in the research of the progressive failure analysis as it requires to increase an
applied load gradually and to ensure information transition in both directions as well as
to consider the most relevant damage mechanisms. That motivated the current work to
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Figure 1-1: Current and future design scenarios for typical stringer stiffened composite panels
from [33].

contribute into the research and development of the reliable and efficient method that would
allow to examine different failure scenarios including prediction of the damage initiation
and propagation on the one hand, and to model large composite structures on the other hand.

1.2 State of the art

An overview of the state of the art regarding damage mechanisms and multi-scale approaches
is given in this section with particular attention on stiffened panels and global-local methods.
The aim is to discuss the most relevant techniques of predicting the damage onset and
then modelling the damage propagation. It is also important to gain an understanding of
the advantages and disadvantages of existing multi-scale and global-local algorithms and
establish a further potential of development of a new fast and accurate method for coupling
global and local scales while taking into account the typical material damage behaviour. This
section is divided into two parts. First part deals with the available failure mechanisms for
fibre-reinforced composites. The second part describes existing multi-scale and global-local
modelling approaches with a later focusing on stiffened panels.

1.2.1 Failure mechanisms

Fibre-reinforced composite laminates consist of stacked laminae of different orientations,
where each lamina represents a single layer of polymer matrix with embedded uni-directional
or woven fibres. In the current studies only uni-directional fibres are considered. Composite
laminates may experience various failure mechanisms as a result of applied loads, boundary
conditions or material properties of constituents. These failure modes could be classified
into two categories: intralaminar and interlaminar failure. Intralaminar failure includes
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matrix cracking, fibre breakage and matrix-fibre decohesion. Interlaminar damage describes
separation of adjacent layers, called delamination. Failure criteria have been extensively
developed in order to determine the critical regions where the damage occurs, to identify
failure types and final loads that the composite structure could sustain. Material degradation
models have been derived by many authors to account for a gradual or instant decrease of
the load carrying capacity simulating real failure mechanisms [49].

1.2.1.1 Intralaminar failure

Three main types of intralaminar failure are to be distinguished: matrix cracking, fibre
breakage and debonding of the interface between matrix and fibre. Matrix cracking is
typically not a catastrophic failure mode which means that it does not actually lead alone
to a final collapse and the structure with matrix cracks can still bear applied loads due to
fibre reinforcement. However, matrix cracks tend to grow and especially crack coalescence
can provoke delamination of a composite laminate which was investigated by Hallett et al.
[58], van der Meer and Sluys [137], Maimi et al. [90, 91|, Zubillaga et al. [151] and Zubillaga
et al. [152]. Fibres are the main constituents of the composite designed to withstand loads.
Hence, fibre failure is a crucial damage mechanism that can lead to a spontaneous structural
collapse. Fibre-matrix interface decohesion is commonly a result of a fibre pull-out from
the matrix. Fibre kinking occurs due to initial misalignment of the fibres and fibre rotation
under compressive loadings and leads to fibre failure.

Failure analysis of composite structures requires determination of failure criteria in order to
account for the damage initiation. Strength-based criteria comprising different stress-based
and strain-based criteria are generally used. These criteria can be formulated as global
failure criteria defined by one equation or they can distinguish between failure modes as well
as between tension or compressive load applied. An extensive overview and comparison of
different failure criteria that have been actively developed and extended since 1950s is given
in World Wide Failure Exercises (WWFE), see Hinton et al. [64], Kaddour and Hinton [72],
Kaddour et al. [74] and Kaddour et al. [73], but was also conducted by Talreja [131]. In the
following several important criteria are discussed in more detail.

Hashin criterion

The Hashin criterion [61] is a mode-based failure criterion that distinguishes between fibre
and matrix failure as well as between tension and compression. The criterion is based
on quadratic stress invariants and assumes transversely isotropic laminate. Not only the
fracture plane could not be defined, but also the fibre compression criterion does not account
for the effects of in-plane shear, which decreases the effective compressive strength of a ply
[109].

Fibre failure under tension (o7 > 0) is expressed as following:

XiT +§(7—12+7—13) =1 (11)
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where X7 and S4 represent the tensile strength in fibre direction and the axial shear
strength, respectively. For fibre failure under compression (o1 < 0) the simple maximum

stress criterion is used: )
o1
— ] =1 1.2
(Xc) (1.2)

where X¢ is the compressive strength in fibre direction. Matrix failure under tension
(02 + o3 > 0) is expressed in the following form:

1 1
(02 4 03)° + <5 (753 — 0203) + (712+713> =1 (1.3)
Y2 Sz S%
where Y7 and St are the tensile strength in transverse direction and the transverse shear

strength, respectively. Matrix failure in compression (o2 + 03 < 0) is defined as:

1 ( Yo )2 )
Yo 251
The Hashin criterion does not account for the increase in the shear strength of the ply during

transverse compression. Moreover, compressive stress provokes reduction of the effective
compressive strength of a ply due to the in-plane shear, which is not considered by this

1 1
(02 +03) + (U2+U3) 57(7'223—020'3) Sg (712+713) =1 (14)
T

1
452

criterion.

Puck criterion

Among several modifications and extensions to the Hashin criterion proposed in the literature,
the Puck criterion [112] attracted attention to the definition of the fracture plane. It is based
on the following assumption that inter-fibre fracture plane is parallel to the fibres and is
determined only by normal and two shear stresses acting on this plane. The Puck criterion
differentiates between three failure modes (A, B and C) of matrix cracking depending on
fracture surface, that in its turn is based on the Mohr failure theory. The guidance on
determination of the action plane parameters are discussed in detail by Puck et al. [113].
The Puck criterion includes the effect of increasing of the matrix shear strength during
transverse compression. For the plane stress state of stress the angle of the fracture plane
for the mode C, see Fig. 1-3, is calculated with the following equation:

R
0rp = arccosy| —==+ (1.5)

where Rf | is the fracture resistance of the action plane against its fracture due to transverse
shear stress. Mode A defines matrix failure under transverse tension (o2 > 0):

2 2 2
) 4 (1 —p(+)£ %2 ) 42y (1.6)
Ry Ry ) \ R Ry

where RS_ ), R, and applied later R( ) are basic strengths obtained from the experiments.
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p(ﬂl), and used later p(L_H) and p(fj are inclination parameters of the fracture envelope, see

Fig. 1-3. They should be defined as gradients at the zero normal stress acting at the fracture
plane. p(j) and p(ﬂl) are defined from (o9, 791) fracture curves as gradients at o9 = 0, see
Fig. 1-2. As the fracture angle 0y, is zero for both modes A and B, the stresses at the
fracture plane are o,, = 09 and 7,1 = 791. However, due to unavailable fracture curves for

p(l) and p(jl), they could be defined only indirectly and based on the assumption that all

inclination parameters should be of the same magnitude [113]. Thus, first p(l) is defined
from the transverse compression fracture tests based on the fracture angle 0y),:

-) L
S S 1.
PLi 2co0s%0s, (1.7)

and then it is assumed that p(fﬁ = p(l).

fory=90° =>1_,=0 fory=0° =>71,4,=0

Figure 1-2: Sections of the master fracture body for ¢ = 90° and ¢ = 0° [113].

Mode B stands for the matrix failure under transverse compression:

1 _ -
Ll

The fracture plane for the Modes A and B is normal to the ply and parallel to the fibre
direction (0¢,=0). Mode C is a matrix failure under large transverse compression (o2 < 0)
with a fracture angle defined from Eq. 1.5:

2 2
T g

[( = ) +< (2>>
2(14+p) )Ry Ry

It should be emphasized that in a general 3D stress state case the fracture angle 6, should be
determined numerically. That means that normal and both shear stresses acting on a plane
parallel to the fibres should be identified as 0, (0), 7,+(0) and 7,,1(6) and by repeating this
for sufficiently large number of angels 6, the stresses satisfying failure criteria are detected
together with the corresponding fracture angle 6y,, which is illustrated in Fig. 1-4.

R\

—09

=1 (1.9)
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Figure 1-3: Fracture surface for the Puck failure criterion from [114] for plane stress state.

LaRCO5 failure criteria

Following the idea of a fracture plane, Davila et al. [30] suggested six phenomenological
failure criteria in terms of plane stress assumptions denoted as LaRCO03 failure criteria,
starting from LaRCO02 failure criteria [31]. Later on the criteria were extended to a 3D stress
state by Pinho et al. [109] considering in-plane shear non-linearity in matrix behaviour and
then by Pinho et al. [110] with attention to the fibre kinking. The latest LaRCO05 failure
criteria presented by Pinho et al. [111] define the matrix failure by following:

- 2 7_ 2 (on) 2
T L N/)+

[ + | — 4+ | == =1 1.10
(SZTS—HTUN> <Sf—77LUN> ( Y}® ) (1.10)

As the last term in Eq. 1.10 is responsible only for the traction of the matrix crack, the
criterion distinguishes between tensile and compressive failure mechanisms. The McCauley
brackets are defined as (x)4+ = max{0,z}. 7r, 71 and oy are the transverse shear, longitu-
dinal shear and normal stresses acting on the fracture plane depicted in Fig. 1-5, similar as
defined by Puck et al. [114].

The slope or friction coefficients n7 and 77, allow to change the respective shear strengths
depending on the traction. In the case of the compressive normal traction they allow to
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Figure 1-5: Fracture plane for a 3D stress state [109] similar to Puck et al. [114].

increase the respective shear stresses, whereas when the normal traction is tensile, the
respective shear strengths are reduced. Both slope or frictional coefficients nr and 7y, are
material properties that are required to be defined experimentally. np is determined from
the pure transverse compression test, while 7y, is found from the condition similar to one
proposed by Puck et al. [113], see [109]:

nL nr
T 1.11
S, 5 (1.11)

where St and S, are transverse and longitudinal shear strengths respectively.

Pinho et al. [111] argued that the strengths for the matrix-dominated failure should not
be considered as material properties as they depend on the ply thickness and the stacking
sequence of the neighbouring plies. That is why the in-situ strengths S, Sf and Yff as
transverse shear strength, longitudinal shear strength and transverse tensile strengths are
introduced.

Fibre compressive failure is associated with fibre kinking and matrix splitting in between
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fibres and is described by the following criterion:

m 2 m 2 m 2
1S % m + 1S e m + <U2iz+ =1 (112)
S% —nro} SP —nro}y Y7

If the magnitude of the longitudinal compression o1 < —X¢/2, then the there is a fibre
kinking, if not and o1 > —X¢/2 than there is a fibre splitting. Here Pinho et al. [111]
assumed that under lower longitudinal compression the shear-dominated matrix failure results
in fibre splitting, while fibre kinking starts at higher compressive stresses. The superscript m
denotes the rotation to the misalignment frame after the rotation to the kink-band plane v,
refer to Fig. 1-6 and [111]. As has been mentioned above, fibre kinking is highly sensitive to
fibre misalignments as well as to matrix defects, which require consideration of uncertainties
at microscopic length scale such as statistical distributions of fibre waviness [18]. But in the
proposed above criterion the probability aspect of the fibre misalignment distribution is not
considered.

Kink plane
1 m
A N
3
h s 2m
<L _—

3'!1

2’{”
Matrix fracture plane

Figure 1-6: Physical model for kink-band formation [111].

Fibre tensile failure is detected by the maximum stress failure criterion:

=1 (1.13)

IQC criterion

Vogler et al. [139] formulated the invariant-based quadratic failure criterion (IQC) that
does not require definition of the fracture surface. However, the criterion distinguishes
between matrix and fibre failure as well as between tension and compression. While fibre
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failure is determined similarly to the Puck criterion, matrix failure is identified through the
invariant-based criterion. This criterion may be regarded as computationally more efficient
as compared to Puck and LaRCO05 criteria, as it does not require iterative procedure to
identify fracture surface.

Fibre failure is determined similarly under compression and tension:

aoa

=~ 1 1.14
R (1.14)

where R represents either tensile strength Rﬁ, or compressive strength Rﬁ depending on the
loading condition, a is a preferred direction characterizing transversely-isotropic material.
The material response is invariant with respect to arbitrary rotations around this preferred
direction a. The term aca is the projection of the stress tensor onto the preferred direction.

Matrix failure surface is defined:

r =Bl + Boly + Bals + Baols — 1 (1.15)
where the failure occurs when r = 0. Parameters 81, 82, 83 and (33 are obtained from

material strengths.

Fig. 1.15 illustrates shapes of yield and failure surface of the transversely-isotropic material
model.
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compression B2 -ﬂ-
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Figure 1-7: Yield and failure surface of the transversely-isotropic material model in /T;-I3-
invariant-plane of IQC criterion (from [139])

Linde criterion and degradation model

The Linde criterion [86] distinguishes between fibre and matrix damage without differentiating
between compressive and tensile stresses. This criterion is based on strains and does not
introduce a fracture surface definition. The material damage model performs a gradual
degradation of material properties based on the fracture energies of fibre and matrix. In the
following, X7 and X are the longitudinal tensile and compressive strength, correspondingly,
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and Y7 and Yo denote the transverse in-plane tensile and compressive strength, respectively,
whereas Sy is the axial shear strength and Cj; are the components of the stiffness matrix.
The appearance of the matrix and fibre damage is detected by the following two equations:

Yr ) Y2\ e (YT>2 Yr
= | — Yr— L) S+ () é€y> — 1.16
f \l Yo (622> + ( T Yo | Co + S 12 Coo ( )
XT 2 X% €11 XT
=== Xp— L) = > 2~ 1.17
i \IXC(EH) +< " X¢)Cn T Cn (L.17)

where the strain components ¢;; correspond to the local material coordinates related to the
orientation of the fibres, index I refers to the fibre direction, whereas index 2 (in-plane)
and index 3 (out-of-plane) refer to the transverse directions.

Linde introduced two different damage parameters d,, and dy to distinguish between fibre
failure and matrix failure:

Yy - (022YT(ém_YT)LC )

dm =1—="Le m 1.18
i (1.18)
X CunXp(ff—Xr)Le
d=1-— f—Te ( c ) (1.19)
f

The characteristic element length L is applied to minimize the mesh dependency of the
degradation model. Gy, and Gy denote the matrix and fibre strengths, respectively. The
damage parameters d,, and d; are used to calculate the effective elasticity tensor Cy:

(1-— df)Cn (1 — df)(l — dpy)C12 (1 — df)Clg 0 0 0
(1 —dp)Ca2 (1 —dp)Coas 0 0 0
Cc_ Cs3 0 0 0
o (1 —df)(l —dp)Cus 0 0
symmetric Css 0
Cées
(1.20)
Summary

Garnich et al. [49] reviewed some existing degradation models distinguishing between sudden
and gradual degradation models. Sudden degradation model is based on the assumption
that reaching failure criterion means that the material properties should be degraded instan-
taneously to a small fraction of the undamaged values or zero. Small values are commonly
preferred to zero values to avoid numerical instabilities. In contrast, in gradual degradation
models the material properties are reduced gradually which allows to reflect the progression
of the damage. Following Hiihne et al. [67], constant degradation models underestimate the
load-carrying capacity delivering more conservative results, therefore gradual degradation
models are considered to be more accurate.
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In order to determine the initiation of damage and to examine the propagation through
the structure by means of the global-local approach, the Linde criterion [86] has been
chosen due to several reasons. On the one hand, this criterion already distinguishes between
fibre and matrix failure which allows for the adequate reduction of corresponding material
properties and for tracing the failure mechanisms responsible for the final collapse. On the
other hand, although the Linde criterion does not provide an information considering the
failure under compression or tension loading, it incorporates both strength values into the
criterion. The main goal of the global-local method is to investigate the influence of the
damage propagation at the global level taking into account reduced material properties
obtained from the local level. Therefore, this leads to an assumption, that it is not es-
sential to receive an exact type of failure load, as it does not influence the coupling procedure.

It is also important that the implementation of this criterion is relatively straightforward
from the computational efficiency point of view, as it requires material properties that are
easy to find experimentally and they are usually available in the literature, which means that
no artificial assumptions should be done as for the case of the LaRCO05 criteria, for instance.
Moreover, as the determination of the fracture plane angle is not involved in the Linde crite-
rion, extensive computations required to identify this angle for the 3D stress state case could
be avoided. Besides that, the probabilistic analysis of fibre misalignments and following com-
pressive strengths redistribution were not considered in the global-local method, as damage
was calculated at both levels in a smeared way without explicit modelling of fibres and matrix.

In regard to the sophisticated IQC criterion by Vogler et al. [139], it has not been chosen
for the application to the global-local framework due to the fact, that large material non-
linear behaviour such as plasticity, for example, was not considered relevant to a current
formulation. Plasticity may play an important role in a case of composites based on ther-
moplastic resins which are more ductile as compared to thermosets. Thermoplastics also
demonstrate softening behaviour while heated at rather low temperatures. Whereas the
mechanical behaviour is strongly dominated by fibres when loading in fibre direction, shear
loading and transverse loadings are determined by matrix material. In the case of laminated
stiffened panels the matrix is typically made of thermoset, also no out-of-plane loadings are
expected to take place. Hence, as composite laminates with uni-directional fibres mainly
exhibit brittle failure, linear elastic material model has been preferred for both global and lo-
cal models until first failure occurred, and since that the material degradation was introduced.

Nevertheless, it should be noticed that the developed global-local approach is not restricted
to any particular damage criterion or material degradation model. It is worth mentioning
that different failure criteria might be used at the global and at the local levels as the aim
of the global failure criteria is to identify the probable areas of damage, whereas the local
criteria are responsible for the detailed examination of the damage.

1.2.1.2 Interlaminar failure

Laminated composite structures experience delamination and, in particular, skin-stringer
debonding as one of the prime failure mechanisms in stiffened panels under compression,
investigated by many authors to name a few: Wang et al. [141], Consentino and Weaver
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[25], Balzani and Wagner [10], Raimondo and Riccio [117, 122], Krueger et al. [82], Davila
and Camanho [28], Yap et al. [146] and Falzon et al. [40].

Accurate modelling of the delamination of the full structure is computationally expensive.
That is the reason for the development of the reliable global-local procedure that could
be an efficient compromise allowing reduction in a simulation time on the one hand, and
considering the damage onset and evolution at both levels, on the other hand.

Delamination in composite materials

Delamination occurs under various combinations of loads leading to a significant reduction
of the load-carrying capacity of the structure. Two approaches are commonly used to
numerically model delamination: Virtual Crack Closure Technique (VCCT) and cohesive
interface elements.

The VCCT is based on linear fracture mechanics and uses Irwin’s assumption to calculate
the energy release rate needed for the crack extension by taking it equal to the work required
to close this crack back to its original length. Therefore the application of the VCCT is
constrained to a linear elastic material with a small plastic zone ahead of the crack tip. In
case of large plastic zone the amount of energy dissipation is high and assumption about
work could not be used. This work is calculated from multiplication of nodal point forces and
corresponding differences in nodal displacements [81]. This approach was further elaborated
by Rybicki and Kanninen for application to the finite element analysis [124]. In order
to determine whether the crack propagates, the calculated energy release rate has to be
compared to the threshold of the critical value. The example of the four-node plane stress
or plane strain elements is illustrated in Fig. 1-8 with energy release rates:

1
G] = —szi(wl — wl*) (1.21)
G ——LF’( — ) (1.22)
I = IAg T up — upx .

where Aa is the element’s length at the crack tip and Fy; and F}; are the corresponding forces
at the crack front, superscript ¢ denotes the nodal point, w;» and w;~ are nodal displacements
at the lower crack face and u; and w; are corresponding nodal displacements at the upper
crack face.

The main drawback of the VCCT is, that it predicts only crack propagation assuming
that the crack initiation location is known in advance. Another difficulty is related to the
accurate calculation of the nodal variables for the energy release rate. It either implies the
requirement of a very fine three-dimensional finite element mesh, or a remeshing technique
should be applied during the analysis [134].

Cohesive Zone Modelling (CZM) is based on damage mechanics. CZM assumes existence of
the softening region in front of the crack tip, a cohesive damage zone, that is resisted by the
tractions. This idea originates from Dugdale [34] and Barenblatt [11]. Dugdale suggested
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Figure 1-8: VCCT for 2D solid element with four nodes from [81].

that there is a thin plastic area ahead of the crack tip with constant stresses equal to the
yield strength. Barenblatt in turn assumed that the stresses vary during the deformation
process. Hillerborg [63] proposed a formulation based on this latter suggestion. The method
of Hillerborg is based on continuum damage mechanics and it allows the crack to grow and,
more importantly, predicts the crack initiation, which takes place when the tensile stress at
the crack tip reaches the tensile strength.

Interface elements based on the CZM rely on the traction-separation law that is formulated
in terms of the traction versus displacement jumps at the interface of potential crack. Under
pure mode I, mode II, or mode IIT loadings most commonly an initially linear behaviour is
assumed until the tensile strength ¢4, is reached, afterwards it is followed by the softening
region until the crack surfaces are completely separated which results in zero traction.
Different shapes of the softening curve, such as linear, exponential or trapezoidal, have
been proposed in the literature [29], [127]. The bilinear traction-separation law is shown
in Fig. 1-9. The fracture toughness G, is equal to the area under the traction-separation
curve and total crack opening takes place when this toughness is dissipated completely. The
penalty or initial stiffness of the interface area has to be chosen as large as possible because
physically no degradation of the cohesive elements should take place at this region and per-
fect adhesion between surfaces is simulated and also quite low to avoid numerical issues [133].

Mixed-mode loading that could include interaction between normal and two shear modes
often takes place and requires additional attention. Initiation and growth criteria should be
chosen that are able to account for the interaction of complex loadings. Usually stress-based
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Figure 1-9: Bilinear traction-separation law.

criteria are preferred. One of the commonly used criteria predicting delamination onset is
the quadratic stress criterion:

() () () 1

Here < ... > represents McCauley brackets operator applied to remind that compression is
generally not involved in interface separation. o, is a stress in the pure normal mode, o,
and o; are nominal stresses acting in the first and second shear directions and Nz, Smaz,
Tnae are the corresponding strengths.

One of the most commonly applied criteria for the delamination propagation under mixed-
mode loading is the Benzeggagh and Kenane criterion [14] extended to three dimensional

cases:
Grr + Grrr )"
Gr+Gr+Grr
where Grc and Gjjc are mode I and II fracture toughness and Gy, Gyr, G are single

mode energy release rates corresponding to fracture modes I, IT and III. Their sum is the
total energy release rate. The parameter 7 is determined empirically [134].

Ge = Gro + (Gr1e — Gre) ( (1.24)

A scalar damage variable d is usually utilized to identify the damage state. This damage
variable changes from 0, when no damage is detected, to 1 when the crack is fully opened.
Camanho et al. [22] suggested to determine the damage variable for the monotonic loading
as following:

0 tail (0 — Oing
g = Orait(8 = dinit) (1.25)
8(0 fait — Oinit)
where d is a damage variable, ¢ is a current maximum relative displacement, d;,;+ corresponds
to the displacement of the delamination beginning and 64 is a displacement of the complete

failure.

The stiffness of the cohesive element in linear traction-separation law is defined as following
[22]:
Ko 0 < Oinit
K= (1 — d)KQ Oimit < 0 < 5fail (1.26)
0 0 > dfail
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where Kj is an initial penalty stiffness that is degraded after displacement § reaches the
value of d;,;; and becomes 0 when the crack opening is equal to 0 74-

For the uncoupled behaviour of normal and shear components of stresses Abaqus [1] provides
the following stress-strain relation for the elastic behaviour which was suggested by Davila
et al. [29]:

on K, 0 0 €n
os| =10 K, 0 es | =K e (1.27)
¢ 0 0 Kt €

where o, is an out-of-plane stress, o5 and o, are shear stresses and the same holds for the
corresponding strains €,, €; and €. K, is a normal stiffness that is related to the Mode I
delamination, K; and K are in-plane stiffnesses responsible for the Mode II and III damage
behaviour respectively. Although at that time D&vila et al. [29] used the same penalty
stiffnesses for all modes, later Turon et al. [136] argued that the penalty stiffness should be
mode-dependant to ensure accurate simulation results. Here strains are defined as separation
displacements divided by initial thickness ¢ of the cohesive element:
571 55 _ 5t

€n = 6= &

1.28
t t t ( )

The Cohesive Zone Model could be implemented by means of the continuum (CCZM) or
discrete (DCZM) approaches. To apply CCZM, continuum type interface elements are used
to model the cohesive process zone in front of the crack tip. This technique was widely
examined and extended by Allix and Ladeveze [9], Turon et al. [133], Camanho et al. [22]
among others. One of the drawbacks of CCZM is a high number of cohesive elements
required to mitigate mesh sensitivity. DCZM method consists of using point-wise discrete
elements instead of continuum elements. This method was applied and developed by Borg
et al. [19, 20], Wisnom and Chang [115], Xie and Waas [143], Hallett and Wisnom [59],
Jiang et al. [70], Liu et al. [87]. To accurately predict the delamination onset and evolution
the DCZM requires an accurate calculation of forces or stresses in nodes of the elements
which also involves high computational costs. Therefore, a multi-scale approach could be
regarded as a desirable methodology allowing reduction of the computational time with
keeping required accuracy of the delamination modelling.

When applying cohesive zone modelling, it is useful to evaluate the admissibly large mesh
size for the cohesive elements in order to obtain mesh-independent results. Based on the
assumption about the number of cohesive elements lying in the cohesive zone, which is
a distance between the crack front to the point where the cohesive traction reaches the
maximum, it is possible to find a cohesive element mesh size. Following suggestion of Turon
et al. [134] at least three elements in the cohesive zone are required for the delamination
investigation in mode I. Moreover, Harper and Hallett [60] concluded that for the accurate
numerical analysis at least three cohesive elements are required when various mode ratios
are presented. The guidance about the possible determinations of cohesive zone length is
summarized by Turon et al. [134], Harper and Hallett [60] and Soto et al. [128]. Following
the Hillerborg [63] the cohesive zone length was defined for orthotropic materials by Yang
et al. [144, 145] as a material property in an infinite body under the uniform and remote
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loading in a general form [134]:

G
le = ME— (1.29)

70
where E is a Young’s modulus, G, is a fracture toughness as defined above, 7y is a maximum
traction. Parameter M depends on each cohesive model [134] and was defined differently by

the researchers. Turon et al. [134] used the Rice model [123] where the value of M:

_97T

- = (1.30)

In the case of slender bodies the cohesive zone length is a material and a structural property
which also depends on the laminate half-thickness ¢ and estimated as [144]:

o\ VA
ZCZ”—<E}QC> $3/4 (1.31)
TI0
Grre
leatrr = | By QIIt (1.32)
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The cohesive element mesh size [, could be obtained from the following equation [134]
assuming that the number of elements N, in the cohesive zone is not less than three:

lCZ
N, = Tl (1.33)

e
According to Yang and Cox [144] the cohesive zone length is longer for mode II loading
as compared to mode I. Hence, it is accurate enough to identify the required number of
cohesive elements based on the formula for the mode I.

In order to overcome the necessity of using large number of cohesive elements with relatively
small element size, Turon et al. [134] suggested to consider reduction of the interface strength
for mode I, see Eqgs. 1.34, 1.35. This approach is based on the observation conducted by
Alfano and Crisfield [6] that concluded that reduction of the maximum traction allowed for
a coarser mesh to be used.

(1.34)

T = min{7o, 70} (1.35)

By reducing the maximum traction, the cohesive zone length is enlarged. The only drawback
of this approach is that the stress concentrations near the crack tip are less accurate, but
the dissipated energy is calculated properly which allows for capturing the crack evolution.

Later Turon et al. [135] also derived a relation between the interface strength of pure mode
I 770 and pure mode II loadings 777q:

Grre
GIC

TI10 = TI0 (1.36)
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This framework enables to increase the cohesive element size by using corresponding de-
creased interface strengths. However, caution must be taken and convergence investigations
are required to determine the appropriate mesh size.

For the numerical simulation of delamination by means of the global-local approach, cohesive
zone modelling strategy has been selected due to several reasons. In contrast to the VCCT,
cohesive elements not only allow to explore crack propagation through the structure, but
also to detect the delamination initiation. That is a clear advantage for the stiffened panels
under consideration, as the delamination location is typically not known a priori. Another
argument in favour of CZM, as compared to VCCT, is an existing engineering solution
formulated by Turon et al. [134] that permits to use higher cohesive element sizes leading to
decrease in computational efforts.

1.2.2 Multi-scale and global-local modelling

Multi-scale methods aim at establishing a bridging relationships between different length
scales in materials with various heterogeneities. The complex nature of composite materials
has given a rise to a development of multi-scale techniques to link the micro-scale behaviour
that could include different nonlinearities with a constitutive response at the macro level. In
terms of progressive failure analysis, multi-scale approaches offer an effective tool to capture
sufficiently accurate results at the macrostructural level and to investigate the details of
the damage behaviour at the microstructural level. It should be mentioned that the main
advantage of these methods is that reduced complexity at the macro level and localized size
at the micro level result in the considerable reduction of computational costs. An extensive
overview of the multi-scale approaches is available in the literature (Ladeveze [84], Kanoute
et al. [76], Talreja [130] and Aboudi et al. [2]).

Multi-scale analysis involves consideration of the model at different length scales with a clear
scale separation. It should be mentioned that the term “scale” can refer to different levels
of space or time. A time separation is usually employed in the cases of nonlinear dynamic
analyses. In this work only multi-scale methods in terms of length scales are examined.
Thus, in a current context a scale separation means that the characteristic length of the
lower level is significantly smaller than the characteristic length of the upper level:

Llower < Lupper (137)

Hence, the strains and stresses at the lower level can be regarded as constant at the upper
level. This condition is required for the application of the so-called classical homogenization
techniques that are used to transfer the information from the lower to the upper level.
Homogenization by definition means that a heterogeneous material is substituted by a
homogeneous effective material and the averaging of the lower scale behaviour is performed
through the Representative Volume Element (RVE) concept [62]. In contrast to the multi-
scale strategies, global-local approaches do not rely on the assumption of the scale separation
between different model levels as the damage evolution usually violates the scale separation.

There are several classifications of the multi-scale and global-local methods that are not
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always distinct and may result in overlapping when one method would belong to different
categories at the same time. However, both types of methods are referred here as coupling
methods, as both scales in case of multi-scale analyses and both levels of fidelity or accuracy
in case of the global-local techniques are connected, or “coupled”, at least in one-way, which
means that the information obtained at the one level is transferred to be used at the other
level. Following Katz et al. [77] and Hiihne et al. [68] the coupling approaches could be
regarded as tight and loose coupling methods. The term “tight coupling” denotes strategies
with simultaneous solution of the equations in the global and local systems, whereas under
the “loose coupling” technique the global and local systems are solved separately in time
and space.

The other important classification encompasses the one-way and two-way coupling methods.
During the one-way coupling the information is exchanged in only one direction either from
global to local or from local to global levels. The term “two-way” analysis denotes the
information transfer between both levels. The tight coupling is automatically a two-way
coupling method based on the definition as the mutual interaction between both models
leads to concurrent exchange of information in both directions, whereas loose coupling
approach might be realized in conjunction with one-way or two-way scenarios.

