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Abstract

The present thesis focuses on the development of an efficient modeling and simulation
concept of braided and woven composites in the framework of the Finite Element
Method. Due to the hierarchical nature of such textiles, a detailed representation
of the underlying architecture and constituents’ behavior is necessary to accurately

predict their mechanical response.

To characterize the mechanical behavior of braided textiles in the perspective of
material induced nonlinearities, a numerical approach based on homogenization of a
periodic unit cell is applied. The common strategy found in the literature, namely
continuum element based modeling of such unit cells, suffers from vast computational
requirements which puts its economic application with nonlinear simulations into
question. To circumvent this drawback, a modeling approach is proposed by which
all constituents are discretized with Finite Elements of shell type only, which are
connected using surface based couplings. The application of structural elements leads
to a pronounced decrease in degrees of freedom without coarsening the discretization.
Thus, the simulation time is drastically reduced, retaining accurate results at the same
time. Moreover, the surface based coupling allows to incorporate cohesive behavior

between the constituents to simulation intraply delamination phenomena.

In order to assess the predictive capabilities of the proposed approach, a verification
study is conducted based on linear elastic assumptions comparing the proposed unit
cell with a continuum element based one. In this context, the numerical efficiency of
the shell element based approach is highlighted. Based on such linear elastic assump-
tions, the influence of the braiding angle on the elastic properties is investigated as

well.
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The achieved computational efficiency allows for the simulation of multilayer lami-
nates by modeling the individual layers. This ability is used for studying the influence
of different layer stacking and offset schemes on the homogenized elastic properties.
Moreover, interlaminar delamination, i.e. delamination between two textile layers,

due to in-plane loading is investigated