Pointwise and volumewise categories have been introduced as different coupling procedures
in order to distinguish between the methods with and without scale separation. The term
pointwise coupling refers to the definition of the global constitutive behaviour at each global
integration point through the representative volume element (RVE) defined at the local
level. As for the volumewise coupling the finite volume at the global level is described by
the local model’s behaviour [24].

Although many different approaches have been formulated based on the tight coupling strat-
egy, only several methods exist nowadays that are based on the loose coupling methodology
and even less methods among them enable incorporation of the two-way analysis. These
methods are discussed in more detail below.

1.2.2.1 Tight coupling approaches

The term “tight coupling” also commonly referred as concurrent coupling [2, 93] is typically
employed for the problems where all scales are treated simultaneously with a strong multi-
scale coupling and interdependence.

One of the typical implementation of the tight coupling is a combination of two models where
the detailed local model is inserted into the coarse global model. It might be also viewed as
if a part of the global model is cut and replaced by the local model with a finer mesh. In this
case analysis is performed only once and both models are calculated concurrently. There
exist various approaches about how to connect these models with usually different mesh
sizes and element types. Special interface elements could be used between non-matching
meshes or kinematic constraints as multipoint constraints (MPCs), for instance. One of the
coupling methodologies based on the multipoint constraints is described in details by Alesi
et al. [5]. It is also possible to tie elements with non-matching meshes by pairing the degrees
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of freedom on corresponding surfaces.

Skin-stringer debonding was analysed by Krueger et al. [82] in a composite stiffened panel
through coupling a coarse shell global model with a 3D refined local model. The two
models were connected to each other using multipoint constraints that made the trans-
lational and rotational motion equal on the prescribed surfaces of the global and local models.

Borrelli et al. [21] applied coupling methods based on the kinematic constraints to perform
tight global-local analysis of initially delaminated stiffened panel. Shell elements were used
in the coarse global area, whereas the local area surrounding delamination was modelled
with solid elements and a finer mesh. Modified virtual crack closure technique (MVCCT)
was applied to model delamination. The results were compared to the reference model with
solid elements.

Pietropaoli and Riccio [106] used global-local approach for examination of interlaminar and
intralaminar damage onset and growth in composite stiffened panels. Global and local
models were tied by interface elements based on coupling equations between the degrees of
freedom. Delamination between two layers was modelled by means of multipoint constraints
and VCCT was implemented to observe the delamination growth.

Yap et al. [146] performed damage analysis with a focus on a skin-stringer debonding in
stiffened composite panels. Meshing discontinuity between the coarse global and refined local
model regions was solved by imposing interpolation constraints between nodes of different
regions.

Another multi-scale strategy that could be allocated to the group of tight coupling methods
implies a definition of the macroscopic constitutive behaviour through the microscopic
material modelling including complex mechanisms and various nonlinearities. A represen-
tative volume element is assigned to each integration point of the macroscopic model and
a numerical homogenization procedure is performed to estimate the macroscopic effective
properties from the microlevel calculations, such as effective stresses and effective material
tangent, for example. Both models are separated spatially but are solved in parallel with an
iteratively coupled scheme to connect both scales. This method could be computationally
expensive especially if material nonlinearities and large deformations and rotations are
considered. Firstly proposed by Renard et al. [121], this method was further elaborated by
Feyel et al. [41], Terada and Kikuchi [132], Ghosh et al. [53], Ghosh et al. [54], Radhavan
and Ghosh [116], Miehe et al. [96], Miehe et al. [97] and Miehe and Koch [95] among others.
Progressive damage analysis with reduction of the material stiffness was performed by
Zohdi et al. [147]. Among these approaches a multi-scale method called FE? has been
formulated and developed in a general manner by Feyel [41], Feyel and Chaboche [43] and
Feyel [42] relying on the coupled numerical homogenization. In this context F'E? means that
both separate scales are treated simultaneously which allows to consider the heterogeneous
behaviour of the structure through a multi-scale method. In this case two boundary problems
are solved concurrently, and the mechanical behaviour is modelled at the microscale. A
localization rule is utilized to find local solutions by applying strains from the macroscopic
solution to the RVE of the micro problem. In turn, the homogenization rule is applied
to determine the macroscopic stress tensor by averaging of the microscopic stress of each
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RVE assigned to the marco integration point. Further extension of this method has been
proposed by Geers and al. [50], Kouznetsova et al. [78] and Kouznetsova et al. [79] as
so-called second-order homogenization. As compared to the first-order homogenization a full
second-order extension gradient is employed at the macrolevel which allows to alleviate the
mesh dependency through incorporating the length scale and to account for the presence of
moderate localization. More recently Oliver et al. [101] utilized the F'E? approach to model
propagating fracture.

Some hierarchical methods could also belong to the tight coupling methodology. In these
methods the scales are linked sequentially, which means that the same domain is solved
on different scale levels and only the area of interest is explored at the microscale. Both
scales are typically coupled through averaging of the volume microscopic gradients that are
imposed at the macroscale and the localization procedure that allows for transferring the
macro boundaries to the microscale. In this framework lie several methods. Zohdi et al. [148]
and Oden and Zohdi [100] formulated so-called Homogenized Dirichlet Projection Method
(HDPM). Belytschko and al. [13] proposed a spectral overlay method for problems with
high gradients. Fish [44] introduced the s-version of the finite element method that is based
on superimposing meshes of higher-order elements. Multigrid methods for heterogeneous
materials were developed by Fish and Belsky [45, 46], Fish and Chen [47], Bayreutheret al.
[12] and Miehe and Bayreuther [94]. An adaptive hp-version of the finite-element method
was elaborated by Rank [118], and Krause and Rank [80]. Hughes et al. [66] and Garikipati
and Hughes [48] worked on variational multi-scale methods. Domain decomposition methods
were used by Zohdi and Wriggers [150], Ladeveze [84, 85], Kadowaki and Liu [75], Allix et al.
[8], Saavedra et al. [125]. Coupled volume approach was presented by Gitman [55], Gitman
et al. [56]. Mesh superposition technique without transition region was proposed by Park et
al. [105]. Pineda and Waas [108], and Pineda et al. [107] applied generalized method of cells
to perform multi-scale progressive failure analysis.

1.2.2.2 Loose coupling approaches

During the loose coupling analysis the global and local models are calculated sequentially
and linked through the information exchange in one or two directions. In this case the global
and the local models are typically analysed independently and the local models overlap
the global model in certain regions of interest to obtain detailed results. The refinement is
commonly performed by the submodeling procedure which transfers interpolated displace-
ments as boundary conditions from the global to the local level. While the geometry and
the coarse mesh of the global model commonly remain intact during the loose coupling anal-
ysis, various averaging techniques exist to enable the update of the global material behaviour.

One-way loose coupling

One-way loose coupling approach usually applies the submodeling, or so-called zooming
technique in order to investigate the critical area of the coarse global model with a refined
independent local model analysis [118]. The information exchange is executed in one di-
rection, typically from the global to the local model. The method relies on St. Venant’s
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principle, that means that the global boundary conditions introduced instead of actual
distribution of stresses and strains would affect the solution only at the boundaries of the
local problem [51]. That could be used as a guidance into definition of the correct local
model size as the boundaries of the local model should lie away from high stress and strain
gradients. This method was successfully applied for one-way global-local transition without
clear scale separation by Mote [98], Hirai et al. [65], Noor [99] and Sun and Mao [129],
for example. Several methods link results in the opposite direction from the microscale to
the macroscale. The effective properties of the heterogeneous material with damage are
defined at the microscale to be used in a macroscopic analysis by Zohdi and Wriggers [149],
Lohnert [88], plastic deformations have been considered by Reese in meso-macro method
[119]. Micro-meso-macro multi-scale procedure including material damage and plasticity in
textile composites based on the transition of the homogenized stress-strain curves from the
lower to the upper level was formulated by Ernst [37], Ernst et al. [38].

Faggiani and Falzon [39] presented an optimization technique based on a genetic algorithm
to improve the damage resistance for the skin-stringer interface in the postbuckling regime
of stiffened panels by finding an optimized stacking sequence. The authors made use of
a one-way global-local method in their optimization analysis and employed submodeling
procedure.

Orifici et al. [104] formulated a one-way global-local approach for detection of the initiation
of delamination between the skin and the stiffener in the stiffened panels during postbuckling
regime. After completion of the global model analysis with a coarse mesh, several local
models were created along the skin-stringer interface in order to find out if the delamination
between the skin and the stringer started. For that reason a strength-based criterion was
applied at the local level. The initiation of the skin-stringer separation was considered
critical for the panel and no further investigations on the delamination propagation were
conducted.

Reinoso et al. [120] examined the skin-stringer debonding in a composite panel by means
of both one-way loose coupling and also tight coupling approaches. During the one-way
coupling procedure, the submodeling technique was employed to assign displacements as
boundary conditions from the global to the local level. Cohesive elements at the local
level represented the interface layer, whereas solid elements were used for this layer at the
global level. The tight coupling was carried out through the so-called shell-to-solid coupling
methodology [1] which is in fact a subtracting of the critical region from the global shell
model and replacing it by the detailed local region of solid elements. A coupling between two
models was enabled through the constraint relations introduced on the boundary surfaces
between two models.

A one-way global-local analysis for the Omega-shaped multi-stringer panel loaded in com-
pression was suggested by Vescovini et al. [138]. Both global and local models were composed
of shell elements. Cohesive elements were applied between the skin and the stringer in the
local models for determination of delamination initiation and growth. Local models that
were created by means of submodeling procedure had pre-determined size and local analysis
was performed five times moving the local model along the stringer.
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Two-way loose coupling

During a two-way loose coupling analysis both levels are linked through the information
passing between the global and local levels in both directions, accounting for interactions of
global and local effects. For the time being only several two-way loose global-local methods
have been elaborated that can treat global and local models separately. Whitcomb [142] pro-
posed an iterative procedure to enforce equilibrium between global and local solutions. The
displacements from the global analysis were used as boundary conditions for the local model.
The correction of global displacements was obtained after local model analysis. Similarly,
Mao and Sun [92] suggested to improve their original one-way coupling strategy [129]. Along
the boundaries of the refined local model the displacements from the coarse global model’s
computations were introduced, whereas within the local model, the original external forces
were prescribed. After completion of the local model analysis, the displacement contribution
was calculated for each global element based on the resulting local model displacements.
This global-local procedure could be repeated iteratively to obtain further accuracy.

The multi-scale projection method by Lohnert and Belytschko [89] was based on the extended
finite element method (XFEM) to model fracture and crack propagation and to examine the
macrocracks and microcracks interactions leading to damage. XFEM allows to model an
arbitrary number of cracks with not known crack propagation paths without remeshing. As
the microcracks in the vicinity of the macrocrack front lead to high stress and displacement
field gradients, these areas require modelling of detailed interaction of the cracks, whereas
at the macro level only macrocracks can be considered. In this approach both scales were
separated and numerical simulations were carried out independently. The meshes were
congruent which means that for any element at the upper scale there existed a set of elements
at the lower scale in the region of interest. The displacements were transferred as boundary
conditions from the coarse to the fine scale, whereas fine scale stresses were returned into
the coarse scale equations.

Chrupalla et al. [23] formulated the homogenization-based iterative two-way multi-scale
approach (HIMSA) to account for local effects on the global behaviour of composite struc-
tures. Similarly to previous methods, displacements from the global model were assigned
to the local model’s boundaries. The local-to-global coupling was executed through the
transfer of the averaged stresses that were calculated for each global integration point and
then updated global tangent stiffness operator was determined.

Labeas et al. [83] presented an adaptive progressive damage modelling technique to predict
the damage initiation and evolution in composite structures based on the submodeling
procedure. The Hashin criterion [61] was applied at the global level to identify the damaged
areas, whereas degradation of material stiffness took place at the local level. The degraded
material properties for the global model were calculated based on the mean values of the
local engineering constants obtained after damage evolution. Then following reduction of
the material properties at the global level, the structural equilibrium was established as the
stress redistribution can result in new material failures. Thus, the global-local procedure had
to be repeated until no new damage evolution was detected. Only afterwards the load was in-
creased and the global-local modelling was performed until the catastrophic failure took place.
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The non-intrusive global-local coupling for problems with local plasticity by Gendre et al.
[52] connected a global linear elastic model with a nonlinear local model which replaced the
global model in the area of interest. The models were linked iteratively in a non-intrusive
way implying that both models were never modified or updated during the analysis. After
performing global elastic computations each iteration consisted of three steps, see Gendre et
al. [51], Allix et al. [7]. First, the submodeling technique was applied to prescribe global
displacements or mixed boundary conditions to local model’s boundaries. Secondly, the
residual load vector was calculated based on the unbalance between the nodal forces of the
coarse and the fine models. In case the magnitude of the residual load was small enough,
the iterative procedure was terminated. Lastly, the residual load was applied to the global
model to introduce the detailed model’s influence. Further discussion on the non-intrusive
method with a special attention on a coupling between 2D and 3D models was performed
by Guguin et al. [57] and a detailed overview of this method was given by Duval et al. [35].

Following non-intrusive coupling methodology and based on previous research on explicit
dynamic ([15, 16]) Bettinotti et al. [17] formulated a so-called substitution method for
modelling delamination. A numerical analysis was conducted that allows concurrent run of
global and local models for a composite panel under high-velocity impact. A refined local
model replaced the region of the coarse global model where more accurate solution was
required with boundary conditions applied from the global model. The global analysis with
linear elasticity was repeated with updated nodal forces from the local solution applied at
the interface that connects both models.

El Said et al. [36] proposed a multi-scale modelling approach for the 3D woven composites
based on the domain decomposition. An iterative process was performed to ensure com-
patibility of forces and displacements at the interface of macro and meso models to reduce
artificial stress concentrations on the boundaries. A progressive damage model was included
that was able to track the stress redistribution after the damage occurred.

The global-local strategy formulated by Orifici et al. [102] could be also regarded as the
two-way global-local method. This global-local methodology was dedicated to the detection
of the initiation of the delamination between the skin and the stringer in the postbuckling
regime of stiffened panels. Both global and local models were treated separately. After the
coarse analysis of the global model was conducted, the obtained displacements were used
as boundary conditions for the refined local models. Delamination onset was predicted at
the local level where 3D stresses were calculated accurately, whereas the subsequent global
analysis utilized the VCCT to simulate delamination propagation. Hence, in contrast to the
described above two-way global-local techniques, the initiation of the damage was predicted
at the local level and further damage evolution was modelled at the global level. In previous
approaches the global model was assumed to behave linearly and only the effect of the local
nonlinearities was introduced at the global level.

The two-way loose global-local coupling approach proposed by Hithne [68] for the progres-
sive failure analysis differentiates from other techniques by alternative and more accurate
homogenization methodology for matrix and fibre failure which ensures that the effect of
material intralaminar degradation is accounted for properly at the global level. The method
is illustrated in Fig. 1-10 for the case of the stiffened panel where the coupling steps are
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repeated until the final collapse of the structure is attained. Hence, the coupling step consists
of three major operations that are repeated iteratively at two levels of accuracy:

1. Global analysis with a coarse mesh and linear material behaviour is conducted to
evaluate the areas of a probable damage and to define local models’ geometry;

2. Local models with refined mesh and nonlinear material behaviour obtain displacements
as boundary conditions from the global model solution. After carrying out numerical
calculations for local models, degraded engineering constants are extracted;

3. Local part tests are performed and effective material properties for the global model
are obtained and transferred to the global model.

1. Global analysis 2. Local analysis

critical global area
Local model

Displacements = critical global area

Material properties
from local part tests for
damaged global elements

Material properties
from local analysis
for local part

Local part
=1 global element
=1 laminate layer

3. Local part tests for determination
of global material properties
for each damaged global element

Figure 1-10: Overview of two-way loose coupling procedure with stiffened panel [68].

After the completion of the global-local coupling step, the global model analysis is repeated
to check whether the stress redistribution induced by degraded material properties results in
the appearance of new critical areas or an extension of existing ones. The global-local proce-
dure is performed until no new intralaminar damage initiation is detected at the prescribed
displacement level under consideration. Only then the applied load at the global level is
increased and thereby the next “global-local coupling step” is initiated. The procedure is
repeated until final failure of the structure is detected.

The skin and the stringer of the panel in the global model are represented by conventional
shell elements using one element through the thickness including all laminate layers in order
to reduce computational costs. The coarse model with linear elasticity at the global level
is used to identify the areas where matrix or fibre failure are expected to take place by
applying the Linde criterion [86]. Based on these critical areas at the global level, local
models with finer 3D mesh are created through the shell-to-solid submodeling procedure
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with displacements from the global solution served as the boundary conditions. These
local models include the discussed above material degradation model by Linde [86]. After
completion of the local models’ numerical analysis the degraded engineering properties are
extracted and local part tests are carried out. It is important to notice that direct application
of the degraded properties from the local to global level is not possible due to the mesh size
difference between two models. That is the reason to apply the homogenization approach
formulated by Hiihne et al. [68] for this case to obtain the effective global degraded proper-
ties. The concept of “local part tests” is introduced following the material homogenization
procedure described by Ernst [37], the special displacement boundary conditions could be
found in Hund and Ramm [69]. Below the local part tests are presented in detail.

2 A
I A T
2 A Ul L] . 2 A
2 | L {
L, | < : U, i
RF :
1 H |RF, 1
o —_
A .
I u, u,

Figure 1-11: Local part tests (Left: Test 1, Middle: Test 2, Right: Test 3) [68].

Each global element ply obtains corresponding new reduced material properties after comple-
tion of three linear characterization tests that follow the assumption of a plane stress state at
the global level. First, two tension and one shear tests are performed in order to determine
the Young’s modulus in longitudinal and transverse directions, F1; and FEso, respectively,
Poisson’s ratio v12 and the shear modulus G12 which is demonstrated in Fig. 1-11:

1. Test 1. Tension in global 1-direction:

J11

E=— (1.38)
€11
V1o = —Eﬂ (139)
€11
2. Test 2. Tension in global 2-direction :
Fop =72 (1.40)
€22
3. Test 3. Shear in global 1-2 plane:
G = T2 (1.41)
Y12

Composite laminate usually consists of several lamina with different fibre orientations. Thus,
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an additional transformation from the global to the local directions is required for fibre
orientations aside from those with 0° orientation as the degraded engineering constants are
defined in global direction regardless of the initial orientation. Hiithne et al. [68] formulated
the following transformation procedure. First, a partly unknown global stiffness matrix Q
is formed where the values QQ11, 22, @33, @12 and Q)91 are determined from the results of
local part tests:

Qun Q12 Qi3
Q=|[Q2a Q2 Qs (1.42)

Qs Q32 Q33

FE1q
Qu = T3 Foy (1.43)
L=viEd

Eo E
Qn=—2—"="2.Qu (1.44)

1-— V%ZE% Erq
Q12 = Q21 =112 - Qui (1.45)
Q3 = G2 (1.46)

and (13, 23, Q31 and @30 are initially unknown. The values of the local stiffness matrix
Q’ are unknown except for the fact that some entries are zero as the layers are transversely
isotropic in local directions:

Qu Qp 0
Q=|Qy Q@ 0 (1.47)
0 0 Q3

The transformation matrix T that relates these two matrices is defined by:

cos?0 sin20 sinbfcost
T=| sin%0 cos®0 —sinfcost (1.48)
—2sin%0 2sinfcosl cos*0 — sin26

where 6 is a fibre orientation in global coordinates. Thus, the unknown coefficients are found

from solving:
Q=17.Q'-T (1.49)

Finally the system of nine equations and nine unknowns that actually is formed by Eq.
1.49 is solved and the engineering constants in the local direction that correspond to fibre
orientation are found. It is important to mention that the system is solved for each lamina ply.

Another procedure for the transformation of engineering constants has been proposed by
Akterskaia et al. [3]. It has been motivated by the need to enhance the approach by Hiihne
et al. [68] for the plies with fibre orientation of £45°. The previously described technique
regarded material with these fibre directions at the global level as isotropic as there is
not enough information concerning the transverse isotropy and both Young’s modulus
in longitudinal and transverse directions are close values after local part tests in global
coordinates. Thus, after rotation by +45° both Young’s modulus remain identical. The new
process to transform obtained properties from the principal material coordinates to the local
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coordinates of the global model is performed following Jones [71]:

];x = ;100349 + <Glu - 2;;) sin?fcos0 + E123in49 (1.50)
Vey = By (212(81'7149 + cos’) — <£,1 + ;2 - le> Sin2900529> (1.51)
Ely = Ellsin49 + (Glm - 22112) sin*fcos®0 + ;200340 (1.52)

This transformation methodology is faster on the one hand as it does not require the matrix
inversion and solving nine equations. On the other hand, these equations allow to determine
more accurately engineering constants of arbitrary lamina orientation.

1.2.3 Summary

The discussed above methods mainly differ in the approaches used to determine how to
degrade material properties and how to transfer the results back from the local to the
global level. The submodeling approach is a commonly used practise for the global-to-local
exchange of information, but there are only limited amount of works that deal with the data
transfer in the opposite direction. In order to investigate the overall structural behaviour
until the final collapse it is paramount to perform a full progressive failure analysis which
implies reflecting the damage induced behaviour from the local to the global level.

Moreover, it is expected that the initial damage is localized and it is important to account
for the growth of the damaged area within the local model. Thus, the two-way loose coupling
approaches are preferred as they enable to change the local model’s size and geometry in
contrast to tight coupling methods where the local model is predefined from the beginning
and is tightly connected to the global model which prohibits the simple adaptation of the
local model’s size during the analysis.

Moreover, among the global-local methods, the two-way coupling approaches are mainly
adapted for the intralaminar damage, while there is a gap regarding the two-way coupling
methods for the simulation of the interlaminar damage, particularly a skin-stringer debond-
ing as one of the main critical damage mechanisms of stiffened panels.

1.3 Research objectives

The aim of the present work is to make a step toward bridging the current and future scenarios
described above. That means that an efficient and reliable method for modelling progressive
failure analysis suitable for large stiffened panels has to be developed. This method should
enable a consideration of the most relevant damage mechanisms that can influence prema-
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ture failure of the composite structure in order to simulate a realistic damage scenario. To
achieve this goal within a computationally effective framework, a multi-scale approach with
a two-way coupling strategy is the most suitable tool. As has been advocated above, a fast
computational model with a relatively coarse mesh and elastic material properties is required
on the one hand. On the other hand, the detailed local model that includes material damage
characteristics should be created. The coupling mechanism between both levels of fidelity
is required to enable the global model to include the damage effects. Matrix cracking and
fibre breakage as well as skin-stringer debonding are considered as main damage mechanisms.

The developed global-local method establishes a reliable two-way coupling procedure for
modelling skin-stringer separation in large stiffened panels and enhances results obtained by
Hiihne [68] for the intralaminar damage. This approach allows to predict the damage onset
and evolution with no preliminary knowledge about the type of failure or expected damage
location in a fast and efficient manner. Moreover, introduced formulation of the global-local
numerical simulation of the skin-stringer debonding ensures that dissipated energy is pre-
served to be equal at both global and local levels. This method contributes to the mechanical
virtual testing leading to possible decrease in monetary expenses spent on the experimental
testing. Thereby, based on the knowledge of the structural performance and the damage
behaviour obtained through this global-local coupling strategy the safety region of the opera-
tional flight conditions could be shifted leading to less conservative design and cost reductions.

1.4 OQutline and connection of publications

As a first step, described in Chapter 2 (Paper A), a two-way coupling global-local finite
element approach has been modified in order to eliminate undesired stress concentrations
leading to more accurate local model analysis results. The updated method has been
validated on an example of a large composite panel with intralaminar damage.

In the next step, a two-way coupling global-local finite element approach for modelling
skin-stringer separation of stiffened composite panels has been developed, which is presented
in Chapter 3 (Paper B). The method also couples discrete and continuum elements on
different scale levels and ensures smooth transition of the damage information between both
levels. An experimentally tested stiffened panel with an initial debond between the skin and
the stringer has been simulated by means of the developed approach.

Following previous results, a combination of intralaminar damage and skin-stinger separation
has been modelled through a global-local coupling method which allows for observation of
progressive damage evolution similar to that shown in actual structures. These results are
introduced in Chapter 4 (Paper C). The numerical calculations of the two-way coupling
approach has been validated against existing experimental results demonstrating significant
reduction of computational costs as compared to the full reference analysis.

An essential enhancement of the global-local coupling approach was introduced through
preserving energy dissipated due to skin-stringer separation between the global and local
levels, which is displayed in Chapter 5 (Paper D). Single-mode and mixed-mode loadings
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were considered and tested on a double cantilever beam (DCB) and an end notched flex-
ure (ENF) tests, following by mixed-mode bending (MMB) test. Afterwards an updated
global-local approach was applied to a case of one-stringer composite panel to investigate
the skin-stringer debonding.

To conclude, the last Chapter 6 illustrates a global-local method enriched by the procedure
that allows to ensure the preservation of the dissipated energy due to the interlaminar
damage between the global and local levels. This updated method is validated on the case of
a large curved stiffened panel experiencing intralamiar damage and skin-stringer debonding
following by comparison with experimental results.



2 Paper A: Efficient progressive failure
analysis of multi-stringer stiffened
composite panels through a two-way loose
coupling global-local approach

The following paper is published in Composite Structures, Volume 183 (2018), pages 137-145
(https://doi.org/10.1016/j.compstruct.2017.02.011). The main work was done by the author
of this thesis.

The two-way global-local coupling method including intralaminar failure has been extended
based on the framework of Hithne et al. [68]. First of all, improved rules for the choice of
the size of local models were introduced followed by mesh dependency studies. Then, a two-
stringer panel with initial debonding was analysed with an aim to investigate the structure
with the localized damage and, thus, to attain the desired advantage in computational costs
as compared to the reference solution. A full 3D reference model consisted of solid elements
with material degradation modelling. Load-displacement curves of the coupling analysis
and the reference analysis were in reasonably good agreement. The maximum load levels
predicted by both analyses and the sequence of damage occurrence also proved the validity
of the global-local method. Finally, a large five-stringer panel was examined to demonstrate
a potential of the developed approach. In this case a reference model with shell elements and
material degradation was used for a comparison as usage of solid elements of refined mesh
size was prohibitively expensive from the computational point of view. A good agreement
between both analyses was obtained. The global-local curves were also compared to the
available experimental results. Although a small difference in the prebuckling stiffness was
observed, the postbuckling response was in good agreement.

It might be concluded that the global-local approach demonstrated the potential to be effec-

tively applied to large composite panels with a localized damage to explore the intralaminar
failure initiation and propagation until final collapse.
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A two-way coupling global-local finite element approach which has demonstrated its potential on the
basis of representative test cases in earlier work, is used for the progressive failure analysis of large stiff-
ened composite panels. In order to realize the capability of the approach to analyze larger panels, the effi-
ciency of the analysis is enhanced and improved rules for the choice of the size of local models are
developed.

The potential to carry out a progressive failure analysis for large stiffened panels is illustrated firstly
through the analysis of a two-stringer panel with a local defect, in which the adjusted rules to define
the local models are applied, and subsequently concretized by applying the approach to a large stiffened
composite panel with five stringers. A comparison between the results of the global-local coupling anal-
ysis and a reference analysis with shell elements including degradation is presented and the results are
discussed. The results of the numerical analyses of the large panel are also compared with experimental
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results available.
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1. Introduction

Due to their favorable strength-to-weight ratio and stiffness-to-
weight ratio, fiber-reinforced composites are often used in aircraft
applications. For post-buckled designs, an efficient analysis capa-
bility for the nonlinear finite element analysis of panel-type struc-
tures is required. For design scenarios in which material
degradation can occur before the failure load is reached, a capabil-
ity of a progressive failure analysis should be available in order to
predict the failure load of the structure with sufficient accuracy.
Two-way loose coupling methods provide a possibility to simulate
the postbuckling progressive failure behavior of a panel-type struc-
ture in an efficient way. In the present work a two-way coupling
global-local finite element approach which has demonstrated its
potential on the basis of representative test cases in earlier work,
is used for the progressive failure analysis of large, multi-stringer
stiffened composite panels.

* Corresponding author.
E-mail addresses: m.akterskaia@isd.uni-hannover.de (M. Akterskaia), e jansen@
isd.uni-hannover.de (E. Jansen).

http://dx.doi.org/10.1016/j.compstruct.2017.02.011
0263-8223/© 2017 Elsevier Ltd. All rights reserved.

1.1. Progressive failure of multi-stringer stiffened panels

As stiffened composite panels are widely applied in aircraft
design, they are used as typical modeling cases in the present
paper. Stiffened panels usually consist of a straight or curved plate,
the skin, strengthened by longitudinal stiffeners, also referred to as
stringers. Compression load, which is one of the basic loads for this
kind of panels, is considered in this paper. However, the loose-
coupling method is not limited to this type of load. To describe
the structural behavior of the thin stiffened panel under compres-
sion, it is useful to remember that usually linear behavior is fol-
lowed by initial buckling [1], in which the skin is expected to
buckle, while the stringers often do not show any significant defor-
mation. The overall stiffness of the panel is reduced, but the struc-
ture is still capable of withstanding increased loads. When the
compression load is increased, the stringers eventually also start
to buckle leading to failure of the panel as a whole. This is associ-
ated with a sudden drop of the load-displacement curve.

To date, experiments on postbuckling behavior of curved and
flat panels with several stringers have been performed by several
authors [2-6]. Structural modifications and imperfections, such
as holes and debonding between skin and stringer, were also con-
sidered. Degenhardt et al. [2] described the testing of a stiffened
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panel and an unstiffened cylinder. In the work of Orifici et al. [3],
multi-stringers composite panels were tested experimentally,
and analyzed numerically under compressive loading. The panels
showed matrix and fiber damage as well as delaminations between
skin and stiffener and in the stiffener blade area before the final
failure occurred. Lauterbach et al. [4] experimentally tested intact
and predamaged five-stringer curved CFRP (carbon fiber reinforced
polymer) panels with compressive axial load until final collapse.
The numerical analysis took into account delamination, matrix,
fiber cracking and matrix-fiber shear failure with a corresponding
reduction of material properties, though discrepancies between
experimental and numerical results were observed, especially in
the stiffness evaluation and total failure load. In another study con-
ducted by Zimmermann et al. [5], experimental data on the buck-
ling and postbuckling behavior of stiffened curved composite
panels were obtained. Panels with an even and odd number of stiff-
eners, different ratios of curvature and different skin thickness
were examined. Wagner and Balzani [6] applied shell elements
to model a five-stringer laminated panel, by using a brittle material
degradation model and comparing it to experimental results.
Matrix, fiber and matrix-fiber debonding were considered as dam-
age mechanisms, and the extended Hashin criteria were utilized.

1.2. Coupling methods

In the last few decades, coupling methods have attracted atten-
tion because of their efficiency meeting the needs of progressive
damage analysis. Global-local coupling analyses are based on the
following idea. On the one hand, at the global level sufficiently
accurate results are obtained at relatively low computational cost.
On the other hand, analysis at the local level, with a smaller area of
interest, could regard in detail geometrical and material nonlinear-
ities usually ignored during the global analysis.

The submodeling technique or so-called zooming technique
was successfully applied in the past for one-way global-local tran-
sition in order to obtain accurate results at the local level. Exam-
ples can be found in the works of Mote [7], Noor [8], Mao and
Sun [9], and Whitcomb [10]. In contrast, during a two-way cou-
pling, the information is exchanged in both directions, accounting
for interactions of global and local effects. To cite a few of the
recent global-local approaches, the multiscale projection method
by Lohnert and Belytischko [11] and the adaptive progressive dam-
age modeling technique by Labeas et al. [12] are to mentioned.
Two-way loose coupling methods [13-15] provide a promising
way to analyze various types of nonlinear structural analysis prob-
lems in an efficient way.

The global-local method proposed by Hiihne [15] has been
applied in the context of postbuckling problems of composite
structures with damage and makes use of an efficient homogeniza-
tion technique for the degraded material properties that are trans-
ferred from the local to global levels.

In the approach proposed by Hiihne et al. [15], the post-
buckling behavior is analyzed through an analysis with a global
model discretized with shell elements and the areas in which dam-
age can be expected to occur are identified. In order to obtain these
critical damaged areas, a global analysis is performed. The critical
regions are examined during the next step - local analysis with
solid elements and a finer mesh element discretization. Displace-
ments from the global model are transferred to the selected bound-
ary nodes of the local model by means of the shell-to-solid
submodeling available in Abaqus [16]. The material model by Linde
et al. [17] is used to define the material degradation. After calcula-
tion of the degraded properties, so-called local part tests are car-
ried out layerwise, in order to obtain equivalent properties for
each global element and to transfer them back to the global model.
With the new global degraded properties, a restart of the global

analysis from the last critical state is carried out. These coupling
steps are repeated so long as convergence in reaction forces in
the direction of applied load has not been obtained.

1.3. Outline

The two-way coupling global-local finite element approach
described in [15] has proven its potential on the basis of represen-
tative test cases, in particular a one-stringer panel. In the present
work, the approach is used for the progressive failure analysis of
large stiffened composite panels. In order to realize the capability
of the approach to analyze larger panels, the efficiency of the anal-
ysis is enhanced and improved rules for the choice of the size of
local models are developed. The potential to carry out a progressive
failure analysis for large stiffened panels will be shown in a first
step through the analysis of a two-stringer panel with a local
defect, and furthermore by analyzing a large stiffened composite
panel with five stringers.

2. Enhancements of the two-way coupling approach for multi-
stringer panels

As a necessary prerequisite for the efficient analysis of large
panels using the loose coupling global-local approach presented
by Hiihne [15], the appropriate definition of the local models
within this approach is addressed in the following. The objective
of this section is to formulate a guideline for the creation of local
models for thin stiffened panels, thereby proposing a modification
of the approach used in earlier work. A typical one-stringer panel
test case is analyzed to check the appropriateness of the new for-
mulation. In addition, a study on the mesh convergence in the local
areas is conducted in order to check the influence of the mesh ele-
ment size refinement on the damage evolution.

2.1. Local model definition

The submodeling technique is used to investigate the detailed
behavior of a particular region of the structure [18]. In order to
define the regions which should be included in the local model,
in the following the identification of these areas of interest is
addressed, requiring an understanding of the behavior of the struc-
tural parts adjacent to the structural element in which damage is
detected.

For stiffened panels under compression, after each global anal-
ysis, all parts of the panel are checked for damage. This check elim-
inates the risk of missing the failure initiation in a particular area.
Therefore, there is no need to immediately consider all three struc-
tural elements - skin, stringer foot and stringer web - together in
one local model, if, for example, only the stringer foot is damaged
at the global level. This important assumption should decrease the
size of the local model and become a new guideline for an appro-
priate definition of the local model geometry. The local model def-
inition by Hiithne [15] represents a damaged area obtained during a
global analysis in the following way. If a few elements in the foot of
the stiffened panel are damaged, then not only these elements, but
also the corresponding adjacent skin and stiffener elements will be
included in the local model. Based on a plane stress assumption as
well as on the idea that loss of stability of the stiffener will lead to
global failure, it can be assumed that there is no need to examine
the stiffener until the moment that the failure is predicted through
the global analysis. As the whole global-local approach is iterative,
there is no risk in missing damage evolution in the adjacent strin-
ger elements. There is further no need to include the adjacent skin
elements in the local model until damage has been detected in
these skin elements.
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Moreover, Fig. 1 demonstrates an issue arising from the incor-
rect definition of a local model. Damage can be observed in the
stringer area of the local model. The absence of damage in the ref-
erence solid element model at the same load level indicates that
this damage in the local model is artificial and due to edge effects.
One should therefore try to avoid stress concentrations due to the
boundaries of the local model and pay attention to stress conver-
gence [19]. This issue is addressed in the following. The spurious
stress concentrations at the edges of local models can lead to inac-
curate results. This might considerably affect the evaluation of the
homogenized properties which are transferred back to the global
level. A first possibility is to surround the local models by material
which in the coupling analysis is assumed not to degrade, adding
an additional local layer of elements at each edge where the
boundary conditions are applied. Another option is to increase
the local model, thereby involving the nearest global elements.
The second approach is preferred in view of the submodeling tech-
nique. The reason is that in the Abaqus software, boundary condi-
tions from the global model should be interpolated only to the
corresponding driven nodes of the local model lying within a cer-
tain tolerance [16]. To satisfy the submodeling procedure and to
obtain an accurate interpolation of the displacements at the
boundaries, the local nodes should lie in the vicinity of the global
nodes.

The new local model rules proposed require surrounding the
damaged area by at least one neighboring global element. Further,
only those parts of the model corresponding to the specific struc-
tural element in which damage was identified should be consid-
ered, provided that no stress concentrations are expected at the
connection of these structural elements. Summarizing, on the
one hand, the size of the local model will be increased in-plane
by adding elements corresponding to the surrounding global ele-
ments. On the other hand, the size of the local model will be
decreased in the case of damage in the stringer foot by not consid-
ering adjacent skin and stringer web parts until in those parts dam-
age has been detected at the global level. This approach will be
used for the stiffened panels in this paper in the cases in which fail-
ure initiates in the stringer foot. These rules can be extended to
other types of composite structures and load cases. By considering
the load distribution and redistribution expected in the structure
after initial damage, one can identify the area of finite elements
directly influenced by the damaged ones as well as the adjacent
areas that are not expected to be influenced in the same local
model analysis step.

2.2. Analysis of one-stringer composite panel with new local model
rules

In order to evaluate their effect on the failure growth prediction,
the new local model rules discussed in the previous section were
applied in a progressive failure analysis using the global-local cou-
pling approach for a one-stringer panel. Reference models with

Local model

shell and solid elements have already been analyzed in the frame-
work of earlier work on an academic one-stringer panel [15].
Geometry as well as material linear properties for the global mod-
els are the same as in these previous analyses. In the present case,
the new rules to define local models were employed. Prescribed
displacements for the progressive analysis and subsequent cou-
pling loops were applied similarly to the analysis in [15] in four
steps, in order to ensure consistency when comparing results with
the results obtained earlier: prescribed displacements of 0.56 mm,
0.60 mm, 0.63 mm and 0.67 mm, respectively. So-called “overlay”
plots combining the global shell model and the local solid models
for these four coupling loops in one figure are presented in Fig. 2.
The relative error of total failure predicted by global-local analysis
with the new local models is 0.65% as compared with the reference
solid model, which is satisfactory and comparable with the relative
error obtained with the local models used in the earlier analysis
(0.53%). Not only the number of global elements examined during
the local step has decreased, also the number of local part tests has
decreased, as they are performed only for damaged global ele-
ments. The properties of non-damaged global edge elements in
local models were not homogenized, because this can lead to spu-
rious results.

The damage evolution detected via global-local analysis with
the new local model rules is similar to the one in observed in the
previous global-local analysis [15]. Matrix cracking in the foot is
first detected, see Fig. 3, and progresses with increasing compres-
sive load. Next, fiber damage is found in the foot, followed by the
global failure of the panel.

The corresponding load-displacement curve is plotted in Fig. 4,
showing that the global-local coupling model results are similar to
the load-displacement path of a reference model with solid ele-
ments, while initial buckling of the structure occurs slightly earlier.
The response curves for the reference model with solid elements
and for the coupling analysis after initial buckling also show the
same stiffness in the postbuckling region. The first failure in both
analyses occurs in the matrix of the stringer foot in the postbuck-
ling regime. Global failure is obtained in the reference solid ele-
ment model after the occurrence of fiber damage and is
satisfactorily captured by the global-local coupling procedure.

2.3. Mesh element size dependency study

A mesh element size dependency study was carried out to
investigate the influence of the element size of the local models
on the global behavior in the postbuckling regime. One possible
technique is to carry out a convergence check for one specific local
model. Stress differences in the areas or nodes of interest are
checked, in order to evaluate if convergence of the local model
analysis has been reached, see the work by Kardak [18]. Another
option is to refine the mesh for all local models. This latter variant
was chosen in the current study. Assuming that one element is
used in the thickness direction, the ratio between the element size

Reference solid model

Fig. 1. Matrix damage in the local model (left) and in the solid element reference model (right).
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Loop 3: u=0.63 mm Loop4:u=0.67mm

Fig. 2. Overlay plots for global and local models from coupling loops 1-4.

a  Coupling loop 1, global
model: matrix damage
b  Region 1, local model:

matrix damage

Region 2, local model:
matrix damage

Fig. 3. Coupling loop 1. (a) First critical global areas related to matrix failure, (b) matrix damage initiation for Region 1 and Region 2 on the local level.
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Fig. 4. Load-displacement curves of the coupling and reference analyses.

in z-direction and the in-plane sizes is 1:5 instead of the recom-
mended 1:1 [16]. The appropriateness of the element aspect ratio
used is to be demonstrated. A more accurate mesh for all local
models could not only lead to more accurate stress and displace-
ment fields, but also to a different damage evolution. This last
aspect also needs to be addressed, in order to show the appropri-
ateness of the coupling method used.

A coupling analysis was performed for a test case of a one-
stringer panel. The local areas were detected and defined using

the Linde damage criterion and they were modeled with twice as
many elements in each in-plane direction than in the analysis,
described in the previous section, with the result that the number
of elements is quadrupled. The new local model rules from the Sec-
tion 2.1 were again applied. For consistency, a reference solid ele-
ment model was created with the same size of elements as used at
the refined local level. The difference between the global failure
load level predicted by the global-local coupling method and the
reference solid element analysis is 0.19%, while the difference with



36

M. Akterskaia et al./Composite Structures 183 (2018) 137-145

the result obtained with the coarser local models is 0.65%. The rel-
atively small increase in accuracy obtained using the finer dis-
cretization demonstrates that the results in this case do not
significantly depend on the mesh element size. Load-
displacement curves for the reference solid and coupling analyses
are presented in Fig. 5.

3. Two-stringer composite panel with initial local defect

In this section, as a first step towards the analysis of large pan-
els, a stiffened panel with two stringers is analyzed by means of the
two-way coupling method including the enhancements presented
in Section 2.

Results obtained by Hiihne [15] for one-stringer panels show a
reasonably good agreement with the corresponding reference solid
element models. Due to the panel configuration and loading condi-
tions, the one-stringer panel showed damage in large areas of the
structure. In the present case of a two-stringer panel with an initial
local defect, the damage is expected to grow in a localized area. The
analysis of a local initial defect, for instance due a flaw in the man-
ufacturing process, also has a practical significance, e.g. [20].

3.1. Model description

The application of the refined method is demonstrated on a flat
stiffened panel with two T-stringers shown in Fig. 6, see Table 1
and 2 for geometrical and material characteristics respectively. A
debonded area was assumed as an initial localized defect and
was incorporated between skin and a flange of the stringer, where
d =25 mm, and the distance between the clamped edge and the
debonded area was l; = 15 mm. The unidirectional layers are of
0.25 mm thickness with a symmetric composite layup of [0°,90°]..

Progressive damage was examined under the following bound-
ary conditions: The transverse edge and the opposite transverse
edge were constrained in all directions (fully clamped) except on
one side in the longitudinal direction, where the compressive load
was imposed through a prescribed displacement. The longitudinal
edges were free. The initial defect, the debonded area, was
assumed not to grow under the load applied.

3.2. Coupling results

Four coupling loops with subsequently increased displacements
were performed to determine the final damage. At an axial
prescribed displacement of u=0.37 mm, matrix failure was
observed in the debonded area, according to the Linde criterion
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[17]. Increasing the prescribed displacement to u=0.41 mm,
matrix damage initiation in the skin between two stringers was
predicted. Damage spread in the debonded region in the foot part
of the panel at a prescribed displacement of u = 0.43 mm. Global
failure occurred when fiber failure in the stringer foot and in the
skin occurred. The damage evolution is shown in Fig. 7.

Fig. 8 displays load-displacement curves of four iteration loops
obtained from the global-local coupling procedure as compared
with the reference solid element model analysis results. There is
a deviation of approximately 4% between the maximum load pre-
dicted by the coupling analysis and that of the solid reference anal-
ysis. From the load-displacement curve in Fig. 8, it can be seen that
the coupling analysis predicts lower maximum prescribed dis-
placements than the reference solid element model. While the
solid element reference models carried a certain amount of addi-
tional load after onset of fiber degradation, the panels examined
using the coupling procedure collapsed after first fiber failure.
The stiffness decrease in the last region of the postbuckling regime
is slightly higher than for the reference solid element model.

For this debonded panel with localized damage growth, a rea-
sonably good agreement with the reference solid element model
analysis was demonstrated. The new local model rules also played
an important role, avoiding unnecessary calculations of undam-
aged parts and ensuring an appropriate stress and displacement
evaluation at the local level. For this case of a two-stringer panel
with a local defect, the potential of capturing the localized damage
evolution of a larger structure by means of the global-local cou-
pling approach could already be demonstrated.

4. Curved five-stringer composite panel

In this section, a realistic, large composite stiffened panel with
five stringers is analyzed by means of the two-way coupling
method including the enhancements presented in Section 2, con-
cretizing the potential to carry out a progressive failure analysis
for large stiffened panels. Larger panels are of particular interest
for the global-local techniques, as the localized failure phenomena
play an important role in the failure behaviour of the panel as a
whole.

4.1. Model description

Characteristics of a realistic five-stringer panel, that was tested
experimentally in the COCOMAT project [2] denoted as P29, were
used. During the tests, this panel was loaded cyclically until dam-
age was generated. Wagner and Balzani [6] performed a numerical
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Fig. 5. Load-displacement curves of the coupling and reference analysis in mesh element size dependency study.
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Fig. 6. Geometry of two-stringer composite panel with initial debonding defect.
Table 1 aforementioned papers. Material properties correspond to those
Geometry of two-stringer composite panel. used for the two-stringer panel, see Table 2. The symmetric
Description Symbol Value (mm) composite layups for the skin and for the stringer are
Panel length | 100 [90°,+45°,—45°,0°]; and [(+45°,—45°);,0°], respectively [2].
Panel width w 80
Stringer width Wtringer 20 4.2. Coupling results
Stringer height h 8
Laminate thickness t 1 A global model consisted of 17,940 shell elements, while the
Adhesive thickness Cadhesive 0.2

analysis for the panel with initial damage. In the present analysis,
the panel without predamage is considered.

The panel was composed of a curved skin and five T-shaped
stringers, see Fig. 9. An axial displacement was applied in compres-
sion to one of the transverse edges, while the opposite edge was
fully clamped and both transverse edges were potted. The geome-
try parameters have been taken from [6] and are summarized in
Table 3.

The composite laminate properties for this panel, made of
unidirectional CFRC IM7/8552 plies, have been taken from the

local models representing skin and stringer areas consisted of a
maximum of 79,380 solid elements with a mesh refinement of 6
times the value used at the global level. Four coupling steps were
applied to simulate the progressive failure analysis in the post-
buckling regime. Onset of intralaminar damage, matrix damage
in the skin, took place between the stringers and was followed
by fiber damage at the middle stringer in the next coupling step.
Further damaged regions occurred near the edges of the first and
the fifth stringer. Final collapse of the panel took place following
spreading of fiber damage in the stringers at a prescribed displace-
ment of 3.28 mm.

For reference purposes, the panel with shell elements including
a material degradation model based on Linde’s approach was used.

Table 2

Material data for composite and adhesive.
Stiffness properties Value Strength and fracture properties Value
Young’s modulus in 1-direction Eq; 146.5 GPa Tensile strength in 1-direction X7 2.583 GPa
Young’s modulus in 2-direction E,; 9.7 GPa Compressive strength in 1-direction X¢ 1.483 GPa
Shear modulus in 12-plane Gy 5.1 GPa Tensile strength in 1-direction Yt 0.092 GPa
Poisson’s ratio v, 0.28 Compressive strength in 2-direction Y¢ 0.270 GPa
Young’s modulus of adhesive Eggpesiye 3.0GPa Shear strength in 12-plane S, 0.106 GPa
Poisson’s ratio of adhesive Vyghesive 0.4 Fracture energy of fibre Gy 12.5 N/mm
- - Fracture energy of matrix G, 1.0 N/mm




38

M. Akterskaia et al./ Composite Structures 183 (2018) 137-145

A . A

Loop 1:u=0.37mm Loop2:u=0.41mm

Loop 3:u=0.43 mm Loop 4:u=0.45mm

Fig. 7. Overlay plots of global and local models from coupling loops 1-4. Two-stringer panel with initial debonding defect.
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Fig. 9. Curved five-stringer composite panel.

Table 3
Geometry of a five-stringer composite panel.

A numerical calculation of a reference model with solid elements
and a mesh discretization corresponding to the local models would
require a very high computational time and was not done for the

Description Symbol Value (mm) present model.

Panel length L 7805 Load-displacement curves for a reference panel with shell ele-
Potted length Ly 60.25 ments, results of the coupling analysis and the experiment results
Panel width W 560.5 are displayed in Fig. 10. During the experiment, the panel was
Stringer width Wistringer 32 compressed up to a displacement of 2 mm. The response curves
Stringer height h 143 are in reasonable agreement before buckling and also after first
Skin thickness ts 0.98 . . . N . .
Stringer thickness o 2.9 buckling has occurred. First buckling (local skin buckling) obtained
Panel radious R 848

in the numerical analysis corresponds to a prescibed displacement
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Fig. 10. Load-displacement curves of curved five-stringer panel. Comparison between results of global-local approach, results of reference panel analysis and experimental

results.
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Fig. 11. Overlay plots of global and local models. Curved five-stringer panel.

of u=1.13 mm. The “overlay” plots showing the damaged areas are
presented in Fig. 11. First failure occurred in the matrix of the skin
between the second and third stringer at a prescribed displace-
ment of 2.55 mm followed by initial fiber damage in the skin under
the middle stringer at the prescribed displacement of 2.68 mm.
Subsequently, initial fiber failure was detected in the first and
fifth stringer in three areas near the panel edge at a prescribed
displacement of 2.69 mm, with further damage growth in the other
regions with damage. Final failure of the panel occurred following
significant spreading of fiber damage at a prescribed displacement
level of 3.28 mm.

It can be seen that the prescribed displacement of the fourth
coupling loop is slightly higher than the critical displacement of
the final collapse. This was done in order to capture not only the
failure onset, but also to ensure the possibility to explore the mate-
rial damage propagation at the local level and detection of final
failure at the global level. The advantage of the current global-
local approach is, that the creation of the local models allows an
accurate evaluation of the 3D stress and strain states and, since
the global analysis is conducted with shell elements, the procedure
can also for this large structure be carried out with a reasonable
computational time.

5. Conclusion

A two-way coupling global-local finite element approach which
has shown its potential on the basis of representative test cases in
earlier work, was used for the progressive failure analysis of large
multi-stringer stiffened composite panels. In order to realize the
capability of the approach to analyze larger panels, the efficiency
of the analysis was enhanced, and improved rules for the choice
of the size of local models were developed.

As a first step towards the analysis of large panels, a case of a
two-stringer panel with a local defect was analyzed using the
adjusted rules to define the local models. Load-displacement
curves of the coupling analysis and the solid element reference

analysis were in reasonably good agreement. This holds for the
maximum load levels predicted by both analyses as well as for
the sequence of damage occurrence.

The potential to carry out a progressive failure analysis for large
stiffened panels was concretized by analyzing a large stiffened
composite panel with five stringers. A reference model with shell
elements and material degradation was used for a comparison. A
reasonable agreement between the results of the coupling analysis
and the shell element reference analysis was demonstrated. The
numerical results were also compared with experimental results
available. The load-displacement response curves observed
showed, despite the small difference in the prebuckling stiffness,
a reasonable agreement in the postbuckling regime.

Acknowledgments

The research leading to these results has received funding from
European Union’s Horizon 2020 research and innovation program
(FULLCOMP/2015-2019) under Marie Sklodowska-Curie actions
grant agreement number 642121. The provided financial support
is gratefully acknowledged by the authors.

References

[1] Stamatelos DG, Labeas GN, Tserpes KI. Analytical calculation of local buckling
and post-buckling behavior of isotropic and orthotropic stiffened panels. Thin
Walled Struct 2011;49(3):422-30. http://dx.doi.org/10.1016/].
tws.2010.11.008.

Degenhardt R, Kling A, Klein H, Hillger W, Goetting HC, Zimmermann R,
Rohwer K. Experiments on buckling and postbuckling of thin-walled CFRP
structures using advanced measurement systems. Int J Struct Stabil Dyn
2007;7(2):337-58.

Orifici AC, Thomson RS, Degenhardt R, Kling A, Rohwer K, Bayandor ].
Degradation investigation in a postbuckling composite stiffened fuselage
panel.  Compos  Struct  2008;82:217-24.  http://dx.doi.org/10.1016
j.compstruct.2007.01.012.

Lauterbach S, Orifici AC, Wagner W, Balzani C, Abramovich H, Thomson R.
Damage sensitivity of axially loaded stringer-stiffened curved CFRP panels.
Compo Sci  Technol 2010;70(2):240-8.  http://dx.doi.org/10.1016/
j.compscitech.2009.10.013.

[2

[3

[4



40

M. Akterskaia et al./Composite Structures 183 (2018) 137-145 145

[5] Zimmermann R, Klein H, Kling A. Buckling and postbuckling of stringer
stiffened fibre composite curved panels tests and computations. Compos Struct
2006;73:150-61. http://dx.doi.org/10.1016/j.compstruct.2005.11.050.

[6] Wagner W, Balzani C. Prediction of the postbuckling response of composite
airframe panels including ply failure. Eng Fract Mech 2010;77(18):3648-57.
http://dx.doi.org/10.1016/j.engfracmech.2010.05.009.

[7] Mote CD. Global-local finite element. Int ] Numer Methods Eng
1971;3:565-74.

[8] Noor AK. Global-local methodologies and their application to nonlinear
analysis. Finite Elem Anal Des 1986;2:333-46.

[9] Mao K, Sun C. A refined global-local finite element analysis method. Int ]
Numer Methods Eng 1991;32:29-43.

[10] Whitcomb ]D. Iterative global/local finite element analysis. Comput Struct
1991;40(4):1027-31. http://dx.doi.org/10.1016/0045-7949(91)90334-I.

[11] Loehnert S, Belytschko T. A multiscale projection method for macro/
microcrack simulations. Int ] Numer Methods Eng 2007;71:1466-82. http://
dx.doi.org/10.1002/nme.

[12] Labeas GN, Belesis SD, Diamantakos I, Tserpes KI. Adaptative progressive
damage modeling for large-scale composite structures. Int ] Damage Mech
2012;21(3):441-62. http://dx.doi.org/10.1177/1056789511400928.

[13] Chrupalla D, Berg S, Karger L, Doreille M, Ludwig T, Jansen E, Rolfes R, Kling A.
A homogenization-based two-way multiscale approach for composite
structures. In: Rolfes R, Jansen EL, editors. Proceedings of the 3rd ECCOMAS

thematic conference on the mechanical
composites. Germany: Hannover; 2011. p. 263-70.

[14] Gendre L, Allix O, Gosselet P, Francois C. Non-intrusive and exact global/ local
techniques for structural problems with local plasticity. Comput Mech
2009;44:233-45. http://dx.doi.org/10.1007/s00466-009-0372-9.

[15] Huehne S, Reinoso ], Jansen E, Rolfes R. A two-way loose coupling procedure
for investigating the buckling and damage behaviour of stiffened composite
panels. Compos Struct 2016;136:513-25. http://dx.doi.org/10.101
j.compstruct.2015.09.056.

[16] Abaqus, Writing User Subroutines with ABAQUS (V) (2001) 1-172.

[17] Linde P, Pleitner J, Boer HD, Carmone C. Modelling and Simulation of Fibre
Metal Laminates. ABAQUS Users’ Conference; 2004. p. 421-439.

[18] Kardak AA. On an effective submodeling procedure for stresses determined
with finite element analysis PhD Thesis. USA: Louisiana State University and
Agricultural and Mechanical College; 2015.

[19] Bogdanovich AE, Kizhakkethara I. Three-dimensional finite element analysis of
double-lap composite adhesive bonded joint using submodeling approach.
Compos Part B 1999;30:537-51.

[20] C.G. Davila, P.P. Camanho, Analysis of the effects of residual strains and defects
on skin/stiffener debonding using decohesion elements, 44th AIAA/ASME/
ASCE/AHS Structures, Structural Dynamics, and Materials Conference, AIAA
Paper 2003-1465; 2003.

response of



3 Paper B: Analysis of skin-stringer
debonding in composite panels through a
two-way global-local method

The following paper is published in Composite Structures, Volume 202 (2018), pages 1280-
1294 (https://doi.org/10.1016/j.compstruct.2018.06.064). The main work was done by the
author of this thesis.

Skin-stringer separation during the in service period of stiffened panels is regarded as one of
the most critical damage mechanisms that could lead to a significant loss in load-bearing
capacities and under certain conditions even bring the panel to a total failure. That is a
reason for development of a novel two-way coupling global-local approach to numerically
simulate a skin-stringer separation in stiffened composite panels. The method allows to
consider skin-stringer debonding through subsequent calculations of global and local models.
First of all, global model analysis is performed with a relatively coarse mesh and linear
elasticity in order to evaluate the regions of possible damage initiation. Based on this
information detailed local models with refined mesh are created that account for the onset
of the skin-stringer debonding and the following propagation. While discrete spring-type
elements are used at the global level, cohesive elements with continuum damage modelling
are applied at the local level. An averaging procedure has been formulated to allow the
damage information transfer from the local to global model with not only different mesh
sizes, but also not alike mesh types. The developed approach has been firstly applied
to a case of a single-stringer panel with a comparison to a 3D reference model. A good
agreement was attained in terms of the maximum load predicted and load-displacement
curves. During the next step the developed global-local approach has been validated against
existing experimental data for a one-stringer panel with initially introduced skin-stringer
debonding. Although skin-stringer separation was predicted quite accurately, the final
collapse was not attained by the global-local approach. One of the most probable reasons is
that no intralaminar damage was accounted for.

The presented global-local method for modelling the skin-stringer debonding overcame a
challenge of establishing a link between the local and global models allowing to account for
the effect of the skin-stringer separation at the global level until the final collapse. However,
the methodology are to be combined with an intralaminar damage in the next studies.
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ARTICLE INFO ABSTRACT

According to various experimental results, stiffened panels under compressive loading are prone to debonding
between the skin and the flange of the stringer. In this paper, a novel two-way global-local coupling approach is
presented that is able to model progressive separation of the skin and stringer in stiffened CFRP panels under
compression. The main goal of this methodology is to examine skin-stringer debonding at two levels of accuracy,
taking advantage of the fast calculations at the global level and assessing in detail the damage propagation at the
local level. First, critical areas are defined in a global model with a standard mesh, and local models with a

Keywords:

Composite structures
Stiffened panels
Progressive failure analysis
Multiscale analysis
Global-local method

Postbuckling
Skin-stringer debonding considerably finer mesh are created by means of a submodeling technique. Secondly, a local model analysis is
Delamination conducted, in which cohesive elements are applied to simulate debonding. Particularly important is the ap-

propriate information exchange in both directions between the different steps of the coupling analysis. Averaged
degraded properties are defined at the local model level and transferred back to the global level. The applied
compressive load is increased and induces a progression in skin-stringer separation. The global-local coupling
loops are repeated until panel failure occurs. The approach is applied to a case of a representative one-stringer
stiffened panel and to a stiffened panel for which test results are available. A good correspondence with reference

results and test results demonstrates the effectiveness of the global-local approach presented.

1. Introduction

Fiber-reinforced composites and in particular laminated stiffened
composite panels are widely used in aircraft design. The reason of the
extensive use of composite structures is their remarkable material
properties, such as high strength and stiffness to weight ratio. The de-
sire to exploit the advantages of thin, panel-type structures results in
post-buckled designs, which make use of the load carrying capability of
stiffened panels in the post-buckling regime [1]. For this reason, an
efficient and reliable progressive failure analysis method is required in
order to examine the damage response, such as damage initiation and
evolution, and to determine the final failure load. One of the common
failure modes of laminated composite panels is skin-stringer debonding
due to relatively low interface strengths. In the current work, the se-
paration between skin and stiffener foot is modelled and investigated by
means of a two-way global-local loose coupling approach.

1.1. Debonding and delamination modelling

Delamination and skin-stringer separation in particular is one of the

* Corresponding author.
E-mail address: m.akterskaia@isd.uni-hannover.de (M. Akterskaia).

https://doi.org/10.1016/j.compstruct.2018.06.064

Available online 19 June 2018
0263-8223/ © 2018 Elsevier Ltd. All rights reserved.

main failure mechanisms of laminated composite structures, together
with fibre fracture and matrix cracking. The reason for delamination
initiation and propagation is the relatively small interlaminar strength
of adjacent plies. Delamination can take place under various combi-
nations of loads and leads to a significant reduction of the load-carrying
capacity of the structure. Delamination is commonly modelled nu-
merically by the Virtual Crack Closure Technique (VCCT) or by means
of cohesive interface elements.

The VCCT is based on fracture mechanics and the assumption of
Irwin that the energy released during the crack extension is equal to the
work required to close this crack back to its original length. For the
details refer to [2,3]. The main drawback of the VCCT is that the crack
initiation zone, which could be difficult to predict in case of large and
complex structures, should be known in advance.

Cohesive Zone Modelling (CZM) is another approach based on an
assumption for the softening region in front of the crack front, that is
kept together by the tractions. This idea goes back to Dugdale [4] and
Barenblatt [5]. The method of Hillerborg [6] lies at the origin of co-
hesive elements, considering both crack growth and predicting the
crack initiation, which occurs when the tensile stress at the crack tip
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Fig. 1. Bilinear traction-separation law.

reaches the tensile strength.

Interface elements based on the CZM rely on the traction-separation
law that is formulated in terms of the traction versus displacement
jumps at the interface of potential crack. The most common assumption
is that initially linear behaviour until the stress reaches tensile strength
for pure mode loading is followed by the softening region until the final
separation of the crack surfaces, see Fig. 1. Different shapes of the de-
gradation curve have been proposed in literature — linear, exponential
or trapezoidal [7]. In the present studies, the initial stiffness has been
chosen equal to 10° N/mm following recommendation of Davila et al.
[7]. However, it should be mentioned that some authors prefer to define
stiffness value based on material properties and parameters, see Turon
et al. [8], for example.

The Cohesive Zone Model was implemented by many authors most
commonly in a continuum form (CCZM) where the process zone ahead
of a crack tip is modelled with continuum type interface elements. The
continuum approach was examined, discussed and improved by Allix
and Ladeveze [9], Jiang et al. [10], Turon et al. [11], Camanho and
Davila [12] and others. However, convergence difficulties and mesh
sensitivity of cohesive elements based on CCZM reflect in the high
number of cohesive elements required and result in high computational
time. Alternative approach is to apply point-wise discrete elements or
Discrete Cohesive Zone Model (DCZM). Borg et al. [13] formulated a
discrete cohesive crack model postulating the existence of maximum
load surface of adhesive forces. The method was realized by connecting
the coincident nodes at the interface and a force-displacement relation
was defined for these node pairs. Adhesive forces were reduced fol-
lowing the calculations of the dissipated work until zero value based on
the fracture energy criterion. Good agreement with experimental results
for mode I, mode II and mixed mode loading was demonstrated.
Wisnom and Chang [14] introduced a nonlinear plastic spring as an
interface element to examine delamination between the plies of not-
ched composite test models. Xie and Waas [15] applied the DCZM
based on non-linear spring type elements and traction-separation bi-
linear cohesive law for three fracture tests. On given examples, this
technique was shown to be insensitive to mesh density or load incre-
ment and no convergence difficulties were encountered. Hallett and
Wisnom [16] performed modelling of damage in tension for notched
laminates by employing interface elements based on three-degree-of-
freedom non-linear springs. Comparison with tests proved the model to
be accurate enough until occurrence of fibre failure. Jiang et al. [10]
proposed a constitutive law for cohesive interface areas for mixed-mode
delamination process. Application was performed on scaled open hole
tension tests with a non-linear spring element for the interface model-
ling. These discussed discrete techniques for the simulation of adhesive
behaviour require accurate calculation of forces or stresses which for
relatively complex structures could be achieved only with a high
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computational cost. Therefore, various multi-scale approaches could be
utilized to minimize the number of constitutive equations on the one
hand, and to obtain reliable results on the other hand.

1.2. Skin-stringer separation in stiffened panels

Skin-stringer separation in composite stiffened panels was con-
sidered in many analytical and numerical investigations with the aim of
examining their progressive damage, buckling and post-buckling be-
haviour. In the following, only a few of them will be mentioned. Wang
and Bigger [17] studied the stresses between skin and stiffener of
composite panels with specific attention on separation between them.
Balzani and Wagner [18] examined debonding between skin and
stiffner in stiffened panel with cohesive elements. Raimondo and Riccio
[19,20] performed skin-stringer debonding analysis on the test case of
two single stringer panels by means of improved VCCT. Yap et al. [21]
examined skin-stringer debonding of curved T-stringer panels. A stif-
fened panel was modelled with shell elements and rigid bars were
utilized to tie skin and stringer with debonding being modelled based
on fracture mechanics. Falzon et al. [22] presented experimental results
for three stiffened panels under compression investigating crack pro-
pagation through the skin-stiffener interface.

1.3. Global-local methods for skin-stringer separation of stiffened panels

Global-local methods are indispensable design tools that gained
their recognition for modelling of large and complex structures because
of the need to reduce computational effort on the one hand, without
losing knowledge about the critical areas prone to damage on the other
hand. Skin-stringer separation in laminated panels was observed during
numerous experiments [1] and various global-local approaches were
suggested and implemented through finite element analyses. Some
definitions of coupling global-local methods have been proposed in
[23] proposing to distinguish between loose and tight procedures as
well as between one-way and two-way approaches. Tight procedure
means that global and local models are connected and calculated si-
multaneously, whereas during the loose coupling analysis both global
and local models are treated consecutively. The latter methodology
requires the separate creation of local models and could offer great
flexibility concerning their size and location which could be adjusted
along the analysis. Loose coupling technique can be subdivided in one-
way and two-way approaches. The difference between one-way and
two-way techniques consists in the direction of the information ex-
change between the levels. Regarding the one-way coupling method,
information is transferred only in one direction. This commonly means,
that progressive failure analysis could not be performed because the
information regarding the damage state is transferred only once.
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However, this could be also helpful when the damage location is known
a priori and failure only needs to be investigated at the local level. In
more complicated cases when the damage area is not known and might
expand when increasing the load, the two-way coupling approach is
recommended to overcome aforementioned limitations.

According to the proposed distinction, the term tight coupling could
be applied to following works. Krueger et al. [24] analysed a three-
stringer panel with embedded debonding under shear loading. The area
of probable debonding evolution was accurately modelled with solid
elements, whereas the shell elements with a coarser mesh were applied
to the whole model. VCCT was implemented to model debonding.
Borrelli et al. [25] examined two coupling methods: point-wise kine-
matic coupling and weighted residual coupling to perform tight global-
local analysis of initially delaminated stiffened panel. Shell elements
and a coarse mesh were used for the global area, whereas the local area
surrounding delamination was modelled with solid elements and a finer
mesh. Modified virtual crack closure technique (MVCCT) was used to
model delamination. The results were compared to the reference model
with solid elements. Alesi et al. [26] presented a global-local method
based on coupling with multipoint constraints.

One-way coupling includes mainly methods of the information
transfer realized in the global-local direction. Faggiani and Falzon [27]
conducted an optimization procedure for a stiffened composite panel
through improving damage resistance of the skin-stringer interface by
means of a genetic algorithm. The global-local method using a sub-
modeling technique was applied. Bertolini et al. [28] presented a
global-local one-way coupling approach to model skin-stringer de-
bonding by means of VCCT technique. The method was applied to a
one-stringer T-shape panel subjected to seven-point bending. Ulti-
mately, two large stiffened panels with Omega-stringers under com-
pressive and shear loading were examined. Shell and solid elements
were utilized to create global and local models respectively. Reinoso
et al. [29] applied a one-way global-local procedure to evaluate the
computational analysis and experimental results for the stringer runout
effect in a composite panel. Two approaches were compared in Abaqus:
submodeling technique and shell-to-solid coupling. Vescovini et al. [30]
proposed one-way global-local analysis for the Omega-shaped multi-
stringer panel loaded in compression. Both global and local models
were composed of shell elements. Cohesive elements were applied be-
tween skin and stringer in the local models allowing for determination
of delamination onset and growth. Local models created by means of
submodeling procedure had a pre-determined size and local analysis
was performed five times moving the local model along the stringer.

Orifici et al. [31] proposed a global-local methodology that could be
regarded as two-way coupling for the detection of the ply damage and
skin-stringer separation in the postbuckling regime of stiffened panels.
After the coarse analysis of the global model, the obtained displace-
ments were used as boundary conditions for local models with a finer
mesh. Delamination onset was predicted at the local level where 3D
stresses are calculated accurately. VCCT was applied to simulate de-
bonding propagation at the global level. Bettinotti et al. [32] suggested
a substitution method for the multiscale analysis of delamination under
high-velocity impact that allows concurrent run of global and local
analysis. A comparison was performed with tie constraint between
different regions and submodeling approach. The approach was based
on the separate code and integration of this algorithm to an Abaqus/
Explicit was carried out.

1.4. Objectives

A two-way loose coupling approach was developed earlier to si-
mulate the post-buckling progressive failure behaviour of a panel-type
structure with intralaminar damage in an efficient way [23,33]. In these
earlier works, the global-local approach has been validated for typical
test cases of a panel with one stringer and two stringers. Panels without
any initial defects were considered as well as pre-damaged panels.
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Satisfactory agreement with numerical and experimental reference re-
sults demonstrated the potential of this coupling method. Recently,
application of the approach to a larger panel with five stringers was
conducted to illustrate the main advantages of this method [33].

The aim of the present work concerns the development of a new
global-local coupling approach that enables the numerical simulation of
the initiation and propagation of skin-stringer separation. Moreover, a
novel procedure is elaborated in order to enable the information
transfer from local to global level to overcome the limitations of the
aforementioned techniques. This comprises simulation of the damage
propagation at the global level by means of accounting for the stiffness
degradation from the local level which is not possible within one-way
approaches. High flexibility concerning creation, extension and uni-
fication of local models during damage evolution is advantageous
compared to tight coupling techniques. The developed global-local
method can be easily implemented in general-purpose finite element
programs.

2. Analysis methodology

The two-way loose coupling procedure for modelling skin-stringer
separation of a stiffened panel is described below in details. The pro-
cedure starts with a global analysis with shell elements and relatively
coarse mesh density that is carried out in order to determine critical
damage areas. Opposite nodes of skin and stringer are tied in the in-
terface area by spring type connector elements with linear elastic be-
haviour. The stiffness of particular connector elements along the solu-
tion process should be updated and so represent the degradation part of
the traction-separation law. Hence, discrete cohesive behaviour is
chosen for the global level. Cartesian-type connector elements in
Abaqus satisfy these requirements. Initial stiffness of interface elements
is specified based on the following relation:

_ B4
t

K )
where E is the Young’s modulus of an adhesive layer, A and t are in-
plane nodal area and thickness in the normal direction of the adhesive
element respectively.

Estimation of the critical areas prone to delamination is performed
through an additional Python script for connector elements based on
the quadratic stress criterion the same as for cohesive elements, see Eq.
(3). Normal and shear stresses at the nodes of connector elements are
calculated accounting for the free edge and internal nodal areas that are
tied by connector elements:

E

O3 = ——»
Ael

i=1,3

1,

(2)
where F is a nodal force, A, determines a nodal area of applied force
and here represented as a sum of one quarter of each element area tied
to that node. Therefore, A, either represents the full in-plane area of
the shell element A;,, referring to Fig. 2 for interior connectors, or a
half of this area denoted as A, corresponding to the case when con-
nectors tie the edges. Index i specifies local Cartesian directions. o33
corresponds to the normal stress that acts through the thickness, 013 and
0y; are two in-plane shear stresses. In Eq. (1) the penalty stiffness de-
finition includes non-material parameters such as nodal area A and
thickness t. The force F; from Eq. (2) is proportional to the corre-
sponding stiffness which means that the stresses oj; are independent
from the nodal area and depend only on the thickness of the adhesive
layer. Connector elements that tie conventional 2D shell elements of
skin and stringer are demonstrated in Fig. 2. Different nodal areas A,
and A;,; described earlier are shown in this figure.

Afterwards, the critical areas are examined during the next step —
local analysis where separate local models are created. Solid elements
are utilized to model the skin and the stringer and cohesive elements for
the interface area between them. Fine mesh discretization is used for
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Fig. 2. Discrete interface elements connecting skin and stringer represented by shell elements.

these local models. Nodal displacements from the global model are
transferred to the selected boundary nodes of the local model as kine-
matic constraints by the means of the Abaqus shell-to-solid sub-
modeling procedure [34].
The quadratic stress criterion is chosen to predict initiation of de-

bonding in the local model:

2

) -1

) 6

Here <...> represents McCauley brackets operator used here to re-
cognise that compression is generally not involved in interface se-
paration. g, is a stress in the normal through-thickness direction, o, and
o; are nominal stresses acting in the first and second shear directions
and Nyayx, Smaxs Tnax are the corresponding strengths.

Delamination propagation under mixed-mode loading could be
traced by means of the Benzeggagh and Kenane criterion [35] extended
to three dimensional case:

)n

where G- and Gj;c are mode I and II fracture toughness and Gy, , Gy are
single mode energy release rates corresponding to fracture modes I, II
and III and their sum is the total energy release rate. The parameter 7 is
determined empirically, assumed to be 2.284 in the current studies [8].

A scalar damage variable d is utilized to identify the damage state. It
varies from O when there is no damage to 1 when the interface con-
nection is fully failed. Camanho and Davila [12] suggested the fol-
lowing damage variable for monotonic loading:

_ 5fall (5_5lm't)
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Nmm
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4

(5)

where d is the damage variable, § is the current maximum relative
displacement, &;,; corresponds to the displacement of the delamination
beginning and Jj,; is the displacement of the complete failure.

The stiffness of the cohesive element used in linear traction-se-
paration law is defined following Camanho and Davila [12]:

Ko & < init
K ={1-dKy Gjy < < Spaut
0 8> 5fail 6)

where K, is the initial penalty stiffness that is degraded after dis-
placement § reaches the value of &;,; and becomes 0 when the crack
opening is equal to Sp;.

During the postprocessing phase, that follows the local model ana-
lysis, damage variable d that defines the degradation stage of each
particular cohesive element is extracted in order to calculate the
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decreased stiffness of an appropriate connector element. According to
the global-local approach discussed before, mesh densities at global and
local levels do not correspond to each other. In order to overcome this
difference and to transfer degraded stiffnesses of each interface element
from the local to the global level, a special averaging technique should
be applied. First of all, an averaged local stiffness is calculated for each
area that corresponds to one connector element:

N

E Klocal,i

i=1

N

N

>

i=1

N
Z (l_di)Klocal,O

_ =1

Klocal = = Klocal,O 1-

N
@

where Kj,q1 is the initial stiffness of a cohesive element, i denotes one
of N local cohesive elements and d; is the corresponding damage vari-
able. Hence, to obtain an averaged local stiffness that conforms to one
connector element at the global level, initial stiffness should be multi-
plied by the coefficient that stems from the averaged value of damage
variables. This multiplication factor is utilized to obtain degraded
stiffness of each particular connector element at the global level and
ensure transfer of information of the damaged state from local to global
level.

With new reduced global properties for connector elements, the
global analysis is performed again applying initial stiffness in the in-
terface area until the increment when the damage was predicted.
Starting at that increment new degraded properties are utilized for each
connector element. These coupling steps are repeated until convergence
in reaction forces in the direction of the applied load is reached. In our
case, the reaction force from global analysis is also compared to the
reaction force of the reference solid model.

The flowchart of the two-way coupling procedure for the skin-
stringer debonding along with information exchange between global
and local levels of analyses is presented in Fig. 3.

Hence, the coupling loop consists of three major operations that are
repeated iteratively at two levels of accuracy until the final collapse is
determined:

1. Global analysis to evaluate the areas of a probable damage and to

define local models geometry.

Local models obtain displacements as boundary conditions from the

global solution. After carrying out numerical calculations for local

models, damage variables for each cohesive element are obtained.

. Global interface stiffness is calculated based on average damage
variables and transferred back to the global level.

2.

The main steps of this global-local method are illustrated on a Fig. 4
for an example of a one-stringer panel: global analysis, local analysis,
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Global model analysis
with discrete interface elements

Critical
global elements?

Update of global model
via degradation of interface properties

1. GLOBAL ANALYSIS

Increase of global
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with cohesive elements
and global displacements

2. LOCAL ANALYSIS

no
COUPLING LOOP

New local damage?
compared to previous
local analysis,

Averaging procedure
for determination of equivalent

global interface stiffness ITERATION LOOP

Fig. 3. Flowchart of the two-way loose coupling procedure for the skin-stringer debonding.
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Fig. 4. Two-way loose coupling procedure for the debonding: application to a composite stiffened panel.
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Fig. 5. Geometry of stiffened panel.
and adhesive properties averaging. These three steps are repeated Table 2
consecutively until the final collapse is detected. The information ex- Material data for composite and adhesive.
change between global and local level that ensures two-way coupling is Stiffness properties Value
performed at each stage.
Young’s modulus in 1-direction, Ej; (GPa) 146.5
. . . Young’s modulus in 2-direction, E;; (GPa) 9.7
3. One-stringer stiffened panel under compression Shear modulus in 12-plane, G, (GPa) 51
Poisson’s ratio, v12 0.28
In this section, a stiffened composite panel with one T-stringer Young’s modulus of adhesive, Egiye (GPa) 3.0
under compression, see Fig. 5, is analysed in order to capture skin- Poisson’s ratio of adhesive vgiue 0.4

stringer debonding with the global-local approach. The unidirectional
symmetrical layups for the skin and the stringer are chosen as [0, 90];.
One of the transverse edges is fully clamped, except for the longitudinal 3.1. Global model: linear elasticity
direction, and displacement is applied at the opposite edge. Both

longitudinal edges are free to deform. Material and geometrical para- The global model, which is referred to a model with a coarse mesh

meters are listed in Tables 1 and 2 respectively. These values were from first global step consists of 280 conventional 4-node shell elements
taken from the academic application suggested by [23]. with reduced integration (S4R in Abaqus) and a side-length of 5mm,
which are used to represent the skin and the stringer. As discussed

Table 1 earlier, the adhesive layer is not modelled with cohesive elements in
Geometry of stiffened composite panel. order to keep the global model analysis fast and consistent. Instead of

cohesive elements, 105 connector elements of Cartesian type

Descripti val . . N L

escription aue (CONN3D2 in Abaqus) are applied. The *Offset parameter is im-
Panel length, [ (mm) 100 plemented to reference shell surfaces that offsets the nodes of stringer
Panel width, w (mm) 40 and skin from the middle surfaces towards the lower and upper surfaces
Stringer width, b (mm) 20 respectively. This technique facilitates the implementation of a con-
Stringer height, h (mm) 8 . . .

. ° nection between shell nodes of skin and stringer and also ensures that

Laminate thickness, tsin, thiade (mm) 1 .
Adhesive thickness, fog, (mm) 0.2 real lengths and nodal forces are calculated for interface elements.

Mesh density is the same for the full structure and corresponding nodes
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adhesive layer

reference surface of
stringer foot elements

reference surface
of skin elements

Fig. 6. Geometry of section of stiffened panel.

of skin and stringer are situated in front of each other, as shown in
Fig. 6, so that they could be easily tied by connector elements. Critical
areas, where the onset of skin-stringer separation is expected, are de-
tected relying on the quadratic stress criterion given in Eq. (3). Buckling
is triggered by utilizing an initial geometrical imperfection as the first
eigenmode of the preliminary linear buckling simulation of the stif-
fened panel. However, as skin and stringer are tied by connector ele-
ments, the consequent degradation of the interface stiffnesses may lead
to the problem concerning layer interpenetration. To avoid this issue, a
*Clearance option available in Abaqus is utilized. An initial clearance of
0.00005 mm is specified to prevent node penetration of two shell sur-
faces. After completion of the local analysis, degraded stiffnesses of
connector elements are calculted based on Eq. (7), multiplying global
connector stiffness by the corresponding averaged damage variable
from local cohesive elements. Then global analysis is performed from
the beginning. Connector elements retain initial properties until the
loading displacement is reached when the damage onset was predicted.
Afterwards, each connector element obtains degraded or not degraded
stiffness based on local analysis information. All the stiffnesses are
collected and read from the separate input file.

3.2. Local models: nonlinear material model

Locations of local models are identified based on critical areas de-
termined during the global analysis. Local models represent skin and
flange of the stringer where the debonding is expected to propagate.
The web of the stringer is also included in the local model, as further
investigations should be conducted to understand the influence of the
stringer on the debonding mechanism. The skin and the stringer are
modelled with 8-nodes linear solid elements (C3D8 in Abaqus) and 8-
nodes cohesive elements with non-zero thickness (COH3D8 in Abaqus)
and bilinear traction-separation law are chosen for the adhesive layer.
Interface properties, such as strength and fracture toughness, are
summarised in Table 3. The in-plane length of the local element is 1 mm
as with preliminary mesh convergence studies it was confirmed to be
sufficiently enough for this kind of panel. The out-of-plane length is
0.25 mm which leads to one element per lamina in thickness direction.

Table 3

Material data for cohesive elements.
Cohesive element properties Value
Interface element stiffness before the damage onset, K (N/mm?) 10°
Interfacial strength, mode I, 7; (MPa) 61
Interfacial strength, mode II and III, 77, 7y (MPa) 68
Fracture toughness, mode I, G;. (N/mm) 0.243
Fracture toughness, mode II and III, Grre, Grze (N/mm) 0.514

1286

Four cohesive elements per length of one local element are utilized, as
mesh convergence verification has not determined significant im-
provements with further increase of the cohesive elements number, see
Fig. 7. To connect solid elements of skin and foot of the stringer to the
larger number of cohesive elements, *Tie constraint is utilized. Fol-
lowing the advice in [29], the master surface belongs to solid elements,
whereas slave surfaces are defined on the cohesive elements. During the
softening behaviour and stiffness degradation that is characteristic for
cohesive elements convergence difficulties may occur in Abaqus Stan-
dard. That is the reason for using viscous regularization of the con-
stitutive equations to overcome this issue. A relatively high viscous
parameter of 1073 has been chosen for the local analysis with cohesive
elements. Though each particular case requires a special judgement in
order to keep a balance between numerical convergence and experi-
mental results, as higher viscosity parameters might result in higher
load peaks.

After local numerical analysis is terminated, the degraded damage
variables d, described in Eq. (5) are extracted for each local cohesive
element with the help of an additionally Python written script. The
procedure is similar to the extraction of local damaged intralaminar
properties conducted in previous studies [23].

3.3. Local-global transition

The difference in mesh size between the global and local model
requires the implementation of an averaging procedure, see Eq. (7), to
determine the equivalent reduced global stiffness of interface elements.
Afterwards, a mapping technique is applied to map each global con-
nector element to the area of local cohesive elements and thereby the
degraded stiffness of this connector element is determined. This is
realized in a Matlab procedure using the coordinates of the elements.

3.4. Reference solid model

The reference model is a full 3D model of a stiffened panel. It
consists of 30,400 linear solid elements (C3D8 in Abaqus) for skin and
stringer of the panel and 38,400 cohesive interface elements (COH3D8
in Abaqus) for the adhesive layer. The preliminary studies also include
a test with implementation of 20-node bilinear solid elements for
modelling skin and stringer. No significant improvements regarding
damage prediction or final failure load were observed. Hence, it has
been concluded that linear solid elements exhibit a satisfactory level of
accuracy and efficiency. In order to keep consistency, the mesh density
chosen for the reference model is the same as for local models. Also a
bilinear traction-separation law is utilized for cohesive elements in
order to investigate debonding between skin and stringer. An initial
geometrical imperfection is represented by the first eigenmode of the
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4 cohesive elements

Skin, 1 solid element

Fig. 7. 3D local model with cohesive elements.

stiffened panel similarly to the global shell model.

3.5. Coupling results

The coupling procedure is carried out through six coupling loops,
each of them consists of several iterations. During each coupling loop,
the prescribed displacement is increased based on the following prin-
ciple: either critical area should evolve or new critical regions should

appear. This leads to a consequent expansion of the local models. Fig. 8
demonstrates six overlay plots of the separated global shell and the
local solid models where increase of the local models could be dis-
tinguished from step 1 to step 2 and from step 3 to step 4. It should be
mentioned that connector elements demonstrated an evolution of the
damage during some coupling loops in the areas of already existing
local models. In these cases, local analysis was conducted with the same
size of the local model as for the previous coupling loop, as no extension

A

Loop 1: u=0.56 mm

Loop 4: u=0.63 mm

Loop 2: u = 0.58 mm

Loop 5: u=0.67 mm

Loop 3: u = 0.60 mm

LA 4

Loop 6: u = 0.82 mm

Fig. 8. Overlay plots of stiffened panel of global and local models from coupling loops 1-6.
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Fig. 9. Coupling loops 1-6. Debonding propagation in the global model.

of the local model would be justified.

The damage evolution in connector elements in the global model for
six coupling loops is illustrated in Fig. 9. During the simulation process
the first area of probable skin-stringer separation is detected by the
quadratic stress criterion, see Eq. (3), at the prescribed displacement of
0.56 mm. At this applied displacement, damage takes place at free
edges on both longitudinal sides of the panel, see Fig. 10a. Two local

models are created for these critical regions. The coupling loop is re-
peated until the convergence at the global level is reached. The skin-
stringer debonding onset predicted at the global level is confirmed by
the local analysis results, as both local models show cohesive elements
degradation at the free edges, see Fig. 10b. Updated reduced stiffnesses
for the interface elements are calculated and transferred back to the
global model enabling the connection of different model levels.
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Fig. 10. Coupling loop 1. (a) Critical global regions of interface elements related to skin-stringer separation, (b) local models for the Regions 1 and 2 with corre-

sponding damaged cohesive elements.

Along the second coupling loop with displacement of 0.60 mm da-
maged areas are enlarged as new connector elements are identified as
being critical, see Fig. 9. It is important to mention that due to the
previously degraded stiffness of connector elements the load in the
interface has been redistributed to the neighbouring elements. The
third coupling loop with an increase of applied displacement to
0.58 mm registers no expansion of local models. After the completion of
the third coupling loop, an increase of displacement to 0.63 mm during
the fourth coupling loop provokes the spread of the skin-stringer de-
bonding along both free edges. The third local model has been created
in the middle of the panel, refer to a Fig. 8 where three local models
have neighbouring elements. The reason for examining three local
models instead of single unified one is that this approach is slightly
faster and is assumed to be sufficiently accurate. The fifth coupling loop
has prescribed displacement of 0.67 mm and demonstrates damage
evolution within the sizes of local models identified previously. Finally,
in the sixth coupling loop the prescribed displacement reaches
0.82mm. This final displacement increase results in an rapid propa-
gation of the damage through the interface, followed by almost full
deletion of cohesive elements in the local models and in total stiffness
reduction of the whole structure. Consequently, the final failure of the
stiffened panel is attained which is regarded as the logical end for the
coupling procedure.

Global, local and reference models analyses were carried out under
the same computational characteristics. Relative calculation times are
330s for the last global model step and 40,884s for the full 3D
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reference model, respectively. This difference is due to the high level of
discretization and inclusion of material nonlinearity to the reference
model. However, in order to determine computational time of the
global-local procedure, global model should be solved several times
until the detection of the final failure, and this time should be added to
the calculation of the local models. In Table 4 numerical characteristics
of aforementioned models are represented. In the current studies, local
models under consideration demonstrated computational time from
2449 s for the first local model at the first coupling loop to 13,339 s for
the second local model at the last coupling loop. Hence, for the selected
benchmark panel the global-local approach demonstrates a computa-
tional time similar to the one of the reference model. The relatively

Table 4
Computational characteristics of models.
Model Number of Number of Degrees of Relative
nodes elements freedom computational
time, s
Reference model 192,136 68,800 463,980 40,884
Global model, 6th 756 385 2331 330
coupling loop
Local model, 1st 35,636 12,160 86,160 2,449
coupling loop
Local model, 6th 51,816 18,240 126,420 13,339

coupling loop
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Fig. 11. Comparison of reference model with local models results for cohesive elements.

large computational effort of the global-local results can be attributed approach, but also advantageous in time-saving.

to the large size of the local models as compared to the global model, A comparison between reference model and local models degrada-
see Fig. 8. It can, however, be noticed that the first local model was tion is shown in Fig. 11 for coupling loops 1-6. In Table 5 a comparison
solved approximately 16 times faster than the full reference model. It is between the debonded areas of the local models and the corresponding
therefore important to note that in case of the localized and relatively regions of the reference model is presented for each coupling loop.
small area of damage the global-local method is not only an accurate During the first coupling analysis the local model demonstrates slower
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Comparison between debonded area of reference and local models.
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Model Loop 1 Loop 2

Loop 3 Loop 4 Loop 5 Loop 6

Reference model, debonded area, mm? 199 244
Local model, debonded area, mm? 118 281

355 151 284 484
477 154 221 425

deletion of cohesive elements resulting in a difference of 41% in de-
bonded area compared to the reference model, see Table 5. Though
already after coupling loop 2, reference and local model results are in a
relatively good agreement. During coupling loop 4, damage at free
edges in the middle of the panel is detected at the global level. The local
model shows degradation in this area, though the damage in the re-
ference model evolves slightly differently. However, in the sixth cou-
pling loop the local model demonstrates the deletion of almost all dis-
torted cohesive elements with a good agreement to the reference model.

Load-displacement curves for both reference solid model and cou-
pling loops are presented in Fig. 12. Distinct drops of the coupling curve
correspond to each global-local loop that is characterised by the re-
duction of interface stiffness. Each coupling loop is enumerated from 1
to 6 on the plot. The reference curve is smoother because the cohesive
elements properties have been degraded incrementally. Both curves are
in a good agreement, in particular with regard to the structural stiffness
before and after first buckling takes place. Buckling in the coupling
simulations occurs slightly earlier at a displacement of 0.147 mm and
for the reference model at 0.167 mm resulting in a slight difference in
curves, though lying in parallel and, thus, having similar stiffnesses.
The final failure of the reference model takes place at a displacement of
0.76 mm that corresponds to the load level of 20.54 kN, whereas for the
coupling loops the maximum displacement and load are 0.78 mm and
20.68 kN respectively. The relative deviation between maximum sup-
ported loads for the stiffened panel in compression is reported to be
around 0.7%. The latter conclusion demonstrates the capability of the
global-local approach to simulate full 3D behaviour with regard to a
reliable prediction of skin-stringer debonding initiation, evolution and
final collapse.

4. Validation with experimental results

In this section, the applicability of the global-local approach to a
real stiffened composite panel with available experimental results is
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— loaded end

UUISSUNNEEY T B S— L potting

=

debonded
region

= -4 = =

R S R B ot potting
v — clamped end

Fig. 13. Geometry of initially debonded stiffened panel design D1 (from [31]).

investigated. The specimen has been tested by Orifici et al. [31] and
denoted as initially debonded single-stiffener D1 panel during their
studies. This particular choice of a panel with preliminary skin-stringer
separation is explained by the goal to examine a specimen with loca-
lized debonding that is expected to dominate over the intralaminar
damage and demonstrate the full advantage of creating relatively small
local models. In Fig. 13 a sketch of geometric configuration for the
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Fig. 12. Load-displacement curve for progressive failure analysis of stiffened panel.
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Table 6
Geometry of initially debonded stiffened composite panel D1
(from [31]).
Description Value
Total length, L (mm) 400
Free length, Ly (mm) 300
Width, b (mm) 64
Skin lay-up [90, +45, 0]
Stiffener lay-up [(£45)3, O¢ls
Ply thickness, t (mm) 0.125
Stiffener height, h (mm) 14
Stiffener width, w (mm) 32
Debond length, d (mm) 80

Table 7
Material data for IM7/8552 carbon/epoxy unidirectional tape (from
[31D).

Stiffness properties Value
Young’s modulus in 1-direction, Ej; (GPa) 147
Young’s modulus in 2-direction, E;; (GPa) 11.8
Shear modulus in 12-plane, G;, (GPa) 6
Shear modulus in 31-plane, G3; (GPa) 6
Shear modulus in 23-plane, G,3 (GPa) 4
Poisson’s ratio, v 0.3

debonded panel is shown, the geometric and material data of the spe-
cimen are reported in Tables 6 and 7 respectively with descriptions
used by Orifici et al. [31]. The panel was manufactured with IM7,/8552
UD material for the skin and stringer, whereas for the adhesive layer FM
300 was utilized. In the previous section the interface properties were
taken for this material also from [31], refer to Table 3 for details.

4.1. Global model: linear elasticity

The shell global model is created similarly to the aforementioned
benchmark panel. After a preliminary mesh convergence studies, the in-
plane size length of 4 mm is determined, which resulted in 2800 con-
ventional shell elements (S4R in Abaqus) and 909 connector elements
tying the opposite lying nodes of the skin and stringer surfaces. The first
eigenmode is utilized as an initial geometric imperfection to perturb the
panel in a postbuckling regime similar to the one described in [31]. The
following boundary conditions are applied: (1) one transverse edge is
fully restrained denoted as clamped end, (2) the opposite edge is re-
stricted to move in any direction except longitudinal and correspond to
a loaded end, (3) two pottings are allowed to move only in the

Region 2

Composite Structures 202 (2018) 1280-1294

longitudinal direction, see Fig. 13. Both longitudinal edges remain free
to deform.

4.2. Local models: nonlinear material model

The local models have the same structure as the previous model - 8-
nodes linear solid elements (C3D8 in Abaqus) with a side-length of
1 mm and 1 element per lamina in thickness direction resulting in a size
of 0.125 mm for the skin and the stringer. Cohesive elements with bi-
linear traction-separation law represent the interface layer in order to
track the beginning and development of the skin-stringer debonding.
Four cohesive elements are utilized per in-plane side of a solid local
element. The selected discretization repeats the previous model — one
element per lamina in the thickness direction with 1-mm in-plane size
length for structural elements. Four cohesive elements per side of one
solid element are chosen.

4.3. Coupling results

Global-local analysis has been conducted through four coupling
loops with consequent increase of the prescribed displacement up to the
following values: 1.0 mm, 1.4 mm and 1.6 mm and 2.0 mm respectively.
According to experimental and numerical results, the skin and the foot
of the stiffener have buckled in opposite directions that excludes issues
with probable initial interpenetration of the layers during the calcula-
tions. The onset of skin-stringer separation is predicted based on the
stress quadratic criterion (Eq. (3)) and begins in the areas of the initial
debonding at the applied displacement of around 0.8 mm, see Fig. 14.
Two local models are created for these regions respectively to examine
the debonding evolution in details, see Fig. 15. A determination of
global regions that are prone to debonding is proved by both local
analyses demonstrating a damage onset and growth in cohesive ele-
ments. It is important to mention that the size of local models is selected
appropriately, as they both cover not only distorted cohesive elements,
but also undamaged ones.

The damage starts from the preliminary debonded areas and pro-
pagates further along the pre-debonded edge before growing in the
longitudinal directions. The obtained damage evolution path fully
corresponds to the experimental results reported in [31]. The full de-
bonded length in global-local analysis increased from 80 mm to
120 mm. As it was reported in [31], the debonding attained the value of
165 mm, though it was also stated that the fibre fracture could interact
with debonding in this case and may influence the difference at the
final loads.

Load-displacement curves are shown in Fig. 16 for global-local
coupling results compared to experimental results. Each of the coupling

Region 1

Fig. 14. Coupling loop 1. Critical global areas (left) and overlay plot of two corresponding local models (right) for debonded panel D1.
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Fig. 15. Coupling loop 1. Local models for Regions 1 and 2 with corresponding cohesive elements.
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Fig. 16. Load-displacement curves of global-local analysis for debonded panel D1 with comparison to experimental results.

loops has a slight drop-off that corresponds to the reduction of the in-
terface stiffness in the global model after application of new properties
from the local models. Comparison to the full solid reference model has
been also carried out until a prescribed displacement 1.5 mm, demon-
strating a good agreement with the global-local analysis curve. The
structural stiffness is regarded as well predicted by global-local ana-
lysis, though since no intralaminar damage was considered, the final
collapse could not be attained. That is why the procedure was finished
after the prescribed load of 2.0 mm. It is important to note that the
global-local approach provides an accurate prediction of the structural
behaviour during onset and evolution of the debonding in terms of
damage location and stiffness reduction.
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5. Conclusion

A novel two-way coupling global-local finite element approach for
skin-stringer separation of stiffened composite panels has been devel-
oped. The method is based on different levels of accuracy and separate,
subsequent simulations of global and local models that is computa-
tionally more efficient than full 3D analysis. A global numerical analysis
with a standard mesh is performed to define critical areas prone to
debonding. Local models are created based on the locations determined
by the global analysis. The key challenge of establishing a link between
the two models with different discretization level has been achieved. An
accurate information exchange between the global and the local level is
ensured by application of discrete and continuum interface elements
that follow the same traction-separation law.

Firstly, progressive failure analysis was assessed through the
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application to the representative case of a one-stringer panel, which
demonstrated the effectiveness of the method. Load-displacement
curves of the coupling analysis and the solid element reference analysis
were in reasonably good agreement. The predictions of both the max-
imum load level and the sequence of stiffness reductions in the structure
showed similar results.

The applicability of the global-local approach was also validated
through a comparison with results of a T-stringer panel with an initial
debond, previously tested experimentally in [36]. Reasonably good
agreement between coupling analysis and experimental results has been
demonstrated until the final collapse. As expected, damage started in
the area of the initial debonding and propagated further, leading to an
increase of skin-stringer separation. However, the smaller regions of
debonding predicted in the numerical simulations might be related to
the damage modes considered. Intralaminar damage (matrix and fibre
damage) were not accounted for in the analyses presented.

The global-local approach developed shows the possibility to es-
tablish an effective and efficient procedure for the modelling of skin-
stiffener debonding in stiffened composite panels. This global-local
technique can be combined with procedures for interlaminar and in-
tralaminar damage of laminates to model the progressive failure of
composite panels considering various failure modes.
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4 Paper C: Progressive failure analysis using
global-local coupling including intralaminar
failure and debonding

The following paper [4] is published in ATAA Journal, Volume 57, Number 7 (2019), pages
3078-3089 (https://doi.org/10.2514/1.J057677), and is reprinted by permission of the Amer-
ican Institute of Aeronautics and Astronautics, Inc. The main work was done by the author
of this thesis.

A framework for modelling a combination of the intralaminar damage and skin-stringer
debonding by means of a two-way global-local approach has been established. The main
advantage of the presented strategy is that inclusion of both damage mechanisms in the
global-local strategy allows for observation of progressive damage evolution similar to that
shown in real composite stiffened panels. Firstly, the method has been applied to a case of
a one-stringer panel and compared to a reference solution. The local models included the
damage detected at the global level and could be easily adapted to consider only one type
of failure or both damage mechanisms through the material degradation and skin-stringer
separation with cohesive elements. The information of the damage was transferred to the
global model while keeping all reduced material properties due to the previous material
degradation. Load-displacement curves of coupling simulation and reference modelling
demonstrated a good agreement which holds also for the sequence of the damage events
detected in both analyses. Afterwards a global-local approach has been validated on an
experimental single-stringer panel with a reduction of about 50% in computational time
achieved by the global-local method.

The developed global-local approach combines all principal damages such as a matrix

cracking, fibre breakage and skin-stringer debonding and demonstrates a serious potential
in computational time savings while keeping acceptably good level of accuracy.
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Composite laminate stiffened panels are often used in aircraft fuselage design because of their favorable properties.
To assess the failure load of these thin-walled structures and to exploit their reserves, a reliable simulation capability
for their postbuckling behavior is often necessary. To perform a realistic failure analysis and to accurately detect final
collapse, material degradation should be considered. Global-local approaches are computationally efficient
techniques to perform a progressive failure analysis and to examine localized damaged areas in detail. In this paper,
a two-way coupling global-local approach is presented, including a combination of different damage modes, such as
matrix cracking, fiber damage, and skin-stringer debonding. An accurate exchange of information concerning the
damage state between global and refined local models is performed. From the global to the local model, the
displacements are transferred through a submodeling procedure. Afterward, the degraded material properties
obtained from the local model analysis are returned to the global model with a special mapping technique that
accounts for the different mesh sizes at the two levels. The two-way coupling procedure is applied to the progressive
failure analysis of a one-stringer composite panel loaded in compression. Finally, the numerical results of the
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procedure are compared with experimental results.

Nomenclature
A = area
C = material stiffness matrix
d = damage variable for cohesive element
dy = damage variable for the fiber degradation by
Linde
d, = damage variable for the matrix degradation by
Linde
E = Young’s modulus
F = force
fr = fiber failure condition for Linde criterion
fm = matrix failure condition for Linde criterion
G = shear stiffness
Gy = fracture energy of fiber
G, = fracture energy of matrix
Gy, Gy, Gy = energy release rates in modes I, II and I1I
Gy, = total critical energy release rate in mode I
Gy = total critical energy release rate in mode II
K = interface stiffness matrix
K, = initial interface stiffness
L = length
Lc = characteristic element length
Sa = axial shear strength
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St = transverse shear strength

t = thickness

w = width

Xc = longitudinal compressive strength

Xr = longitudinal tensile strength

Yc = transverse in-plane compressive strength
Yr = transverse in-plane tensile strength

1) = maximum relative displacement

1. Introduction

HE extensive use of fiber-reinforced composite laminates in the

aircraft application for light-weight structures during the last
decades is explained by their excellent material properties, such as
high strength and stiffness ratios. However, composite structures
demonstrate great advantages, and the numerical assessment and
experimental validation involve high costs. A finite element global-
local coupling approach is a widely applied methodology in failure
analysis of structures that aims at reducing computational efforts on
the one hand and at accurately examining critical areas where damage
occurs on the other.

A. Global-Local Coupling Methods

Within the context of coupling approaches, one-way and tight
coupling methods prevail. One-way coupling is a term used to
describe a transfer of information in one direction between separated
models, that is, from the global to the local level or vice versa. Tight
coupling means that global and local models are not separated and
systems of equations are solved simultaneously. An overview of
these methods can be found in Hiihne et al. [1]. Certain two-way
methods are available that can treat global and local models
separately. The multiscale projection method by Lohnert and
Belytschko [2] simulated fracture and crack propagation using
XFEM to investigate the effect of macrocracks and microcracks
interactions leading to damage. The adaptive progressive damage
modeling technique by Labeas et al. [3] was used for the prediction of
damage initiation and evolution in composite structures. Their
approach combines a progressive damage modeling technique with
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the submodeling method. The homogenization-based iterative
two-way multiscale approach by Chrupalla et al. [4] accounted for
the effects of local damage on the global behavior of composite
structures. The main difference between the aforementioned
approaches is the way the degraded properties are transferred back
from the local to the global level. An efficient local-global transfer
technique for composite structures proposed by Hiihne et al. [1],
which includes matrix and fiber failure, was based on calculation of
effective material properties and is extended in the current research.
The present technique is different from the ones used in other works.
A more accurate homogenization scheme is used than the simplified
procedure of averaging the local engineering constants performed by
Labeas et al. [3]. Another advantage of the present approach is that it
is nonintrusive in the sense that it can be directly combined with
standardly available commercial finite element codes.

Skin-stringer debonding in composite panels has been considered
by several authors. A loose one-way coupling analysis was
performed by Reinoso et al. [5]. In this approach, information was
transferred from the global to the local level and cohesive elements
were used for the local model. Orifici et al. [6] performed global-local
analysis with ply degradation and a method for capturing inter-
laminar crack growth based on multipoint constraints controlled
using the virtual crack closure technique. The creation of the local
models was based on monitoring a strength-based criterion in the
skin—stiffener interface. An optimization technique employing a
genetic algorithm was proposed by Faggiani and Falzon [7], which
aimed at minimizing debonding damage in the postbuckling regime
of stiffened panels by optimizing the laminate stacking sequence.
A global-local method was applied in the analysis of a panel with
I-shaped stiffeners in order to make the application of the optimi-
zation procedure feasible. The nonintrusive global-local technique by
Gendre et al. [8] examined separately a global linear model of the
whole structure and a local nonlinear submodel representing the
critical area. After each iteration loop, a residual force vector was
calculated from the difference between global and local reaction
forces at the border of these models. This load vector was applied to
the nodes of the global model in order to provoke the deformation of

(Global analysis: debonding detectih

critical global area

/

New material properties: averaged
adhesive stiffiess

Displacements
firom global model
—_—

the global model, transferring the influence of the local non-
linearities. Vescovini et al. [9] performed a one-way coupling
analysis. Shell elements were used for the global and local models,
whereas cohesive elements were applied to model interface layer at
the local level. The main limitations of existing coupling approaches
are associated with their efficiency in detecting critical areas at the
global level and their accuracy in information exchange between
global and local levels, in particular their capability to account for
mutual interaction. In the current work, a transition of degraded
properties from the local to the global level assures that damage
propagation is appropriately represented within a progressive failure
analysis at the global level.

B. Developed Global-Local Two-Way Loose Coupling Approach

In the global-local coupling procedure for composite stiffened
panels developed by Hiihne et al. [1] and enhanced later by
Akterskaia et al. [10], intralaminar damage (fiber and matrix damage)
was analyzed. Akterskaia et al. subsequently developed a new global-
local approach for progressive failure in stiffened panels with skin-
stringer separation [11]. In the present paper, the limitation of the
previous works where only one type of damage was considered is
overcome. The debonding damage between skin and stringer and
intralaminar damage are examined together so that various important
failure modes are incorporated in the approach. It is important to note
that matrix and fiber damage as well as debonding are principal
failure modes as observed during experiments conducted for lami-
nated stiffened panels [12]. Skin-stringer separation is recognized as
a crucial damage mode that can lead to a final collapse of the
structure, or in the case of good bonding between the skin and
the stringer, it could trigger other damage mechanisms, such as
delaminations in adjacent layers and fiber failure in the stringer
[5,13,14]. The main idea of the loose coupling procedure proposed in
the current work [10,11] is demonstrated in Fig. 1, where the
procedure is shown only for the case of skin-stringer debonding.

The flowchart of the two-way loose coupling procedure [1] is
shown in Fig. 2. A global analysis is conducted, followed by local
model calculations and local-global transfer of reduced properties.

ﬁ Local analysis: cohesive zone model

Local model
= critical global area

Damage variable d for
adhesive stiffiess reduction

/

Shell elements — stringer foot

Discreqle

interface element;
| b

\_

3. Determination of average
adhesive stiffness for each damaged
global interface element

Shell elements - skin

1 global interface element =
=N cohesive local elements

~

Cohesive elements

%

Fig. 1 Two-way loose coupling procedure for skin-stringer debonding: application to a one-stringer stiffened panel. The gray area around connector

element corresponds to the nodal area of this connector element.
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1. GLOBAL ANALYSIS

Critical

Global model analysis
with shell dements and
discrete interface dements

global elements?

Update of global model
via degradation of materal properties
and interface stffiness

Increase of global
displacement loading

4

2. LOCALANALYSIS

Local model analysis
with cohesive elements and
intralaminar materal degradation

]

New local damage?
compared b previous

no
COUPLING LOOP

Homogenization

and interface stiffness

- determination of equivalent
global matenal properties

ITERATION LOOP

Fig.2 Flowchart of two-way loose coupling procedure for intralaminar failure and skin-stringer debonding.

Afterward the global analysis is repeated to check whether the stress
redistribution induced by degraded material properties results in the
appearance of new critical areas or an extension of existing ones that
is shown in the flowchart in the diamond called “New local damage.”
The global-local procedure is performed until no new intralaminar
damage initiation or no new skin-stringer separation onset is detected
at the prescribed displacement level under consideration. When this
“iteration loop” is completed, the load at the global level is increased
and thereby the next “coupling loop” is started. The procedure is
performed until final failure of the structure occurs. The proposed
global-local method was developed for structures experiencing
localized damage. Hence, an assumption has been formulated stating
that limited amount of coupling loops is required to reach a state of
the final failure. In the present paper, this procedure is applied for the
case in which skin-stringer debonding and intralaminar damage
occur simultaneously, as happens in realistic experimental tests.

The main advantage of the presented approach is that no
preliminary knowledge is required about the location and the size of
the intralaminar damage, and the skin-stringer debonding as the
damage initiation is monitored at the global level. Another important
aspect is the exchange of the damage information from the local to the
global level through the reduced material properties, which allows for
the performing of the progressive failure analysis until the final
collapse.

II. Detailed Methodology: Two-Way Loose Coupling
Approach with Interlaminar and Intralaminar Failure

The progressive failure analysis (using the commercial finite
element [FE] software Abaqus) is carried out until global failure of
the structure takes place. The skin and the stringer of the panel in the
global model are represented by four-node laminated shell elements
using reduced integration (S4R elements). The adhesive layer is
regarded as a structural connection and was modeled with connector
elements of Cartesian type available in Abaqus. These elements
were selected because the prediction of debonding initiation in the

adhesive layer requires knowledge of the normal and shear stress,
whereas application of 3D solid elements is not recommended
because of their inappropriate aspect ratio. The model at the global
level is used to identify the areas where matrix or fiber failure is
expected to occur by applying the Linde criterion [15], which stems
from the Puck criterion and distinguishes between fiber and matrix
damage as well as between compressive and tensile stresses. The
material damage model performs a gradual degradation of material
properties using the fracture energies of fiber and matrix. In the
following, X; and X, denote the longitudinal tensile and
compressive strength, respectively, and Y and Y- are the transverse
in-plane tensile and compressive strength, respectively, whereas S is
the axial shear strength and C;; are the components of the stiffness
matrix. Damage initiates in the matrix when the index f,, exceeds the
failure strain perpendicular to the fiber direction in tension and
calculated as Y7/C,, and fiber damage occurs when the index f
exceeds X;/Cy,, which is the failure strain in the fiber direction in
tension [see Eqs. (1) and (2)]:

Y2\ e Y7\2 Y
24 Y V24 (L) e,>=L
\/ ()" + | Y7 — ) o + s, €1 O (D

Xr 2 X% €11 Xr
= = Xr——|—>— 2
Iy \/Xc (en)” + ( "x.) ¢, T (2

where the strain components ¢;; correspond to the local material
coordinates related to the orientation of the fibers, index 1 refers to the
fiber direction, whereas index 2 (in-plane) and index 3 (out-of-plane)
refer to the transverse directions. The damage parameters d,,, and d
introduced by Linde correspond to the partial matrix and fiber
degradation:
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The characteristic element length L is used to reduce the mesh
dependency of the degradation model. The matrix and fiber strengths
are G,, and Gy, respectively. The undamaged elasticity tensor is C;;
(where i, j = 1, 6). The effective elasticity tensor C, used by Linde
et al. [15] is defined as:

(I-dpCyy (1-dp)(1-d,)Cy,
(1-d,)Cx

symmetric

It is worth mentioning that the presented global-local strategy is
not restricted to the particular intralaminar failure criterion used, and
other criteria such as LaRCO04 by Pinho et al. [16] or developed later
by Pinho et al. [17] could be applied. A good overview of existing
failure criteria and their comparison have been performed during the
effort of three stages of World Wide Failure Exercise (WWEFE) (see
Hinton et al. [18], Kaddour and Hinton [19], Kaddour et al. [20], and
Kaddour et al. [21]). Material degradation models are reviewed in
[22] and more recently in [23]. However, the particular choice of the
Linde criterion is explained by the aim to obtain reliable results at a
relatively low computational costs with an accurate material model,
but also with a reasonably simple model that is not excessively
demanding in terms of material model parameters required. The
Linde criterion is an appropriate criterion for our current purposes.
The relative simplicity of the implementation and the possibility of
combining it with the material degradation model by Linde are
convenient. It is noted that other failure criteria can also be used
within the current implementation of the global-local framework.
Since the criterion distinguishes between matrix and fiber failure, it
retains the possibility of a validation with experimental results.

The regions of the interface layer where the onset of debonding
between skin and stringer may take place are determined by means of
a quadratic stress criterion, expressed by the following relation:

2 2 2
(@) s (@) +(2)s ©
Nmax Smax Tmax
Here (.. .) represents Macauley brackets operator, 635 is a stress in
the pure normal mode, 3 and 0,3 are nominal stresses acting in the
first and second shear directions, and N, Smax> Tmax are the
maximum corresponding stresses. The normal stress and the two

transverse shear stresses, o33 and 3, 0,3 respectively, are calculated
based on the total forces:

F.
O3 = —-, i=1,273 (7
’ Ael

where F; is a force and index i denotes 1, longitudinal; 2, transverse;
and 3, normal axis, respectively; A is an area of applied force. A is
equal to the full in-plane area of the shell element for interior
connectors or to half of this area corresponding to the case when
connectors tie the edges. There are also connectors applied to the
corner nodes of the panel at both edges, respectively. However, these

corners do not represent regions of interest, and hence they are not
checked for the damage initiation.

After completion of the global analysis, the required number of
local models is created based on the information about the size and
the location of critical areas determined by the failure initiation
criteria discussed earlier. The detailed model with refined mesh
density at the local level allows for considering the influence of the
damaged region at the global level. An advantage of interface
cohesive elements technique over another common method, the
virtual crack closure technique (VCCT), is their ability not only to
observe the evolution of the damage through the interface, but also to
predict the onset of the layer separation. These elements have already

(1-d;)Cy3 0 0 0
(1-d,)Cy 0 0 0
Cs 0 0 0
(1-dp)(1-d)Cy 0 0 ©)
Css 0
Ces

been successfully applied by other researchers [24,25]. However,
preliminary studies are required related to the accuracy of the mesh
refinement, because a higher number of cohesive elements compared
with the structural elements are needed in order to ensure reliable
results [5,26]. In the present study, the evolution of the debonding is
assumed to be described through the Benzeggagh and Kenane
fracture criterion [27] extended to 3D cases. The mixed-mode critical
energy release rate G, is supposed to be equal to the area under
the curve in the traction-separation diagram (see Fig. 3), and is
calculated by:

(®)

G G n
G. = Gy + (G — Glp)( n+ O )

Gy + G + Gy

where Gy, and Gyy. are mode I and II critical energy release rates and
Gy, Gy, and Gy are single-mode energy release rates corresponding
to fracture modes I, II, and I1I and their sum is the total energy release
rate. The parameter 7 is determined empirically [27] and is assumed
to be 2.284 [24].

The initial stiffness of each discrete interface element is defined as
follows:

Ko =—- ©)

where E is the Young’s modulus of the corresponding interface
material, and A and ¢ are in-plane nodal area and thickness in the
normal direction of the interface element, respectively.

The linear degradation of the adhesive element stiffness is
described by:

. Damage onset
G, traction

omax

Linear softening

(1-dK, —

Ge

T V. i ———

8 84y O, separation

Fig. 3 Bilinear traction-separation law.
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Ko = (1 - d)K, (10)

where the scalar parameter d varies from 0 for an undamaged element
to 1 for a complete crack opening, and K|, is the initial stiffness. The
intralaminar material properties of the skin and the stringer are
degraded according to the material degradation model discussed in
[1]. Averaged local stiffness was proposed to be calculated [11] for
each area that corresponds to one connector element:

K _ Z?/:l Klocal.i _ iv=1 (1 - di)Klocal,O
local — N - N
Y d,
= Klocal_o(l - %) (1)

where N is the number of local continuum interface elements
corresponding to one global discrete interface element. Afterward,
the multiplication coefficient of the right term that is based on the
averaged damage variable parameter d is used to obtain the degraded
global interface stiffness:

XL d;

N )v j=]v-'-nglobal (12)

Kglobal,- = Kglobal,-,O (1 -

where Ny is the number of global adhesive elements.

This approach allows an independent calculation of the multipli-
cation coefficient for each global element. It is also important to note
that only those global elemental stiffnesses are degraded during the
next coupling loop that correspond to the local cohesive elements in
the softening regime. Other global adhesive elements keep their
initial stiffness.

The required number of coupling loops described in Fig. 2 is
carried out until the global panel failure occurs. Comparisons are
conducted first with a full reference model with a mesh size that is
comparable to the local model, where solid elements are used for the
skin and the stringer and cohesive elements are applied for the
interface layer. Second, the numerical predictions of the global-local
method are compared with the experimental results of a one-
stringer panel.

Another interlaminar damage mechanism, such as delamination of
the adjacent layers, is not considered within the presented approach.
On the one hand, this type of damage was not reported as critical to
the structural collapse as the final failure in stiffened panels under
compression usually takes place due to the initiation and growth of
matrix damage and skin-stringer separation finishing by final fiber
failure. On the other hand, within the current framework of the global-
local method, it is not directly possible to predict the delamination
onset with conventional elements at the global level. However, in
cases when it is known in advance at which position a delamination is
expected to occur, the initial model could make use of stacked shell
elements and our current debonding procedure could be used.

III.  Application of the Two-Way Loose Coupling
Procedure to a One-Stringer Composite Panel

First, the method is applied to a stiffened panel with one T-shaped
stringer. This panel is demonstrated in Fig. 4; geometrical and
material characteristics are listed in Tables 1 and 2, respectively. The
material “I-direction” corresponds to the longitudinal axis of the
panel. The unidirectional layers are of 0.25 mm thickness each with a
symmetric composite layup [0;90];. Progressive damage was
examined under the following boundary conditions: a fully clamped
transverse edge is used and the opposite transverse edge is
constrained in all directions except for the longitudinal direction, in
which compressive load is imposed as prescribed displacement.
Longitudinal edges are free to deform.

A. Reference Model

To evaluate the results of the coupling approach, a 3D reference
model was created. Linear 8-node solid elements (C3D8) with a
nominal element edge length of 1 mm were employed for modeling

Clamped edge

L=100 mm

>
Loaded edge, u
Fig.4 Geometry of the tested one-stringer stiffened panel.

the skin and the stringer, one element per layer resulting in 4 elements
through thickness. Nonzero thickness cohesive elements with
bilinear traction-separation law replaced the connector elements in
the adhesive area. The adhesive properties are summarized in Table 3.
Four cohesive elements per side of one solid element were chosen

Table1 Geometry of stiffened composite panel

Description Value
Panel length, / (mm) 100
Panel width, w (mm) 40
Stringer width, b (mm) 20
Stringer height, 4 (mm) 8
Laminate thickness, Zg,, fpjade (Mm) 1
Adhesive thickness, f,q, (mm) 0.2

Table2 Material data for composite and adhesive

Stiffness properties Value
Young’s modulus in 1-direction, E; (GPa) 146.5
Young’s modulus in 2-direction, E;, (GPa) 9.7
Shear modulus in 12-plane, G, (GPa) 5.1
Poisson’s ratio, vy, 0.28
Tensile failure stress in 1-direction, X (MPa) 2583
Compressive failure stress in 1-direction, X (MPa) 1483
Tensile failure stress in 2-direction, Y (MPa) 92
Compressive failure stress in 2-direction, Y- (MPa) 270
Shear failure stress in 12-plane, S, (MPa) 106
Fracture energy of fiber, G, (N/mm) 12.5
Fracture energy of matrix, G,, (N/mm) 1.0
Young’s modulus of adhesive, E,q, (GPa) 3.0
Poisson’s ratio of adhesive v g 0.4

Table3 Material data for cohesive elements, adhesive type

FM300 from [6]
Cohesive element properties Value
Interface element stiffness before the damage onset, K (N/mm?) 10°
Interfacial strength, mode I, z; (MPa) 61
Interfacial strength, modes II and III, zy;, 75y (MPa) 68
Fracture toughness, mode I, G (N/mm) 0.243
Fracture toughness, modes II and I1I, Gy;.., Gy, (N/mm) 0.514
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after performing convergence studies to estimate the minimum
required number of cohesive and solid elements. The total number of
elements was defined after the preliminary mesh convergence
studies: 68,800 elements in total, from which 38,400 are cohesive
elements. To connect different mesh sizes of the skin and the foot of
the stringer to the larger number of adhesive elements, the Abaqus
*TIE constraint was used, with special attention to the choice of the
master and slave surface [5]. The master surface corresponds to a skin
or a stringer surface; slave surfaces correspond to the cohesive
elements.

The material degradation model by Linde et al. [15] was
implemented through the Abaqus user-defined material subroutine
(UMAT) to account for intralaminar damage. Interlaminar damage
was examined with cohesive elements with the bilinear traction-
separation law. An imperfection with the shape of the first eigenmode
obtained from the linear buckling analysis was applied, similar to the
global analysis.

B. Global Model: Linear Elastic Material

The global model consists of 280 four-node shell elements of 5 mm
nominal element edge size using reduced integration (Abaqus S4R
elements). A user-defined material subroutine (UMAT) was used to
define the global material properties obtained from the local-level
calculations. An adhesive layer between the skin and the foot of the
stringer was modeled with connector elements. The axial
compressive displacement was applied to the transverse edge and a
static nonlinear analysis in Abaqus Standard was performed. The first
eigenmode was chosen to trigger the buckling deformation of the
panel. For the postprocessing of the global model results, two Python
scripts were used. The first one was developed previously by Hiihne
et al. [1] to determine the critical global areas through the damage
initiation criterion for matrix and fiber by Linde [15] discussed above.
The same criterion is also applied to a local model. The second
python script was developed with the goal of identification of critical
regions due to the debonding onset by the quadratic stress criterion
[Eq. (6)] applied to the connector elements.

Four global-local coupling loops were performed with a
consequent increase of the applied displacement: u = 0.56, 0.60,
0.63, and 0.67 mm until the final failure was detected. An example of
damaged areas detected during the global analysis of the first
coupling step is demonstrated in Fig. 5. At the applied displacement
of 0.56 mm, the postprocessing tool detected the potential areas of
matrix damage and debonding initiation between the skin and the
stringer. Based on these critical regions, two local models were
created: local model 1 and local model 2.

C. Local Models: Material Nonlinearity and Cohesive Debonding

The local models are created automatically for the critical areas
identified during the global simulation by using a MATLAB
preprocessor. Input parameters for this script are the location and the
respective size of the local model, whereas the obtained output files

Coupling loop 1. Global model:

(a) matrix damage estimation

(b) debonding onset prediction, connector
elements

a)

contain nodes and elements. The size of the local model is designed
such that it should cover one neighboring element in-plane additional
to damaged ones in case of the intralaminar damage as suggested in
earlier work [10]. The reason is that the paths of the matrix and fiber
damage growth are unknown in advance. Although it should be noted
that, as the displacements from the global model correspond to the
displacement load when the failure criterion was just satisfied, the
damage is not expected to evolve outside of these boundaries. As for
the interlaminar damage, the local models include only the connector
elements detected by the failure criterion as it is expected that the
skin-stringer debonding propagates toward the stringer blade, in this
buckling shape, transversely to the longitudinal direction. When the
damaged regions from the intralaminar and interlaminar damage
overlap, one local model is created that covers both areas. Only the
damaged parts of the panel are included in the local model in order to
decrease the computational costs. Thus, the local models contained
the skin and the foot of the stringer until the fourth coupling loop,
where the stringer was also damaged and consequently incorporated
into the local models. The only required parameter is the position
within the global model. Displacements from the global analysis are
used as kinematic boundary conditions at the edges of the local model
through the submodeling procedure. The same mesh density and
material parameters as for the reference model are implemented for
the sake of consistency. This means that for the local model the same
number (namely, four) of cohesive elements per in-plane side of solid
element is employed. Intralaminar damage effects are accounted for
through the material degradation model by Linde et al. [15].

The damaged local model created based on the global results
of the first coupling loop (Fig. 5) is shown in Fig. 6. Matrix damage
developed in the region of the stringer; cohesive elements are
degraded according to the global model predictions—near the longi-
tudinal edges of the stringer foot. It might be also noticed that some
cohesive elements at the edges are not deleted as they might be
physically expected. Cohesive elements in Abaqus [28] are prevented
from being deleted under pure compression to prevent inter-
penetration of the surrounding layers. In this case the degradation
parameter of this element is equal to 1, and during the recalculation of
the global stiffness it corresponds to the fully damaged element.

D. Local-Global Transfer of Updated Properties

Different mesh densities at local and global levels are used. The
homogenization-based technique for matrix and fiber damage
proposed by Hiihne et al. [1] was used to determine equivalent
properties corresponding to each global element. In the current
studies, these effective material properties are calculated for each
laminate layer of a global element independently.

Stiffness degradation of the connector elements is performed using
Eq. (12) and applied during the next global analysis step making use
of the Abaqus *FIELD option. Hence, the original material properties
of the connector elements are used at the global level until the
increment at which damage is detected. From that increment,

Fig. 5 Coupling loop 1, global level. Elements where damage onset was predicted are displayed in red. a) First critical global areas related to matrix

failure; b) first critical connector elements.
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Coupling loop 1. Local model 2:
(a) matrix degradation
(b) degradation of cohesive elements

a)

degraded material properties (degraded stiffness) are applied. With an
increase of the loading, a degradation of material properties at the
global level is performed subsequently.

E. Coupling Results

The load-displacement curves shown in Fig. 7 demonstrate a
comparison of the reference model results and of the global-local
coupling loops where matrix and fiber damage and debonding between
skin and stringer were considered. A good agreement between the
reference results and the coupling loops can be observed. After local
buckling in both analyses, the coupling curves remain straight until the
first failure was predicted. The discrepancy of the first failure
prediction between the reference and coupling curves can be explained
by the fact that determination of the failure was performed at the global
level with a coarse mesh, which again confirms the necessity of a local
model with refined mesh to be examined. During the first coupling
loop, the global model is loaded with 0.56 mm of compressive
displacement. Both matrix cracking at the stringer basement and
debonding onset at the free edge were detected. Based on these results,
two local models were created and demonstrated both types of damage
initiation and evolution (see Figs. 5 and 6). The locations of the
intralaminar damage and skin-stringer debonding in the reference
model at the corresponding applied displacement of 0.56 mm are
shown in Fig. 8 with relatively good agreement to the same prediction
in the local model. The updated material properties were transferred
back to the global level. Here, the coupling load-displacement curve
decreased load due to sudden degradation of the properties and ensuing
stress redistribution. However, the reference solid model demonstrates
a smoother softening behavior, which is explained by the fact that the
material properties of the reference model are degraded gradually
during the numerical analysis. For the coupling simulations, a sudden
drop of the load-displacement curve is provoked by the sudden
degradation of the material stiffness parameters. The subsequent

25
== Reference analysis
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Z
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Fig. 6 Coupling loop 1, local model 2, in red: a) matrix damage; b) cohesive elements degradation.

increase of the compressive displacement up to 0.60 mm demonstrated
the evolution of the matrix damage and debonding at both critical areas
identified at the first step. The compression was further increased until
a displacement of 0.63 mm, where due to the debonding growth two
local models join into one. Finally, the displacement increase up to
0.67 mm provoked the spreading of fiber and matrix damage across the
structure. The panel was severely damaged at that stage, corres-
ponding to a large drop in the load-carrying capacity (see Fig. 7), and
the final failure occurred.

Global, local, and reference models analyses were carried out under
the same computational characteristics. The total calculation times are
168 s for the first and 265 s for the last global model steps, respectively,
and 191,084 s for the full 3D reference model. Material nonlinearity is
included in both global and reference models. However, the reference
model numerical analysis described previously allows for the
incremental degradation of the stiffness parameters, whereas the
stiffness update in the global model is performed only four times
according to the number of steps. It is important to note that the total
computational time required for the global-local procedure is the sum
of the analysis time of global and local model analysis. It includes four
coupling analyses for the global model, with relatively low
computational effort (see Table 4, where only global time for the first
and last coupling loops are presented to demonstrate the value range).
The computational time for local models varies from 23,601 s for the
local model of the first coupling step to 42,594 s for the second
coupling step. During the third and fourth coupling steps, cohesive
damage was recognized as not being significant at the local level and
was not accounted for. Hence, the computational time was reduced for
local models during the fourth step to 5445 s for the first local model,
for example. It can be concluded that for this test case the
computational time of the global-local analysis is comparable with the
computational time of the reference model due to relatively large areas
of damage. In Table 4, numerical parameters of these models are
represented to give an overview of the order of difference between the

Load-displacement curve

- - - - -

————

0.4 0.5 0.6 0.7 0.8

Displacement, mm

Fig.7 Load-displacement curve of the coupling and references analyses.
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Reference model at applied
displacement of 0.56 mm:

(a) matrix degradation

(b) degradation of cohesive elements

a)
Fig. 8 Reference model, displacement # = 0.56 mm, in red: a) matrix damage; b) cohesive elements degradation.

reference, local, and global-local analyses. In this table the
computational time of the first local model is shown for each coupling
loop. Both local models could be calculated independently and in
parallel. Hence, only the largest computational time of the two models
during the same coupling loop is important.

IV. Comparison with Experimental Results

Finally, a comparison of the numerical calculations of the extended
global-local approach with existing experimental results is carried out.
The chosen specimen was examined within the COCOMAT project in
[6] and was denoted as D1 in these studies (see Fig. 9). The global-local
method was previously validated for this case considering only matrix
and fiber damage modes [1] with some differences in behavior when
reaching the failure load. Following the observations during the
experimental procedure, a separation between skin and stringer also
took place. For this reason, it is interesting to compare the experimental
results with the coupling calculations including the combination of
skin-stringer debonding and intralaminar failure.

Geometric data and the stacking sequence corresponding to skin and
stringer and their resulting total thickness are summarized in Table 5.
The unidirectional CFRC material IM7/8552 UD was used for
manufacturing the skin and the stringer of the panel and FM 300 for the
adhesive (see Table 6 for the material properties). The mechanical
properties of the adhesive layer were used as for the previous analysis
(see Table 2); they correspond to the FM 300 material.

A. Reference Model

A reference model is created with linear solid elements (C3D8 of
Abaqus) used for skin and stringer of the composite panel, and the
nonlinear material degradation model is included in the analysis. The
cohesive elements discussed earlier with bilinear traction-separation
law are applied to model skin-stringer separation with four cohesive
elements per side of one solid element. Mesh convergence studies
were performed in order to choose an in-plane solid element length of
1 mm. One element through the thickness represents one composite
layer. Finally, the mesh of the reference model consists of 678,800
brick and 198,400 cohesive elements. The first eigenmode is used as

Corresponds to
Local model 1

¥
W

b)

stiffener

/
O i
ASEN
load in 3

\ potting

BC12

2.3 potting

BC 12
L ..

— clamped edge
y,2 BC123
Fig. 9 Geometry of D1 stiffened panel (from [6]).

an initial imperfection to trigger the postbuckling shape. The
geometry and boundary conditions of the composite panel are created
with reference to the experimental data presented in Fig. 9. One of the
transverse edges is fully clamped at the end, an opposite edge is
constrained in all degrees of freedom except the longitudinal direction
where the displacement was applied in compression.

B. Global Model: Linear Elastic Material

The global model consists of 2800 linear shell elements (S4R) with
an in-plane element size equal to 4 mm, which means 100 elements in
longitudinal direction and 909 connector elements for the adhesive
layer. The boundary conditions are similar to the reference solid model.
The stiffness of the connector elements is degraded consequently
during the coupling procedure with regard to the degradation at the
local level. The linear elastic material model is defined by means of a
user-defined subroutine (UMAT) and the material properties are
decreased.

Table4 Computational characteristics of models

Model Number of nodes Number of elements Degrees of freedom Total computational time, s
Reference model 192,136 68,800 463,980 191,084
Global model, 1st coupling loop 756 385 2,331 168
Global model, 4th coupling loop 756 385 2,331 265
Local model 1, 1st coupling loop 40,510 21,608 99,906 23,601
Local model 1, 2nd coupling loop 40,510 21,608 99,906 42,594
Local model 1, 3rd coupling loop 7,750 6,480 23,250 21,816
Local model 1, 4th coupling loop 10,440 8,680 31,320 5,445
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Table 5 Geometry data of a D1 stiffened panel (from [6])

Description Value
Total length, L (mm) 400
Free length, L, (mm) 300
Width, b (mm) 64
Stiffener width, w (mm) 32
Stiffener height, 4 (mm) 14

Ply thickness, # (mm) 0.125
Skin lay-up [90, £45, 0],
Stiffener lay-up [(£45)5, Og],
Ply thickness, tg;, (mm) 1.5
Stringer flange thickness, #fj;pge (mm) 1.5
Stringer web thickness, #y;, (mm) 1.0

Table 6 Material data for composite layer of D1 stiffened panel

(from [6])

Stiffness properties Value
Young’s modulus in 1-direction, E; (MPa) 147,000
Young’s modulus in 2-direction, E,, (MPa) 11,800
Shear modulus in 12-plane, G, (MPa) 6,000
Shear modulus in 31-plane, G3; (MPa) 6,000
Shear modulus in 23-plane, G,; (MPa) 4,000
Poisson’s ratio, v, 0.3
Tensile failure stress in 1-direction, X (MPa) 2,583
Compressive failure stress in 1-direction, X~ (MPa) 1,483
Tensile failure stress in 2-direction, Y, (MPa) 92
Compressive failure stress in 2-direction, Y (MPa) 270
Shear failure stress in 12-plane, S, (MPa) 106
Fracture energy of fiber, G (N/mm) 12.5
Fracture energy of matrix, G,, (N/mm) 1.0

/
T

C. Local Models: Material Nonlinearity and Cohesive Debonding

The local models are created with the same mesh density and the
same type of solid element (C3D8 of Abaqus) as the reference solid
model. The size and position of the local models are defined based on
the critical areas observed at the global level.

D. Coupling Results

During the experimental tests, the D1 specimen demonstrated all
types of damage instantaneously, such as skin-stringer separation,
fiber fracture in the stringer, and matrix cracking around the skin-
stringer interface [6], not allowing for a proper definition of the
damage sequence. The final failure happened due to intralaminar
damage near the loaded or clamped edges. In accordance with the
experimental results, the numerical analysis of the global-local
coupling loops and the reference solid model both demonstrated
sudden initiation and evolution of the damage in the blade of the
stiffener, and separation between skin and stringer together with
extensive matrix damage at the foot of the stringer.

One coupling loop at the displacement load level of 1.9 mm was
performed and it was observed that the damage had already started at a
slightly lower level. After three iterations of coupling loops, the
simulation of the damage propagation in the global model resulted in a
final collapse of the panel. At the displacement level of around
1.89 mm, the fiber damage started symmetrically at the stringer blade
in the regions close to the potting system. Two local models were
created that account for the material damage evolution in the stringer,
corresponding to regions 1 and 2 in Fig. 10. Approximately at the same
load level, the debonding between skin and stringer was detected (see
Fig. 11). The evolution of the damage in blades of the stringer after the
second iteration required an increase of the local models’ sizes, which
is illustrated in Fig. 12. The intralaminar damage in the reference

Region |

Fig.10 Iteration 1. Critical global areas for the fiber damage in the blade of the stiffener (left) and overlay plot of two corresponding local models (right)

for the intact panel D1.

Region 4

Region 3

Fig. 11 Iteration 1. Critical global areas for the skin-stringer debonding (left) and overlay plot of two corresponding local models (right) for the intact

panel D1.
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Coupling loop 1. Local model 1:
(a) matrix degradation
(b) fiber degradation fiber

Iteration 1

Iteration 2

Iteration 3

~L
%
2

Fig. 12 Matrix and fiber damage of local model 1 for the intact panel Dl (iterations 1-3). In red: new local damage.

Reference model, u=1.98 mm:
(a) matrix degradation
(b)fiber degradation fiber

N

a)

Fig. 13 Matrix and fiber damage of reference model for the intact panel D1 at the displacement of 1.9 mm.

model shown in Fig. 13 also occurred in two areas similarly to the
global model predictions, but it should be noted that the damage in the
blade of the reference model developed differently than in the local
models. This difference might be explained by the submodeling
procedure that only transfers displacements without satisfying the
equilibrium requirements. As the damage started at both sides of the
stringer, two types of local models creation approaches were compared:
one full local model covering both sides and two separate local models.
The aim was to choose the computationally most effective approach
without important loss in accuracy of the degradation prediction.
Finally, it was concluded that two separate local models, located as
shown in Fig. 11 symmetrically to the stringer and covering the
damaged regions 3 and 4, are sufficiently accurate. The damage in
cohesive elements from these local models is demonstrated in Fig. 14

and agrees sufficiently well with the damage in the reference model at
the displacement of 1.9 mm. The load-displacement curves for three
experimental results [14] and numerical simulations obtained from the
coupling procedure and reference solid model are shown in Fig. 15. The
initial structural stiffness of the numerical simulations correlates well
with one of the experimental measurements, whereas the slight
discrepancy with the other two experimental results could be explained
by the applied material properties that were suggested by Orifici et al.
[14]. The developed global-local strategy accords to experimental
solution in terms of the location and sequence of detected damage
events as well as in the final collapse.

Similarly to the previous case, numerical parameters of the
global, local, and reference models are presented in Table 7. The
computational time is shown for the first local model that was created to
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Fig.14 Cohesive element damage of reference model and local models 3
and 4 for the intact panel D1 at the displacement of 1.9 mm.

account for the damage in the blade of the stringer (see Fig. 10) as the
maximum computational time during the iteration loops for local
models. Thus, the total computational time to complete the global-local
coupling analysis was 964,806 s, whereas for the full reference model
this time was 1,932,780 s. The decrease of the computational time by
around 50% obtained by the global-local simulation compared with the
full 3D modeling is a significant achievement of the developed method.

The comparison of the coupling method results with experimental
observations and the reference solid model analysis revealed that the
coupling method was able to predict realistic damage modes and to
account for their growth. The occurrence of fiber damage in the blade
of the stringer was predicted as in the earlier global-local analysis in
[1] including intralaminar damage only, but unlike the results in [1],
in the current simulations the fiber damage propagated over a
considerably larger region during the global-local analysis. This
increase of the damaged area can be attributed to the consideration
of the skin-stringer debonding in the current analysis and the
corresponding stress redistribution over the structure. The results of
the global-local coupling analysis compare reasonably well with the

A TFER-QIEATA AT
T ANKTERSKNATATT AL 11

experimental results; there is a deviation of less than 10% in the
prediction of the final failure load.

V. Conclusions

In this paper, a two-way loose coupling approach for progressive
failure analysis was presented for the combination of intralaminar and
debonding damage modes. Inclusion of both damage mechanisms in
the global-local strategy allows for observation of progressive damage
evolution similar to that shown in actual structures. The creation of
separate global and local models allows the evolution of damage in
the local models to be considered, while the material linearity and
standard mesh with shell elements of the global model ensures a fast
computational time. One of the advantages of using separate models is
the fact that the position of the local model can be easily adjusted based
on the increase of the critical area at the global level. The studies
performed in particular assess the effect of skin-stringer debonding
growth on the global panel failure while including intralaminar damage
(matrix and fiber damage). The local models obtain interpolated
displacements as boundary conditions from the global model through a
submodeling procedure. In turn, the global model uses the decreased
material properties transferred from the local model to simulate the
degradation of the material at the global level and can thus carry out a
progressive failure analysis.

The method was illustrated for one-stringer composite panels. First,
a numerical simulation of the coupling procedure was compared with
the results of a reference model with 3D elements. For another test case,
the numerical calculations of the two-way coupling approach were
compared with existing experimental results. A reasonable agreement
for load-displacement curves between reference model and global-
local coupling analysis in the first case, and between experimental data
and the coupling approach in the second case was obtained. A
reduction of about 50% in computational time achieved by the global-
local method demonstrates a significant potential for this approach.
The global-local analysis for debonding damage can be further
enhanced by also considering the mixed-mode damage evolution in the
debonding analysis.
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Fig. 15 Load-displacement curve of the D1 stiffened panel.

Table7 Computational characteristics of models for the intact panel D1

Model Number of nodes Number of elements Degrees of freedom Total computational time, s
Reference model 1,166,160 857,600 4,272,111 1,932,780
Global model, 1st iteration 3,030 3,709 22,878 323
Global model, 2nd iteration 3,030 3,709 22,878 742
Global model, 3rd iteration 3,030 3,709 22,878 709
Global model, 4th iteration 3,030 3,709 22,878 2,089
Local model 1, 1st iteration 82,198 54,144 241,419 271,937
Local model 1, 2nd iteration 82,198 54,144 241,419 268,128
Local model 1, 3rd iteration 108,918 72,192 396,039 420,878
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5 Paper D: Progressive delamination analysis
through two-way global-local coupling
approach preserving energy dissipation for
single-mode and mixed-mode loading

The following paper is published in Composite Structures, Volume 223 (2019), pages 110892
(https://doi.org/10.1016/j.compstruct.2019.110892). The main work was done by the author
of this thesis.

A two-way coupling global-local finite element approach based on the equality in dissipated
energies due to delamination between the global and local models has been introduced. This
approach ensures that the energy dissipated in the global model due delamination under
single or mixed-mode loading is the same as in the local model. First, global analysis is
conducted with a relatively coarse mesh and spring-type discrete elements with an aim to
detect the critical areas where the delamination might happen. Then detailed local models
are created with cohesive elements that allow to model the initiation and evolution of the
delamination. To couple the local and global models a next step is required that performs
an automatic calculation of the reduced global interface stiffness for each element based
on the energy dissipated at the local level. Hence, the degradation of the interface proper-
ties at the global model is performed based on the energy dissipated in the refined local model.

The proposed technique has been applied to a single and mixed-mode loading tests, for
instance, the double cantilever beam (DCB) test, the end notched flexure (ENF) test and
the mixed-mode loading (MMB) test. A relatively good agreement with analytical results
has been attained for all test cases in terms of load-displacement curves. Afterwards, the
global-local approach has been verified on a test case of a single-stringer composite panel
with a following comparison to a reference solution. An excellent agreement has been
obtained in load-displacement curves between the global-local solution and reference results
for modelling skin-stringer debonding.

The discussed above global-local numerical method is proved to be an accurate tool to

model delamination under a mixed-mode loading at different levels of refinement being
computationally efficient on the one hand, and physically robust on the other hand.
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ABSTRACT

Together with fiber breakage and matrix cracking, delamination is one of the common damage mechanisms
occurring in laminated fiber-reinforced composite structures. Delamination initiates due to the relatively low
interlaminar strength of adjacent plies. Delamination onset and propagation can be induced by various com-
binations of loads and usually leads to a significant reduction of the load-carrying capacity of the structure. For
this reason, an efficient and reliable progressive failure analysis capability is required. In this work, the dela-
mination process is simulated by means of a two-way global-local coupling approach. In particular, within this
novel global-local approach a method is introduced that ensures the preservation of the dissipated energy when
switching between the global and local level. This approach is tested and illustrated under single-mode I and II,
and mixed-mode loading in the double cantilever beam (DCB), the end-notched flexure (ENF) and the mixed-
mode bending (MMB) benchmark tests, respectively, and the results are compared to available analytical so-
lutions. Finally, the developed method has been applied to a one-stringer stiffened panel and a good agreement
was attained compared to the solid model reference solution.

1. Introduction

Composite laminated stiffened panels are widely used in aircraft
design as components of fuselages because of their excellent material
properties, such as high strength and stiffness to weight ratio. To in-
crease the failure load of these structures and to exploit possible re-
serves, reliable simulations of postbuckling behavior of thin-walled
structures are required [1]. For this reason, an accurate prediction of
the failure behavior of composite structures is of great importance. One
of the most common methods is to employ a material degradation
model to perform a realistic failure analysis and to accurately detect the
final collapse. Due to high computational costs associated with nu-
merical simulation of the full composite structure, global-local ap-
proaches have been developed as a reliable and efficient tool to study
localized nonlinearities, such as onset and evolution of damage, for
example. A two-way global-local coupling method to simulate the post-
buckling progressive failure behavior of composite stiffened panels with
intralaminar damage and skin-stringer separation was developed in
earlier work [2,3]. In this method, first, critical areas are defined at the

* Corresponding author.
E-mail address: m.akterskaia@isd.uni-hannover.de (M. Akterskaia).

https://doi.org/10.1016/j.compstruct.2019.110892

global level and local models with a considerably finer mesh are created
by means of a submodeling technique. Secondly, a local model analysis
is conducted. Cohesive elements are applied to model delamination
with special attention to the exchange of information between the
global and local models. The global-local coupling loops are repeated
until final global collapse occurs. In the earlier work [4], the averaged
damage scalar parameter obtained from the cohesive elements of the
local model was utilized to determine the degraded stiffness of the
adhesive layer in the global model.

In the approach proposed in [4], preservation of the energy dis-
sipation between the local and global models was not guaranteed.
However, anticipating the need to extend the global-local approach to
more complex scenarios (e.g. impact loading), ensuring the energy
balance between the local and global models is considered highly re-
levant [5,6]. Thus, the goal of the present work is to develop a global-
local coupling method that ensures the correct and consistent pre-
servation of energy dissipation between local and global models.

In the current study, a global-local method is formulated ensuring
the preservation of dissipated energy between the global and local
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analysis for single-mode and mixed-mode loadings by a novel strategy
of information transfer from the local to the global level. To achieve
this, the degraded stiffness of the adhesive layer in the global model is
calculated based on the energy dissipated due to delamination in the
local model. The dissipated energy in the local model is obtained for
each area of cohesive elements that corresponds to each discrete ele-
ment representing the adhesive layer in the global model.
Subsequently, the degraded stiffness of each global adhesive element is
calculated ensuring that the same amount of energy will be dissipated
as in the cohesive elements of the local model. Its application to the
double cantilever beam (DCB), the end-notched flexure (ENF) and the
mixed-mode bending (MMB) benchmark test, respectively, is demon-
strated with a comparison to analytical solutions based on Fracture
Mechanics. The skin-stringer debonding is investigated in a one-stringer
stiffened panel with the developed global-local methodology and
compared to the full 3D reference solution.

1.1. Continuum and discrete elements for delamination

Delamination takes place in interface layers of composite laminates
and can lead to drastic consequences, such as the reduction in load-
bearing capacities of the structure. Delamination onset and propagation
occurs due to the relatively low interlaminar strength of adjacent plies
and under various combinations of loads. There are two main modeling
techniques to simulate delamination: the Virtual Crack Closure
Technique (VCCT) [7,8], and cohesive interface elements [9-11]. The
VCCT, which is based on Fracture Mechanics, requires information
about the place where the crack initiates. This is a disadvantage of this
method when applying it to large and complex structures where dela-
mination onset is usually not known a priori. Cohesive Zone Modeling
(CZM) [12-14] is based on the hypothesis that tractions keep together
the softening region in front of the crack tip. In this work, a common
bilinear traction-separation law is used which assumes that an initially
linear behavior is followed by a softening region when the strength is
attained. The fracture toughness G, is equal to the area under the
traction-separation curve, refer to Fig. 1, and total crack opening takes
place when this toughness is completely dissipated.

On the one hand, the Cohesive Zone Model could be applied in
continuum form with interface elements, and on the other hand, it
could be implemented by using point-wise discrete elements in the
crack zone. The concept of interface elements was extensively devel-
oped by many authors, e.g., Allix and Ladevéze [15], Camanho and
Dévila [11] and Turon et al. [16]. The discrete cohesive zone approach
was formulated in the works of Borg et al. [17], Wisnom and Chang
[18], Xie and Waas [19], Hallett and Wisnom [20] and Jiang et al. [21].
Liu et al. [22] implemented discrete two-dimensional spring-like ele-
ments with a softening behavior to simulate delamination and fiber
debonding and matrix cracking. This work was extended by Jimenez
et al. [23] for the mixed-mode delamination fatigue analysis. Later
studies were also conducted by Cabello et al. [24] in the application to a
DCB bonded joint in an analytical solution. Both continuum and dis-
crete modeling approaches require a relatively high number of elements
to accurately estimate tractions in interface elements. For this reason,

1, traction

Tmax

3, separation

8

init Sl

Fig. 1. Bilinear traction-separation law.
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global-local methods are used to reduce computational time and to
provide an accurate solution in damaged areas.

1.2. Global-local methods for delamination modeling

Global-local methods are paramount for simulating progressive
damage in large and complex structures due to their effectiveness in
reducing computational efforts without compromising the accuracy of
damage analysis, which would happen if using a coarse analysis.
Delamination is one of the critical failure modes that can significantly
reduce the load-carrying capacity of a structure and lead to the final
collapse. The current research aims at investigating delamination be-
tween adjacent layers of laminated composites. An overview of existing
global-local approaches for delamination analysis was given in [4].
These approaches were applied to skin-stringer debonding in stiffened
panels with different stringer shapes. It is useful to distinguish between
one-way and two-way global-local coupling methods. The one-way
coupling technique is based on the information transfer in one direc-
tion, either from the global to the local model, or less commonly, from
the local to the global model. Contrarily, two-way coupling in-
corporates information exchange between global and local models in
both directions. Orifici et al. [25] calculated global and local models
separately. Delamination onset was predicted at the local level, while at
the global level, delamination evolution was modeled using VCCT.
Reinoso et al. [26] applied the one-way coupling method, comparing
the submodeling procedure and the shell-to-solid coupling technique
for the local model. Delamination was simulated using cohesive ele-
ments at the local level. Vescovini et al. [27] conducted one-way cou-
pling using global and local models composed of shell elements. Co-
hesive elements were used at the local level. Borrelli et al. [28]
examined delamination growth with global and local models calculated
simultaneously, as the local model represented a refined part of the
global model around the delaminated area. The global model consisted
of shell elements, whereas solid elements were used for the local model.
Delamination was modeled with the modified virtual crack closure
technique (MVCCT). Bettinotti et al. [29] conducted a numerical ana-
lysis for a composite panel under high-velocity impact. A local model
was incorporated into the global model. Continuum shell elements were
used for both models and cohesive elements were applied to the local
model. Saavedra et al. [30] utilized the Domain Decomposition Method
(DDM) to perform a multiscale analysis where delamination was
modeled with cohesive interfaces. The influence of boundary conditions
and the geometry of the model on the convergence rate was demon-
strated.

1.3. Objectives

A global-local two-way coupling method for modeling the initiation
and further propagation of skin-stringer separation in stiffened panels
has been developed earlier [4,31]. The method was validated by a
comparison to experimental results of a one-stringer panel with and
without initial skin-stringer debonding. The global model was re-
presented by conventional shell elements with a relatively coarse mesh.
Discrete elements were used to represent the interface layer. The local
models were created based on the areas where the debonding was
predicted at the global level. Solid elements were utilized in local
models for the skin and the stringer with finer mesh. The interface layer
of the local model was modeled with cohesive elements. Information
exchange from the local to the global level was performed via transfer
of the degraded interface stiffness of each particular global interface
element. The global stiffness was degraded following the averaging of
scalar damage variables obtained from the local model. Although this
approach has demonstrated good results, it did not ensure the pre-
servation of energy dissipation across both levels.

The objective of this work is to develop a new global-local coupling
methodology that will allow a shell type model with a coarse mesh in
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combination with local models with a fine solid mesh and cohesive
elements to simulate the delamination behavior of a solid element re-
ference model ensuring the energy balance across levels. Therefore,
local-global information transfer is based on the energy dissipation at
both global and local levels. Single-mode and mixed-mode loadings are
considered. The approach is tested and verified under single-mode
loading test cases, such as the double cantilever beam (DCB) test and
the end notched flexure (ENF) test for the modes I and II respectively.
Mixed-mode loading was verified with the mixed-mode bending (MMB)
test [32]. These tests are standardized by ASTM. All global-local cou-
pling results have been compared to reference solutions obtained with
fine discretization and to available analytical solutions. Finally, the
proposed approach has been applied to a single-stiffened panel and the
results obtained were compared to a reference full 3D solution.

2. Analysis methodology

To the authors’ knowledge, previous studies addressing global-local
delamination analysis have not been applied to standard test cases for
validation on simpler, single- and mixed-mode loading cases. In this
section, global-local analysis of single-mode and mixed-mode delami-
nation was performed to assess the formulation and validate the global-
local method proposed herein (see also Section 3). Further validation at
a more complex level will be presented in Section 4.

2.1. Global-local approach

The global-local method consists of several coupling loops repeated
consecutively. First, the global model is created using a coarse mesh.
Shell elements are utilized due to their advantage in terms of low
computational time and their ability to accurately predict structural
behavior of slender structures.

Discrete elements of the connector type in Abaqus tie the corre-
sponding nodes of shell elements as shown in Fig. 2. These elements
enable the definition of stiffness in three directions. Following the
stiffness definition of connector elements, the normal and shear stiff-
ness are calculated as:

EA

K, = —
t (@)

GA

K, = —
t 2

where E and G are the Young’s modulus and shear modulus of the ad-
hesive zone, respectively, A is the area associated with a node and t is
the interface thickness. The critical areas where debonding might take
place are determined by the quadratic stress criterion commonly used
for cohesive elements:

((%))2 (Gs )2 (C& )2
e = S e B |
T T T 3)

Here (...) is used for the Macauley brackets operator in order to exclude
compression from interface separation. g, is the stress acting in the
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Fig. 2. Shell elements connected by connector elements.
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normal through-thickness direction, o; and o; are shear stresses, and
7, T, Ty are the corresponding strengths.

Normal and shear stresses at the nodes of connector elements are
calculated from forces in connector elements distinguishing between
free edge and internal nodal areas that are tied by connector elements:
c7i3=£, i=1,2,3

Ay 4
where F is a nodal force, and A, determines a nodal area of applied
force and taken as the sum of one quarter of each element area tied to
that node. Therefore, A, either represents the full in-plane area of the
shell element A;,, referring to Fig. 2 for interior connectors, or half of
this area denoted as A,,; corresponding to the case when connectors tie
the edges, or a quarter if connectors tie corner elements. Index i spe-
cifies local Cartesian directions. o33 corresponds to the normal stress
that acts through the thickness, o3 and o,; are two in-plane shear
stresses. In Eq. (1), the penalty stiffness definition includes non-material
parameters, such as nodal area A and thickness t. The force F, from Eq.
(4) is proportional to the corresponding stiffness which means that the
stresses oj; are independent from the nodal area and depend only on the
thickness of the adhesive layer. Connector elements that tie four-node
2D shell elements are shown in Fig. 2, indicating the nodal areas Ay
and A;y.

Based on the areas detected as probable damaged regions, the local
models are created with a finer mesh and solid elements to capture full
3D stress states. The interface layer is modeled with cohesive elements
with a bilinear traction-separation law shown in Fig. 1 to simulate
delamination. Displacements as kinematic boundary conditions are
transferred to the boundaries from the global to the local model
through a submodeling procedure. Moreover, the stress-based criterion,
see Eq. (3), is used to predict the initiation of delamination, whereas the
Benzeggagh and Kenane criterion [33] is applied for modeling the de-
lamination propagation. This criterion was developed for mixed-mode
loading and is used later for this case, see Eq. (15), but it is also ap-
plicable to single-mode loading. A scalar damage variable d varies from
0, when the crack is not yet opened and no energy is dissipated, until 1,
when the crack is fully opened and energy is completely dissipated. The
cohesive element stiffness is represented as follows [11]:

Ko & < Sinir
K=11 =Ky iy <3 < gt
0 s> 5fail (5)

where K, is the initial penalty stiffness, the displacement & is changed
from O to &;,;;, which corresponds to crack initiation, to d;, which is the
full crack opening displacement. The initial stiffness of the cohesive
element is defined similarly to the global model interface stiffness:

E

Klocalyl = 7 6)
G

Klocals = T (7)

where Kj,eq, and Kjq, are cohesive normal and shear stiffnesses, re-
spectively.

A straightforward global-local approach, developed for progressive
failure analysis in application to stiffened panels, employed an aver-
aged scalar variable d to transfer damage information from the local to
the global level [4]. This method, based on the averaging d-parameter,
demonstrated good results. However, in order to preserve energy dis-
sipated at the local level due to delamination evolution and to degrade
global interface stiffness accordingly, the following procedure is used.
First, similarly to the previous approach, a mapping procedure is ne-
cessary to allocate corresponding cohesive elements to one global
connector element. Energy dissipated by these cohesive elements
should be equal to the energy dissipated due to stiffness degradation by
one connector element.
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N
Edisslocal = z Ed[ss.local,i = Edixs.global

i=1 (8)
where Eyg 10car.i 1S the dissipated energy of a cohesive element, i denotes
one of N local cohesive elements from the region corresponding to one
connector element, and Eg gioba is the dissipated energy of one con-
nector element due to delamination. A developed method allowing the
calculation of energies dissipated at the global level based on the in-
formation from the local level is discussed in detail in the following
sections for single-mode and mixed-mode loadings.

When the global degraded stiffness is recalculated for each parti-
cular connector element, the global analysis is performed again to
check if no critical areas appeared due to stress redistribution. Initial
global interface stiffness is used until the increment when the damage
was detected first. From that increment, global interface stiffness is
updated to degraded. It is important to notice that as a result of the
mapping procedure relating each global interface element to the region
of local elements that usually consists of more than one element due to
mesh refinement, all global interface elements might have different
degraded stiffnesses. The applied load is increased until the moment
when new damaged areas are found in the global model and the global-
local coupling procedure is repeated until the final collapse occurs.

Hence, the coupling global-local loop includes three internal stages:

1. Global analysis to detect probable areas of delamination initiation
and to determine the position and geometry of the local models.

2. Local analysis with cohesive elements to accurately detect the onset
of delamination and to observe the delamination evolution. Energy
dissipated from the later process is obtained.

3. The global interface stiffness is calculated based on the dissipated
energy of cohesive elements and transferred back to the global level.

These coupling loops are repeated within one coupling step with the
same load level until convergence in reaction forces is reached. The new
coupling step and, hence, the increase of the displacement load applied
at the global level is defined by one of the following conditions. Either
new local damage is detected or the previous damaged area is extended
with the increase of the load. Therefore, the location and extension of
the local models is not defined a priori and the method can be applied to
generic cases. That means that local models can be created and updated
based on the knowledge of the damage sizes at the regions identified
after the global model analysis in a partially automated process. Using a
Python script, the criterion for interlaminar damage is applied in all
increments of the global model and interface elements in order to de-
termine the increment when the new elements are damaged. Based on
this information the displacement, when the new elements satisfy the
failure criterion, becomes a displacement of the coupling step and the
global-local procedure is started.

2.2. Single-mode loading

In order to obtain a degraded stiffness of each connector element for
the single-mode loading, the equations derived in the following should
be solved for a given dissipated energy. The cohesive traction-separa-
tion curve and discrete force-separation curve for a mode I loading are
shown in Fig. 3.

First, the displacement of the final separation in the cohesive ele-
ment is defined:

T 9)

Then for the force-separation curve of the connector element in the
softening region with force F* and opening &:

F* = (A _ Ediss)T
Gy (10)
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The global dissipated energy can be obtained as follows:

Egiss = %(5 - 0M)TA

1D
From the same plot in Fig. 3 (right), §* is defined:
5 =1
Kg 12)
Using Eq. (10)-(12):
5= 2Egiss + (A - %)i
A G Ky 13)

Knowing F* and &, a new degraded global stiffness of a particular
connector element could be defined as:
A e
8l = F) 14)

Both normal and shear stiffness of the connector elements are up-
dated based on previous equations and applied within the next step to
the global model.

2.3. Mixed-mode loading

The mixed-mode fracture toughness is calculated using the
Benzeggagh and Kenane criterion [33] extended to the 3D case:

G + Gir )n

G, = G + (Gpe — G
c Ic ( 1Ic Ic)(GI + GH + G[H

(15)
where G, and Gy are the mode I and II fracture toughness and
Gy, Gy, Gy are the single-mode energy release rates corresponding to
the fracture modes I, II and III and their sum is the total energy release
rate.

The value in brackets can be obtained directly in the damage evo-
lution procedure available in Abaqus and, hence, the mixed-mode en-
ergy release rate is assumed to be known. The maximum traction is
defined as follows:

T= P4+ 15+ T (16)

Following these assumptions, the degraded mixed-mode stiffness of
the connector element can be calculated for the mixed-mode loading as:

Gn + Gmr )n

Kived = K1 + (K1 — K|
mixed 1 ( 11 1)( G[ T GU T GH]

aa7)

which is also derived similarly by Turon et al. [34].
3. Validation and verification examples

In this section, the global-local approach based on preservation of
dissipated energies between global and local levels is applied to DCB,
ENF and MMB test cases and compared to analytical solutions [35].

3.1. Double cantilever beam (DCB) specimen

The selected DCB specimen shown in Fig. 4 is a CFRP laminate with
uni-directional fibers in longitudinal direction, which is 150 mm long,
20.0 mm wide, with arms of 1.55 mm thickness and an initial crack of
35mm. The geometry and material properties for this specimen are
listed in Tables 1 and 2, respectively. The interface properties used for
cohesive elements in the local model are listed in Table 3.

3.1.1. Reference model

The reference model was created with solid elements to model the
arms and cohesive elements of 0.01 mm thickness, which is small en-
ough compared to the maximum values [36]. The influence of the
viscosity parameter, the number of cohesive elements per solid element,
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Fig. 3. Traction-separation law for cohesive elements (left) and for connector elements (right).
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Fig. 4. Double cantilever beam specimen.
Table 1
Geometry of the DCB specimen.
Description Value
Length, L (mm) 150
Width, b (mm) 20
Half of the specimen thickness, h (mm) 1.55
Initial crack length, ap (mm) 35
Table 2
Material data for composite and adhesive.
Stiffness properties Value
Young’s modulus in 1-direction, Ej; (GPa) 171.4
Young’s modulus in 2-direction, E; (GPa) 9.08
Shear modulus in 12-plane, G;, (GPa) 5.29
Shear modulus in 23-plane, G»3 (GPa) 3.24
Young’s modulus for adhesive, Eqq, (GPa) 3.00
Poisson’s ratio, v1, 0.32
Poisson’s ratio, 1,3 0.4
Poisson’s ratio for adhesive, vyqn 0.4
Table 3
Material data for interface.
Cohesive element properties Value
Interfacial strength, mode I, 7; (MPa) 30.0
Interfacial strength, mode II and 111, 7y, 77;r (MPa) 50.6
Fracture toughness, mode I, Gj. (N/mm) 0.277
Fracture toughness, mode II and III, Gre, Grre (N/mm) 0.788
7 1.634

the mesh size and the number of solid elements was investigated to
select the suitable parameters for the local models assuming that their
influence and importance are the same for the reference and local
models.

3.1.1.1. Effect of viscosity parameter. Three analyses were conducted for
the full reference model created with solid elements of 1 mm in-plane
size, one cohesive element per solid element and 4 solid elements
through the thickness of each arm, see Fig. 6. No viscosity, 10~° and 107’
viscosity parameters were chosen. Load-displacement curves for all
three solutions are presented in Fig. 5 with comparison to the analytical
solution. With no viscosity, the analysis failed to converge in reasonable

DCB - load-displacement curve

80
—— Analytical solution
70
« =« Solid model, visc le-5
60 Solid model, visc le-7
Z 50 = -Solid model, No visc
o
5
= 40
o
8
g 30
~
20

0 1 2 3 4 5 6 7
Displacement, mm

Fig. 5. Load-displacement curve for the studies of viscosity parameter in the
solid model compared to the analytical solution.

time. The load-displacement curve of the analysis with a viscosity
parameter of 107> demonstrates relatively high oscillations in the
softening region compared to the analytical solution. An artificial
viscosity parameter of 1077 showed good agreement with the
analytical curve and has been chosen as a good compromise.

3.1.1.2. Effect of number of elements through the thickness. The influence
of the number of solid elements through the thickness was examined
with one, two and four elements, see Fig. 6. The results of the load-
displacement curves are presented in Fig. 7. It has been concluded that
four elements through the thickness demonstrate results that are

1 element through thickness

2 elements through thickness

4 elements through thickness

Fig. 6. Through-thickness mesh densities with 1, 2 or 4 elements per arm.
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Fig. 7. Load-displacement curve for the convergence studies of the number of
solid elements through thickness compared to the analytical solution.

reasonably close to the analytical solution.

3.1.1.3. Effect of number of cohesive elements per solid element. Further
analyses were conducted with one and four cohesive elements per side
of each solid element in the crack plane resulting in 1 and 16 cohesive
elements connected to each solid element, respectively. Corresponding
numerical meshes are demonstrated in Fig. 8. To overcome the
difficulties related to non-corresponding nodes of solid and cohesive
elements, it has been proposed to define element based surfaces and use
a *TIE constraint to connect the surfaces. This approach has also been
recommended by [26], though the author used second-order solid
elements. The slave surface corresponded to the cohesive elements and
the master surface to the solid elements. The results obtained for the
DCB test case are presented in Fig. 9 compared to one cohesive element
per solid element. The behavior of the model with four cohesive
elements per solid element in the softening region can be explained
by the problems related to the surface definition for the application of
*TIE constraints when cohesive elements are deleted. Hence, it was
concluded that for this type of structure and load, one cohesive element
per solid element provides better results and should be chosen as a
benchmark.

Finally, the following parameters have been selected for the re-
ference and local model: a viscosity of 107, four solid elements through
the thickness and one cohesive element per solid element. Good
agreement with analytical solution was attained for this reference
model using the in-plane element size of 1 mm. Reducing the element
size would increase the computational cost without major gains in
terms of accuracy, and increasing the element size is not desired,

Reference model, 4 cohesive elements

soeG

upper arm

adhesive layer ——

lower arm

4 cohesive elements

1 solid element
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Fig. 9. Load-displacement curve for the selection of the number of cohesive
elements per one solid element in the crack plane compared to the analytical
solution.

because solid elements are recommended to keep the aspect ratio close
to one.

3.1.2. Global model

The global model was created with shell elements of 5mm mesh
size. Surface elements have been connected to the shell top and bottom
surfaces using *TIE constraints connecting element-based surfaces, in-
stead of using the offset parameter for shell elements. It allows a more
accurate transfer of displacements to the local models. The connector
elements were used to tie the corresponding nodes of the upper and
lower surfaces representing two arms of the DCB specimen. It allows the
definition of actual forces and elongations in the connector elements.
Using Egs. (1) and (2), the normal and shear stiffnesses of cohesive
elements were obtained as 7.5x 10° N/mm and 2.7x 10°® N/mm, re-
spectively. The prediction of the delamination initiation at the global
level utilizes the nodal area to calculate the stresses and the quadratic
stress criterion from Eq. (3).

3.1.3. Local model

The local model consisted of solid elements of 1 mm in-plane size
and 4 elements through the thickness with one cohesive element per
solid element corresponding to the reference solid model. A length of
40 mm for the local model with a pre-crack area of 15mm has been
chosen as short as possible and as long as required to allow the crack
propagation, see Fig. 10.

Reference model, 1 cohesive element

upper arm

adhesive layer |

lower arm

1 cohesive element

1 solid element

Fig. 8. 3D reference models with four cohesive elements per one solid element in the crack plane (left) and one cohesive element per one solid element in the crack

plane (right).
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Fig. 10. Overlay plot of global and local models for the DCB test.
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Fig. 11. Load-displacement curve for the DCB test with 5 global-local coupling
steps compared to the reference and analytical solutions.

3.1.4. Results

Five coupling steps have been performed with a consequent increase
of applied displacement at the global level: u = 2.5mm, 3.0 mm,
4.0mm, 5.0 mm and 6.0 mm. That means that each arm was loaded
with half of the displacement to reach the desired loading. The load-
displacement curves of the analytical solution and coupling results are
presented in Fig. 11. Several iterations were needed to finish each
coupling global-local step, which means that the applied load was in-
creased only after a convergence in the resulting loads between global
current and previous iteration was achieved. Each drop of the curve of
the coupling results corresponds to the next global analysis where the
degraded interface stiffness was used from the local analysis. After-
wards, as there is no other information, the global model continues to
be linear, but it is updated again through the next coupling step results.
This is why only the results that follow the drops in the global-local
coupling step are assumed to be representative and comparable to the
reference solution. Each local minimum value of each global coupling
drop shows the force-displacement relation obtained with the global-
local approach and a good agreement with analytical and reference
solutions is obtained.

In order to demonstrate convergence of the global-local approach to
the analytical solution with an increasing number of coupling steps, a
global-local analysis with eight coupling steps was performed. The arms
of the DCB specimen were successively loaded with the applied dis-
placement of u = 2.5mm, 2.7 mm, 2.9 mm, 3.1 mm, 3.3 mm, 3.5mm,
3.7mm and 3.9mm. The results are shown in Fig. 12 and a good
agreement between the global-local strategy and the analytical results
is obtained in both linear and softening curves. The load drops of the
global curve are explained by the sudden decrease of the material
stiffness of some interface elements, which become smaller with in-
creasing step number, as expected. It should be noted here that an in-
crease of the applied displacement from one coupling step to another at
the global level is judged based on the damage evolution. However, it
should be recognized that the definition of the damage extension re-
quired to start a new global-local coupling step will depend on the
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Fig. 12. Load-displacement curve for the DCB test with 8 global-local coupling
steps compared to the reference and analytical solutions.

problem and cannot be known a priori. In the present case, a finite
number of coupling steps was defined upon damage initiation (5 in Fig.
11 and 8 in Fig. 12). In the first case (Fig. 11), damage growth was
predicted at all displacement increments, prompting coupling steps that
led to the load drops in Fig. 11. In the second case (Fig. 12), some
displacement increments led to negligible damage growth, as can be
observed by the small load drops at 3.3 mm and 3.5 mm applied dis-
placement. Hence, in general, the following recommendation applies:
one should find a balance between an increase in the number of global-
local coupling steps that leads to a better accuracy together with an
undesired increase in computational time.

The energy dissipated during the cohesive elements damage was
compared between the local and reference models for the case of the
five coupling steps and is shown in Table 4. Both results correlate with
each other. However, the highest difference in the initial global-local
coupling step 1 is attributed to the fact that the displacements trans-
ferred from the global to the local models were higher than in the re-
ference model at the same displacement level. The reason behind is that
in the reference model the cohesive elements were damaged and de-
leted gradually within each load increment leading to the stress redis-
tribution in the model, whereas in the global model the properties were
not reduced until the first coupling step. It is also important to notice
that the global model predicts the damage initiation slightly later as
compared to the reference solution which is a consequence of a coarser
mesh. That is a reason for the initial overestimation of the load and it is
corrected through the global-local coupling step.

Numerical analyses for global, local and reference models were
performed under the same computational characteristics. Relative cal-
culation times for these models for the analysis with five coupling steps
are shown in Table 5. In order to obtain the numerical solution through
the global-local method, global and local analyses should be carried out
for each coupling step and each iteration that is required to achieve
convergence in forces. Hence, the total global-local computational time
is a sum of all these analyses times. It should be mentioned here that
local models were recalculated from the previous step using the restart

Table 4
Energy dissipated in the local and reference models of the DCB specimen for 5
coupling steps.

Dissipated energy, Nmm

Coupling step Local model Reference model

Coupling step 1, u = 1.35mm 33.7 21.2
Coupling step 2, u = 1.50 mm 42.6 34.9
Coupling step 3, u = 2.00 mm 90.9 77.2
Coupling step 4, u = 2.50 mm 117.0 105.7

Coupling step 5, u = 3.00 mm 121.1 134.3
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Table 5

Computational characteristics of the models for the DCB test.
Model Number of Number of Degrees of Relative
nodes elements freedom computational
time, s
Reference model 101,014 58,516 206,394 3,659
Global models 1410 840 4,440 1,250
Local models 28,374 16,236 57,114 11,457

procedure in Abaqus which allowed for the considerable reduction of
the computational effort. The relative calculation time for the global
model changes from 10 s to 126 s for the first and last steps, respec-
tively, whereas the full 3D reference model with cohesive elements
required 3659 s. The calculations of the local models lasted a maximum
of 2473 s for the first local model and were lower for the local model
restart procedure. However, the total computational time for the local
models is 11457 s which is higher than for the reference model. This is
due to the fact that, in this case, the local model is relatively large
(40 mm length as compared to the reference model of 150 mm length).
Both models have the same mesh densities, which implies comparable
calculation costs, especially taking into account that following the
global-local methodology, the local model should be numerically ana-
lysed several times. Nonetheless it is important to note that the DCB test
case has been chosen for the purpose of validating the approach de-
veloped for single-mode loading. In the case of localized damage with a
relatively small local model, the global-local method based on the
preservation of dissipated energies should be preferred due to the
computational efficiency.

3.2. End notched flexure (ENF) specimen

The next test was conducted for mode II driven delamination for an
end notched flexure (ENF) specimen, see Fig. 13, followed by com-
parison with the analytical solution. The material and cohesive element
characteristics are the same as for the DCB test, see Tables 2 and 3,
respectively. Geometry parameters are listed in Table 6.

The numerical parameters for the reference and local models were
chosen as for the DCB specimen except for the viscosity parameter,
since a value of 107> already gives a satisfactory agreement with the
analytical load-displacement curve.

The global-local analysis was carried out following the methodology
suggested for the single-mode delamination. The size of the local model
was the same as for the DCB test. A comparison of the load-displace-
ment curves for the reference analysis, the analytical solution and the
coupling procedure is demonstrated in Fig. 14. The global-local cou-
pling analysis includes four consecutive steps based on prescribed dis-
placements: 2.2mm, 2.5mm, 2.8 mm and 3.4mm. Good agreement
between the analytical curve and the global-local simulation is achieved
for the linear part and the second part of the softening curve. The dif-
ference in the first part of the nonlinear solution is related to the fact
that it is hard to predict the onset of the delamination with a coarse
mesh at the global level. However, the application of the local analysis
allowed to mitigate this with subsequent load increase.

A 20 A

Fig. 13. End notched flexure specimen.
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Table 6

Geometry of the ENF specimen.
Description Value
Length, L (mm) 100
Distance of applied load, L/2 (mm) 50
Width, b (mm) 20
Half of the specimen thickness, h (mm) 1.55
Initial crack length, ap (mm) 35
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Fig. 14. Load-displacement curve for the ENF specimen test with 4 global-local
coupling steps compared to the reference and analytical solutions.

3.3. Mixed-mode bending (MMB) specimen

A mixed-mode bending (MMB) specimen with 50% mode ratio has
been selected to verify the global-local approach. The material prop-
erties are the same as for the DCB test, see Tables 2 and 3, and the
geometry of the specimen is shown in Fig. 15 with the parameters given
in Table 7.

The applied load was modeled by means of dummy nodes and their
relation to the structure was ensured by specifying equations. The re-
ference and local model parameters were chosen as previously with the
viscosity parameter of 10~°. The load-displacement curves are presented
in Fig. 16. Four coupling steps were used in the global-local analysis:
increase of prescribed displacement to 6.0 mm, 6.5mm, 7.0 mm and
7.5mm. Each global analysis was followed by local analysis simula-
tions. The degraded global interface stiffnesses were calculated for each
global connector element and transferred back to the global model.
Each load-displacement drop corresponds to the global analysis re-
calculated with updated properties. The softening behavior of the load-
displacement curve obtained with the global-local approach demon-
strated good agreement with the analytical solution, whereas onset of
delamination was predicted later than in the full 3D reference model
and analytical results. The coupling results for the single-mode loadings
are slightly more accurate than for the mixed-mode loading. However,
after the first coupling step, the solution of the global-local model
tended to the reference model curve resulting in less than 7% relative
difference in the delamination initiation load (143.8 kN for the

c+L/2 L2 L)
F ( DE ) P(L/z

]

)

Fig. 15. Mixed-mode bending specimen.
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Table 7

Geometry of the MMB specimen.
Description Value
Length, L (mm) 150
Distance of applied load, ¢ (mm) 63.18
Width, b (mm) 20
Half of the specimen thickness, h (mm) 1.55
Initial crack length, ap (mm) 35
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Fig. 16. Load-displacement curve for the MMB specimen test with 4 global-
local coupling steps compared to the reference and analytical solutions.

Table 8
Comparison between debonded area of reference and local models.
Model Stepl Step2 Step3 Step4 Step5
Reference model, debonded area, 300 420 520 620 700
]'Il[‘l’l2
Local model, debonded area, mm? 0 380 500 560 600

reference model and 153.5 kN for the global-local model). In Table 8 a
comparison between the debonded areas of the local model and the
corresponding region of the reference model is presented for each
global-local coupling step. During the first coupling analysis, the co-
hesive elements in the local model were not completely damaged and,
hence, were not deleted. However, due to the partial damage the energy
was dissipated, which in turn led to the reduction of the global inter-
laminar stiffness and consequently a load drop. Nevertheless, after the
second coupling step, the results of the reference and local model de-
monstrated a good agreement.

3.4. Discussion

The results of the pure and mixed-mode delamination cases pre-
sented herein show that the proposed global-local coupling approach
can predict interlaminar damage in composite structures. Discrepancies
between the coupling and reference analyses were observed, but these
can be attributed to the coarse mesh employed in the global model,
leading to the discrete load drops obtained by the coupling approach.
For instance, during the first coupling step, the global model indicates
damage initiation slightly later due to the coarse mesh discretization.
However, it also leads to a sudden reduction of the stiffness, which in
turn results in sudden load drops.

On the other hand, the reference model employs a fine mesh of solid
and cohesive elements. To achieve convergence after delamination in-
itiation, Abaqus’ implicit solver automatically reduces the increments
within the step, leading to a relatively smooth load-displacement curve
corresponding to the progressive delamination propagation. It is im-
portant to emphasize that the updated degraded stiffness is applied in
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the global model after the local analysis only at the displacement level
where the damage was predicted by the global model. This inevitably
leads to the load drops in the global response prediction. Nevertheless,
after the first coupling step, the results tend to the reference solution. In
addition, the effects of mesh and incrementation are expected to be
reduced when applying the coupling approach to more complex
models. This becomes clear in the analysis of the one-stringer stiffened
panel (Section 4).

It should be noted that the main goal of the approach is to capture a
nonlinear interlaminar material behaviour with a linear global model
only “correcting” the global interlaminar stiffnesses after each global-
local coupling step. Hence, the coupling steps are coarse by nature. If
the global response was not corrected through the global-local proce-
dure, the global solution would deviate more and more from the non-
linear reference solution with an increase of the applied displacement
in the nonlinear regime of the load-displacement curve. Thus, the
global response should be always interpreted as a coarse representation
— stepwise damage propagation through a finite number of coupling
steps — of the actual response of the structure. With the current ap-
proach the progressive damage extension modelled by means of the
global-local technique gives a robust prediction of damage propagation
at a reduced computational cost.

4. One-stringer stiffened panel under compression

In order to investigate skin-stringer debonding the developed ap-
proach has been implemented to a stiffened composite panel with one
T-stringer loaded under compression, see Fig. 17. This panel has been
already examined through the global-local approach with the averaging
procedure of degraded parameters, see [31]. The new method that
ensures transition of dissipated energy from local to the global level,
and thus accounting for local effects in the global model, has been used
for the current analysis. The skin and the stringer of the panel is com-
posed of unidirectional symmetrical layups [0, 90];. The axial com-
pressive load is applied to the transverse edges, whereas the other edge
is clamped on all directions, except for the longitudinal. Material and
geometry parameters are summarized in Tables 9 and 10 respectively.

t_blade =1 mm

ﬁ‘
— t_adh=0.2 mm
h=8mm $ |—H—| \J/ \]/

[ . x 1 A

l b =20 mm | |

_ |t skin=1mm

Clamped edge \ w=40 mm
L=100 mm
_—7

Loaded edge, u

Fig. 17. Geometry of stiffened panel.
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Table 9

Geometry of the stiffened composite panel.
Description Value
Panel length, I (mm) 100
Panel width, w (mm) 40
Stringer width, b (mm) 20
Stringer height, h (mm) 8
Laminate thickness, fsin, thiade (Mm) 1
Adhesive thickness, tgq;, (mm) 0.2

Table 10
Material data for composite and adhesive for a one-stringer stiffened
panel.

Stiffness properties Value
Young’s modulus in 1-direction, Ej; (GPa) 146.5
Young’s modulus in 2-direction, E,; (GPa) 9.7
Shear modulus in 12-plane, G;, (GPa) 5.1
Poisson’s ratio, v 0.28
Young’s modulus of adhesive, Egye (GPa) 3.0
Poisson’s ratio of adhesive vgiye 0.4

4.1. Global model: linear elasticity

The global model was created with conventional 4-node shell ele-
ments with reduced integration (S4R in Abaqus) and 5mm size.
Buckling was triggered by an imperfection with the shape of the first
eigenmode of the linear analysis. The *Offset parameter was applied to
move the reference shell surfaces of the stringer and the skin from the
middle surfaces towards the lower and upper surfaces respectively, so
that connector elements will have real lengths of the interface thick-
ness, see Fig. 18. The quadratic stress criterion from Eq. (3) is used to
detect the critical areas of the skin-stringer debonding initiation. During
the consecutive coupling loops, the global stiffnesses of the connector
elements were degraded following the procedure described in detail for
the mixed-mode loading case.

4.2. Local models: nonlinear material model

Local models were built with linear solid elements (C3D8 in
Abaqus) of 1 mm length used to model the skin and the stringer and
non-zero thickness cohesive elements (COH3D8 in Abaqus) used for the
interface layer to examine skin-stringer debonding onset and growth. It
is worth mentioning that application of higher order solid elements did
not result in improvements in damage prediction. One solid element per
lamina in the thickness direction was used. Following the suggestion in
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Table 11

Material data for cohesive elements.
Cohesive element properties Value
Interfacial strength, mode I, 77 (MPa) 61
Interfacial strength, mode II and III, 777, 777 (MPa) 68
Fracture toughness, mode I, G, (N/mm) 0.243
Fracture toughness, mode II and III, Gyye, Gyze (N/mm) 0.514

[4], relatively high viscosity of 10~ and four cohesive elements per
solid element were selected, resulting in 0.25 mm in-plane size. Their
strength and fracture toughness are listed in Table 11.

It is important to mention that the local models are generated based
on the size and location of the damage identified during the global
analysis by using a MATLAB preprocessor. The output parameters of the
script are the nodes and elements for the local models. Thus, when the
delamination propagates the local models are increased to include the
expansion of the damaged area.

After completion of the local analysis calculations, the degraded
stiffness of each global connector element was updated based on the
approach described in Section 2 for the mixed-mode loading case.

4.3. Reference solid model

The reference solid model consisted of linear solid elements and
cohesive elements with the same mesh density chosen for the local
model. An initial geometrical imperfection to trigger buckling was in-
cluded using the first eigenmode as for the global model.

4.4. Coupling results

Six global-local coupling steps were performed similarly to the work
in [4] with the following increase of the applied displacement:
0.56 mm, 0.58 mm, 0.60 mm, 0.63 mm, 0.67 mm, and 0.82 mm. The
convergence in reaction forces has been attained after several iterations
for each coupling step, followed by an increase of the prescribed dis-
placement. Local models based on the critical regions and determined
at the global level have been created. Overlay plots for the first, third
and fourth coupling steps are demonstrated in Fig. 19 as the most re-
presentative ones for the current examination. Two local models cor-
responded to the first two coupling steps. They were placed symme-
trically each covering an area of 400mm? of the adhesive surface
during the first and the second coupling steps. The size and the location
of these models were unchanged for these first two steps, as the in-
creased area of damaged connector elements was fully covered by these
models. Expansion of the skin-stringer debonding initiation detected at

adhesive layer

reference surface of
stringer foot elements

reference surface
of skin elements

Fig. 18. Geometry of a section of the stiffened panel.
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Step 1: u = 0.56 mm

Step 3: u = 0.60 mm

Step 4: u = 0.63 mm

Fig. 19. Overlay plots of the global and local models of the stiffened panel for coupling steps 1, 3 and 4.

the global level provoked an enlargement of the local models to
600 mm? of adhesive surface covered during the third coupling step. It
is important to mention that the onset of the debonding started at the
free edge surfaces between the skin and the stringer and propagated in
the direction of the web of the stringer. During the fourth coupling step
the third local model was generated according to a new set of critical
connector elements. It should be noted that although three local models
could be joined in one large local model, this approach was regarded as
undesirable. Separate local models allowed for the parallel computation
and proved to be more computationally effective without much loss in
accuracy. During the fifth and sixth coupling steps the same local
models were employed as they fully covered the damaged areas.

Fig. 20 shows the load-displacement curves for the global-local
coupling analyses based on dissipated energies and based on averaging
of damage variables [31] and full 3D reference solution. The difference
in the first buckling displacement between global-local approaches
(0.147 mm) and the reference solution (0.167 mm) leads to the slight
difference in the curves, although the structural stiffness was predicted
very well. In the postbuckling regime the global-local curves also match
well with the reference curve by virtue of the slight drops of the global-
local curves that adjust the overall global behavior after each global-
local coupling step. The final collapse of the structure is defined by a
large drop in the load-displacement curve which implies dramatic re-
duction in the load-carrying capacity. The final collapse in the global-
local simulation based on dissipated energies occurs at a load level of
22.35 kN which corresponds to the displacement of around 0.75 mm.
The final collapse predicted by the global-local model based on the
assumption of the averaged damage variables occurred at a load level of
20.68 kN and a displacement of 0.78 mm. The maximum carried load
by the reference model is 20.54 kN at the displacement of 0.76 mm. At
around 0.77 mm of applied displacement the global buckling shape
changed and the stringer kinked leading to the drop in the load-dis-
placement curve of the global-local analysis. The comparison with the
reference model demonstrated that due to incremental damage the final

Load-displacement curve

25 §

Reaction force, KN

— -Reference analysis
——Global-local analysis, dissipated energies

~~~~~ Global-local analysis, averaged damage variable

0.4 0.6 0.8
Displacement, mm

0 0.2

Fig. 20. Load-displacement curves for progressive failure analysis of the stif-
fened panel. Two approaches: global-local method based on dissipated energies
and global-local method based on averaging of damage parameter compared to
the reference solution.
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failure of the reference model took place slightly earlier — at 0.76 mm,
which did not allow to capture the same effect. However, it should be
noted that the displacement of the final collapse, corresponding to a
sudden drop of the load-displacement curve, of the reference analysis
was predicted very closely by the global-local method based on the
dissipated energies, whereas the maximum supported load was slightly
overestimated resulting in 9% of relative difference. It should be noted
that only delamination growth is considered in all models.

A comparison between the two global-local approaches has been
conducted in terms of the dissipated energies. The results are demon-
strated in Table 12. The local model selected, denoted “Local model 17,
corresponds to the initial damaged area located symmetrically with
respect to the stringer and grows with increasing damage. The dis-
sipated energy in the reference model was calculated for the region
corresponding to the region of the local model. Although both results
for the local models show discrepancies with respect to the reference
model, it is noted that a difference in the prediction of the damage
initiation will take place due to the difference in mesh refinement. In
the reference model, the criterion that identifies the damage initiation,
is checked iteratively. In the global model the same happens but during
the post-processing procedure, hence, with lower accuracy, as the
global model has a coarser mesh that consists of shell elements.
Nevertheless, the dissipated energy in the local model of the ”aver-
aging” global-local approach presented in [4] clearly shows a con-
siderably larger difference as compared with the reference model re-
sults. In the averaging procedure in the method presented in [4] (also
resulting in reasonable results for the global-local progressive failure
analysis) the equivalence between the dissipated energies of the global
and local models was not enforced.

A comparison of the mixed-mode ratios at damage initiation in the
cohesive elements has been performed for the reference model, for the
local model based on the averaging procedure and for the local model
obtained following the preservation of dissipated energies, illustrated in
Fig. 21. This demonstrates that, although both local models of different
approaches give similar results to the reference solution, the way the
damage propagates in terms of the correct damage mode is predicted
closer by the method that preserves the dissipated energy across the
levels. Table 13 shows that the percentage of cohesive elements in the
local model 1 obtained by means of the dissipated energy preservation
technique is higher as compared to the same local model from the
averaging procedure. For instance, 75.4% of the cohesive elements
from the energy-based method lie within 10% relative difference to the
reference model cohesive elements when the mixed-mode ratios of
damage initiation are compared, whereas for the averaging approach
this value is 68.8%. Hence, on one hand, an application of the new
method to a one-stringer panel confirmed that the method attains good
agreement with the reference calculations. On the other hand, it also
showed that for the chosen example the final collapse as well as skin-
stringer separation are predicted well by both approaches with a dif-
ference that is explained in the following. The global-local coupling
method which is based on the preservation of the dissipated energy
between the local and global levels, leads to a closer prediction of the
mixed-mode damage initiation in comparison to the reference solution.
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Energy dissipated in the local and reference models of the stiffened panel due to the skin-stringer separation for 6 coupling steps.

Dissipated energy, Nmm

Coupling step Local model 1

Local model 1 Reference model

Averaging Diss. Energies
Coupling step 1, u = 0.56 mm 60.9 60.9 32.2
Coupling step 2, u = 0.58 mm 167.4 80.2 50.2
Coupling step 3, u = 0.60 mm 235.0 185.6 80.6
Coupling step 4, u = 0.63 mm 388.0 228.8 122.2
Coupling step 5, u = 0.67 mm 435.5 263.0 182.6
Coupling step 6, u = 0.82 mm 604.9 303.8 330.9

However, it does not have large influence on the load-displacement
curve as well as on the locations of the damaged areas. As the de-
bonding started at the free edges due to the excessive buckling in this
case, it was not so important how exactly the adhesive properties were
reduced as it did not affect the path of the damage extension. But it is
important to emphasize that for larger models with multiple delami-
nations this accuracy in predicting the damage modes could have an
impact on the damage redistribution. It can be concluded that the
global-local approach based on the preservation of the energy dissipa-
tion demonstrated its effectiveness and accuracy in application to a
complex structure.

5. Conclusion

A novel two-way coupling global-local finite element approach for
delamination preserving dissipated energy at both global and local le-
vels has been formulated. This method establishes a procedure of dis-
sipated energy calculation for the global model due to delamination
based on the dissipated energy in the local model. This new global-local
method also permits a reliable and efficient simulation of the delami-
nation propagation by virtue of information exchange between sepa-
rated global and local models. Single-mode and mixed-mode loading
cases were examined for the first time as benchmark applications of the

MMIXDMI

+8,333e-01
- +6.667e-01
+5.0002-01
4+3.333e-01
+1.667e-01
+8.941e-08
-1.667e-01
-3.333e-01
-5.000e-01
67e-01

Reference model

Local model 1,
Averaging

Local model 1,
Diss. Energies

Fig. 21. Mixed-mode ratio of the damage initiation for cohesive elements of the reference model at the displacement of 0.58 mm and local models 1 obtained from
the averaging procedure and for the preservation of the energies dissipated after the Coupling step 2 (corresponding to a displacement of 0.58 mm at the global level).
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Table 13

Comparison of relative difference of mixed-mode ratio of damage initiation in
reference model at the displacement of 0.58 mm and local models 1 obtained
from the averaging procedure and for the preservation of the energy dissipated
after the Coupling step 2 (corresponding to a displacement of 0.58 mm at the
global level).

Percentage of cohesive elements, %

Relative difference Local model 1 Local model 1

with Ref. model Averaging Diss. Energies
<10% 68.8 75.4
< 15% 73.2 79.4
< 20% 74.4 80.5

proposed methodology, showing that the approach captures the physics
of delamination propagation correctly. In particular, the double canti-
lever beam (DCB) test, the end notched flexure (ENF) test and the
mixed-mode loading (MMB) test were considered. In regard to the DCB
benchmark, the results obtained for the global-local coupling approach
correlate with a good agreement to the analytical and reference nu-
merical results. In the case of the ENF test, the global-local approach
also showed the ability to predict the delamination response closely to
the analytical solution. With respect to the MMB test, the global-local
numerical solution was able to capture the softening part of the load-
displacement curve, but delamination initiation was predicted later
than in the analytical solution and, thus, the overall structural strength
was overestimated. This is due to the coarse nature of the mesh in the
global model, whereas the global models provide an estimation of cri-
tical areas and local models with finer mesh are utilized for detailed
analysis. The skin-stringer debonding onset and propagation leading to
final collapse was examined with this global-local approach as a further
validation, resulting in an very good agreement with a full 3D reference
numerical simulation proving the capability of the method. The de-
veloped global-local numerical method is an effective tool for modeling
delamination propagation at separated global and local levels, ensuring
that the energy dissipated due to delamination evolution at the local
level will be captured at the global level, triggering the reduction of
load-bearing capacity at the global level up to the final collapse. In the
future, the proposed strategy could be applied to more complex sce-
narios (e.g. impact loading of stiffened panels) structures to exploit the
potential of the global-local method.
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6 Validation of the global-local method on a
five-stringer composite panel

In this chapter the developed global-local approach is applied to a large stiffened panel
with initial skin-stringer separation. This curved five-stringer panel has been experimentally
analysed during the COCOMAT project [32] and the damage patterns as well as load-
displacement curve were obtained.

6.1 Model description

During experiments, the panel was loaded cyclically under compression until the damage
was generated. The panel was loaded with 2000 cycles under 1,08 mm of compressive
displacement and with 1700 cycles up to 1.93 mm. Afterwards, as the initial damage was
detected, the panel was statically loaded until the final collapse. Orifici et al. [103] reported
the locations and sizes of the damage introduced between the skin and the stringer after
the cyclic loading, see Fig. 6-1, which allows to create a realistic simulation model. In
order to avoid confusion, it is clarified here, that in all Figures presented the load was
applied at the bottom of the panel, whereas the top of the panel was fixed. The panel was
denoted pre-damaged panel D1 in their work. The load-displacement curve obtained after
experimental testings and out-of-plane displacements are shown in Fig. 6-2. At around
0.75 mm of the axial compressive displacement local buckling occurred in the panel resulting
in 13 to 15 longitudinal half waves per stiffener bay with a global buckling at around 1 mm
of the axial loading. After 3700 cycles of loading the debonded area reached 2016 mm?
and 1920 mm? under the second and the central (third) stringer if looking from the skin
side, see Fig. 6-1. During the subsequent static loading the debonded areas started to grow
rapidly at around 2.5 mm with next evolution at around 2.81 mm leading to the drop in
load-carrying capacity and causing the fibre and matrix damage around debonded regions.
Final collapse of the panel took place at the axial compressive displacement of 3.31 mm
with a significant fibre fracture through the central stringer.

The panel was composed of a curved skin and five T-shaped stringers, see Fig. 6-3. An
axial displacement was applied in compression to one of the transverse edges, while the
opposite edge was fully clamped and both transverse edges were potted. The measured
geometry parameters differed from the nominal which is explained by the residual stresses
after the curing process. However, the residual stresses were neglected as they tend to be
smaller than the stresses occurring due to external loads [140]. The nominal and measured
geometry properties are summarized in Table 6-1 [32]. The areas of the introduced debonding
were measured and consequently approximated by Orifici et al. [103]. These values, see
Fig. 6-4, were used in a current simulation modelling at the global and local levels with
implementation of intralaminar damage mechanism and skin-stringer debonding described
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Pre-damage Stiffener
region

Figure 6-1: Thermography scan after 3700 cycles from the skin side for the pre-damaged
D1 panel [103]. Both dark areas in the second and the central stringers correspond to
pre-damaged regions.

in previous chapters.

The panel was made from the unidirectional CFRP prepreg material IM7/8552. Material
properties were also measured for this case. However, the reported parameters resulted
in a prediction of the incorrect lower initial structural stiffness by Orifici et al. [103] and
Wagner and Balzani [140]. That is a reason for the choice of the higher Young’s modulus
in the longitudinal direction that corresponds to one of the measured mean values in [32],
which allowed to reach better agreement between the experimental initial stiffness and initial
stiffness obtained numerically. The material properties are summarized in Table 6-2, where
the strength values were taken from [140]. The symmetric composite layups for the skin and
for the stringer are [90°, +45°, —45°,0°]s and [(+45°, —45°)3, 0g]s respectively, from [32].

6.2 Reference model for the pre-damaged D1 panel

The large size of the investigated panel motivated for using conventional shell elements with
composite layup resulting in one element through the thickness instead of solid elements
with many elements through the thickness which even for the reference model would be
prohibitively expensive from the computational point of view. Application of continuum
shell elements was not considered as the associated increase of computational effort would
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Table 6-1: Geometry of a pre-damaged D1 five-stringer composite panel.

Description Symbol Nominal Value (mm) Measured Value (mm)
Panel length L 780 780.5

Potted length L, 60 60.25

Panel width W 560 560.5

Stringer width Wstringer 32 32

Stringer height h 14 14.3

Skin thickness ts 1 0.98

Stringer thickness 3 2.9

Panel radious R 1000 848

Table 6-2: Material data of the unidirectional CFRP material IM7/8552 UD.

Stiffness properties Value Strength and fracture properties Value
Young’s modulus in 1-direction E1; 164.1.3 GPa  Tensile strength in 1-direction Xp 2.379 GPa
Young’s modulus in 2-direction Fso 10.1 GPa Compressive strength in 1-direction X¢ 1.365 GPa
Shear modulus in 12-plane G1o 5.3 GPa Tensile strength in 1-direction Y 0.039 GPa
Shear modulus in 23-plane Gas 4.0 GPa Compressive strength in 2-direction Yo  0.170 GPa
Poisson’s ratio 19 0.3 Shear strength in 12-plane Sy 0.102 GPa
Young’s modulus of adhesive Ey . 3.0 GPa Fracture energy of fibre Gy 12.5 N/mm

- - Fracture energy of matrix G,,

1.0 N/mm
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Figure 6-2: Experimental load-displacement curve with radial displacement contours (mm)
(stiffener side) for the pre-damaged D1 panel [103].

not be compensated by the results if only one continuum element would be used through the
thickness. In case of stacked continuum shell elements that would represent the individual
layers, the reason of not using them is similar to the solid elements problem and is related to
unacceptable demand of computational resources. Resulting reference shell model consisted
of 17,940 conventional shell elements with in-plane size of 6 mm. That fact also demonstrates
an advantage of the global-local approach where it is possible to inspect a critical region in
detail with refined 3D local model and obtain accurate 3D stress state to access the damage
consequences.

One of the transverse edges was fully clamped at the end, in all degrees of freedom which
corresponds to the upper edge in Fig. 6-3. The opposite edge was also clamped except the
longitudinal direction, and displacement was applied in this direction in compression. Potted
regions at both transverse edges of the panel were used to ensure an even application of the
loading and to prevent lateral movements during experiment. They were also fixed in all
directions except longitudinal.

Material degradation model based on Linde [86] definitions was included into the reference
model’s analysis to detect the initiation and propagation of the intralaminar damage. Skin-
stringer debonding was modelled by means of cohesive elements introduced between the skin
and the stringer. To account for the relatively large size of cohesive elements, the strength
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Figure 6-3: Curved five-stringer composite panel from the skin side.

values of cohesive elements were reduced following an engineering procedure by Turon et al.
[134] that is described in detail in Chapter 1, see Egs. 1.34, 1.35 and 1.36.

Contour plots of the numerically obtained radial displacements of the buckling shapes are
presented in Fig. 6-6 with a comparison to the experimental radial displacements provided
in [140] that are shown in Fig. 6-5. They demonstrate that the buckling modes are in a good
agreement. The load-displacement curves for the reference shell model and experimental
results are illustrated in Fig. 6-7. Although the recommended material parameters were
adjusted, it can be seen that there is a slight difference between the initial stiffness of the two
models. That might be explained by the fact that correction of the Young’s modulus was
performed under constraint of the highest measured mean Young’s modulus in tension, but
it was stated that the material was manufactured by different partners [32] and it might lead
to even higher resulting material properties. Under loading, a local skin buckling pattern
was detected for the experimental panel at around 0.5 mm of axial displacement followed by
a global symmetric buckling pattern at around 1 mm loading that started to move and at
the loading of about 1.54 mm was already located in between the debonded stringers. This
behaviour correlated very well with numerical solution where the global buckling shifted
in the area between the damaged inner stringers at displacement level of about 1.64 mm.
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Figure 6-4: Thermographic image and approximated geometry of the debonded areas [103] .

The final collapse also occurred very closely in both panels, at around 2.5 mm of axial
compression for the experimental panel and at about 2.6 mm of axial shortening for the
reference panel. Although Orifici et al. [103] suggested to consider the final failure to be
provoked by the second large drop of the load-displacement curve, it is regarded as not
conservative enough. The numerical model was not able to capture two large load drops
that preceded the final collapse predicted by experimental measurements. That is probably
due to the fact of introducing initial imperfection in the form of a first buckling mode with
a goal to capture right buckling shape in the reference solution. That had to be done in an
absence of exact geometric measurements from the experimental panel and might lead to
this discrepancy.

In both cases the extensive debonding growth was detected under the initially debonded
stringers which is shown in Fig. 6-8. Matrix cracking and fibre breakage also contributed to
the final collapse. Intralaminar failure in the skin predicted by the numerical simulation is
demonstrated in Fig. 6-9 with a good correspondence to the experimental data where the
matrix damage also took place at the outer plies of the skin mainly in the centre and edges
of the debonded regions and fibre fracture in the central stringer.

6.3 Coupling results

A global model was made of 17,940 shell elements similarly to the reference model, but in
order to reduce computational time cohesive elements were replaced by connector elements
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Figure 6-5: Experimental results of the buckling shapes from the stringers side [140].

u=10.52 mm u=1.09 mm u=1.64 mm u=275mm

Figure 6-6: Reference shell results of the buckling shapes from the stringers side.

of a spring-type with no damage modelling between the skin and the stringer elements. Both
interface area and the structural elements of the skin and the stringer were linearly elastic in
the global model. The local models in contrast, incorporated the material modelling used for
the reference solution such as material degradation modelling and cohesive elements. How-
ever, in contrast to the reference model, 8-node linear solid elements were employed for local
models with a finer mesh size of 1 mm in-plane and one solid element per layer of the laminate.

Four coupling steps were used to simulate damage progression of this large stiffened panel
through the global-local approach. Fig. 6-10 illustrates evolution of the fibre failure identified
by means of the global-local analysis in the stringer which took place mainly in the region
of the skin-stringer debonding. Another representative damage occurred in the skin of the
panel and it was a matrix damage that propagated through significant part of the structure,
see Fig. 6-11. During the first step of the axial compression of 1.40 mm an onset of the
intralaminar failure was detected at a matrix of the skin located between the inner stringers
and especially in the region of the debonded stringers as well as in a potted area, refer to Fig.
6-11. It was followed by a fibre damage at the middle and inner stringers at the debonded
area, see Fig. 6-10. While there was no fibre damage detected in the reference model at this
load level, the matrix damage locations correspond well to the results of the global-local
coupling step, see Fig. 6-9. Also debonding initiation was predicted in the global model in
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Figure 6-7: Load-displacement curves of the experimental panel [103] and reference shell
numerical solution.

the regions where the panel was pre-damaged, which was similar to the reference model and
experimental data reported. Six local models were created to inspect the damaged regions
in detail, see Fig. 6-12. It is important to mention that the initial debonding was also taken
into account during creation of the local models by allocating cohesive elements only in
between undebonded regions. Meanwhile, during the second global-local coupling step with
axial compression of 2.52 mm, debonding between the skin and the stringer was growing
in the initially debonded regions, followed by the debonding at free edges, as was reported
in the experimental results [103] and determined by the reference analysis. Next coupling
step of 2.82 mm determined an increase of the overall damage. Final collapse of the panel
occurred at the load level of 3.33 mm due to the loss of the stability of the panel that was a
result of the extensive debonding growth and sequential reduction of the material properties
due to the intralaminar damage. It should be mentioned that, though with consecutive
increase of the axial compressive displacement the damage initiation was detected in the
overall structure, only the region of the initial debonding was investigated with detailed
local models. This decision was based on several assumptions. On the one hand, the damage
was localized near the debonded stringers where all types of damage were found to occur
such as matrix cracking, fibre breakage and growth of the skin-stringer separation. Hence,
it was essential to examine these areas with the refined models. On the other hand, the
damage that was spreading all over the structure was not recognized as critical as no fibre
breakage was left without attention, whereas matrix cracking and skin-stringer debonding
happening separately are not usually the cause of the catastrophic collapse.
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Figure 6-8: Degraded cohesive elements of the reference shell model. View from the stringers
side.

Numerical analyses for global, local and reference models were performed under the same
computational characteristics. Relative calculation times for these models for the analysis
with four coupling steps are shown in Table 6-3. In order to obtain numerical solution
through the global-local method, global and local analyses should be carried out for each
coupling step and each iteration that is required to achieve convergence in forces. Hence,
the total global-local computational time is a sum of all these analyses times. Moreover, it
should be emphasized that, as all local models’ analyses have been conducted in parallel,
only the maximum computational time is important for the total computational time. It
might be seen that the global-local analysis is several times faster as compared to rather
coarse reference model. It is explained by several reasons. First, the main damage in the
stiffened panel under investigation was localized in the pre-damaged region which led to a
creation of relatively small local models. Secondly, the material degradation model with
iterative procedure was incorporated only at the local level, which allowed global models to
keep their advantage of relatively fast solutions. And lastly, local models were calculated in
parallel, and no interaction between them was included at the local level which also saved
the computational resources. The influence of the different damage propagation mecha-
nisms was accounted for in the global model, based on the results obtained from local models.

Load-displacement curves for a reference panel with shell elements, coupling global-local
results and experimental results are displayed in Fig. 6-13. The initial buckling occurred
under slightly higher compressive displacement in the global model leading to a very close
prediction in post-buckling stiffness and with a load drop at around 2.5 mm which is
confirmed by the experimental data. However, the global model continued to withstand
further loading most probably because not all damage introduced under the cyclic loading
was incorporated into the model. In contrast, the final failure of the reference model took
place earlier. This might be attributed to the fact that the chosen mesh size was too coarse
to be able to capture real material behaviour. That is why very accurate representation of
the initial geometry and material imperfections are required. In the case of this five-stringer
panel not all the data was available to account for such exact geometrical shape and locations
of the damage that might be also introduced apart from the skin-stringer debonding. The
other difficulty that was encountered is that with increase of the load the damage ceased to
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Figure 6-9: Reference model. Left: matrix damage at applied displacement of 1.40 mm.
Middle: matrix damage at applied displacement of 2.52 mm (final failure). Right: fibre
damage at applied displacement of 2.52 mm (final failure). View from the stringers side.

be localized which might result in a fact, that more local models are needed to be created.
However, the application of the global-local method allowed to capture the skin-stringer
debonding and intralaminar damage initiation and explore these damages evolution in the
local models.

Table 6-3: Computational characteristics of models.

Model Number of Number of Degrees of Relative
nodes elements freedom computational

time, s

Reference model 18,864 21,727 113,184 1,456,330
Global model, 1% coupling step 45,786 26,963 140,253 4008
Global model, 4" coupling step 45,786 26,963 140,253 65,335
Local model 1, 15 coupling step 98,101 66,936 221,691 12,713
Local model 1, 4*" coupling step 131,857 91,296 301,935 113,705

Total global-local coupling - - - 221,541
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Figure 6-10: New areas of the fibre damage in the global model detected at each step of the
global-local coupling procedure in the stringer. View from the stringers side.

Coupling 1 Coupling 2 Coupling 3 Coupling 4
u=140 mm u=252mm u=2.81mm u=3.37 mm

Figure 6-11: New areas of the matrix damage in the global model detected at each step of
the global-local coupling procedure in the skin. View from the stringers side.
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Figure 6-12: Global model and six local models created in the regions of the initial debonding.
Cohesive elements in red in local models to account for the initial debonding.
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Figure 6-13: Load-displacement curves of the experimental panel [103], reference shell
numerical solution and global-local coupling results.






7 Summary and outlook

7.1 Summary

The overall goal of this work was to establish a computationally effective methodology that
would be able to accurately capture the progressive failure behaviour of large composite
panels in the postbuckling regime. The more global objectives were to contribute to the
replacement of expensive experimental tests by efficient mechanical virtual testings and to
make a step toward increasing the design load to the damage onset instead of the buckling
load. While the reduction of the number of experimental tests leads to decrease in certifica-
tion costs, the extension of the design load enables an exploitation of possible reserves in
the load carrying capacities of stiffened panels. A detailed review of the current state of the
art was presented.

A two-way loose coupling strategy has been chosen with the purpose of answering both
requirements: fast computational tool on the one hand that allows to conduct the detailed
analysis of the critical areas on the other hand. This choice over a tight coupling is ex-
plained by the fact that a loose coupling technique implies flexibility in defining the local
model’s size and location that could be easily adjusted during analysis without intrusively
changing the global model. The main challenge of the coupling methods is an information
exchange between two different models. On the one hand, the submodeling technique is
commonly used to drive the local analysis through applying interpolated global displace-
ments on the boundary nodes of the local model. On the other hand, it is indispensable
to include the effect of damage from the local results to the global model to ensure that
correct stress redistribution due to the damage occurrence is accounted for. Only through
the iterative exchange of the information between the local and the global models it is
possible to conduct a full progressive failure analysis until final collapse. Moreover, the
global-local method is computationally more efficient than the full 3D solution including
material non-linearities, such as damage initiation and evolution, for instance, and accurate
enough as the global model includes the response from the localized damage. For the case
of large complex structures, full 3D simulation could be not only prohibitively expensive,
but also impossible to perform due to the current computational limitations. That is the
main reason of the evolution of global-local techniques as quick simulation tools of the
structural behaviour which include material damage degradation obtained at the refined level.

The existing two-way coupling approach with intralaminar damage model was modified
through including possibility to consider layups with 45 degrees, the local models were
investigated with attention paid on the alleviation of spurious stress concentrations. Finally,
the method was validated on the example of a large stiffened panel and compared to the
experimental results.

During the next step a novel two-way coupling approach was developed incorporating a
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skin-stringer debonding which is a typical damage mechanism during compressive loading
of stiffened panels. The main advantage of the method is information exchange between
local and global models performed through gradual material degradation of the interface
stiffness. In this framework a discrete and cohesive continuum damaged elements were
coupled together which allowed to exploit their particular advantages at corresponding levels
of accuracy. The validation of the developed two-way coupling method for the case of the
one-stringer panel with initial debonding demonstrated a good agreement with experimental
results. Although the final collapse was not predicted by the method as the intralaminar
failure was not taken into account.

A two-way global-local approach for the combination of both intralaminar failure and
skin-stringer separation has been formulated in order to incorporate both critical failure
modes into the coupling method. Following the assumption that material degradations
occur in parallel, the local models incorporated both damages through continuum material
degradation for the matrix and fibre failure and cohesive elements to track the skin-stringer
debonding but only in case if both damages were detected at the global level. In case only
one type of damage met respective failure criterion, the local material degradation model
was restricted to this type of damage. Good comparison to the experimental results and
achieved reduction of about 50% in computational time demonstrated significant potential
of the method.

A global-local coupling methodology was further enhanced through preserving energy dissi-
pated due to skin-stringer separation between the global and local levels. The method was
applied first to two cases of a single-mode loading, such as a double cantilever beam (DCB)
and an end notched flexure (ENF) tests, and then to a mixed-mode loading on example of a
mixed-mode bending (MMB) test. Finally, the developed method has been verified on a
test case of a single-stringer panel under compression where the interface layer experiences
mixed-mode loading.

Finally, the method was implemented to a large stiffened panel in order to obtain the
advantages of the computational time savings during the localized damage and to validate
the method with experimental data. To increase the accuracy, a global-local approach has
been enhanced by preserving dissipated energies from the skin-stringer debonding between
the global and the local levels.

In conclusion, the formulated objectives are successfully achieved and a two-way global-local
coupling method has been developed for the investigation of the failure behaviour of large
stiffened panels. The approach combines an advantage of a fast computational tool for the
relatively accurate estimation of the structural behaviour in a postbucking regime and a
possibility to efficiently account for the intralaminar damage and skin-stringer debonding.

7.2 QOutlook

The developed two-way coupling approach has been dedicated to deal with quasi-static loads
which is regarded as a first step toward the full assessment of this approach with a future
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potential to be implemented in numerical tests of real aircraft and aerospace structures.
Although quasi-static loads are usually considered when the damage is investigated and
the damage tolerance is accessed at the beginning, there are other important mechanisms
that should be taken into account to simulate real in-service events and loads. Composite
components of aircrafts experience long-time repeated loadings that could cause a fatigue
damage. Therefore, it is important to ensure that not only the cracks initiations are predicted
accurately, but also that the cracks lengths will stay below the critical lengths between the
planned inspections. Experimental studies of the fatigue damage are very costly processes.
That is why the development of a robust global-local approach incorporating the fatigue
damage could significantly reduce the design and even maintenance costs. Correct numerical
estimation of the fatigue damage will also lead to an increase of the limit load and will allow
to exploit possible reserves of the stiffened panels. Hence, fatigue damage consideration is a
very important aspect of the possible future work.

Another common source of damage and succeeding decrease in strength and load carrying ca-
pabilities is an impact damage that could be introduced during the production, maintenance
or lifetime service. This type of damage is often hard or even impossible to detect through
visual inspection. For this reason, physical testing might be expensive to perform and it
also requires to establish a framework of tools to capture the impact damage. A reliable
and efficient computational solution for the impact damage prediction and consideration
of the following complex damage propagation are to be created to partially replace the
experimental testings. The developed global-local method could be extended by including
the impact damage into consideration due to the commonly localized nature of this type of
damage.

The presented global-local method for modelling progressive failure in the stiffened panels
examined compression as one of the most typical loads for these panels as they were designed
to withstand primarily the loads aligned with stringer directions. Although during the service
time the panels may undergo a combination of loads that include shear loading, for instance.
That is an incentive to examine different loads under the global-local methodology and
validate results against experimental data. The other improvement that could be envisaged
is inclusion of more complex material behaviour such as comprising the uncertainties at
the local level. However, it should be recognized that it might be difficult to validate such
enhancement. The current global-local method aimed at encompassing the most relevant
damage mechanisms such as matrix cracking, fibre breakage and skin-stringer debonding.
Delamination at the free edge of the stringer foot or stringer blade is another common damage
that occurs under compressive loading of the stiffened panel. Although delamination is not
recognized to be critical for the overall structural collapse, it might represent an area of the
future development as delamination may interact with other damage mechanisms such as ma-
trix cracking, for example. It is important to notice that the introduced global-local approach
will require significant elaboration to incorporate the effect of delamination at the global level
as currently to reduce computational costs only one element through the thickness represents
the full layup of the stringer. Hence, in the current configuration it is hard to predict delam-
ination initiation at the global level and for this purpose the global model should be modified.

An important direction identified for the future progression is an application of the measured
geometrical imperfections for each validated structure. It becomes essential to introduce
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accurately all imperfections as it leads to correctly captured buckling shapes of the stiffened
panels. When considering stiffened panels under compressive loads the final collapse may
take place under the loads much higher than the first buckling load. With an objective to
exploit the postbuckling regime of these stiffened panels it is imperative that the buckling
shapes simulated numerically are identical to real buckling patterns which could be attained
only through introducing initial imperfections into numerical model.

The two-way global-local approach has been developed and implemented to model progressive
failure in stiffened panels which constitute parts of the aircraft design. The future work
could be dedicated to extension of the method into application to even larger structures
such as full fuselages and wing boxes in order to establish a robust and efficient mechanical
virtual tool suitable to unprecedentedly large structures.
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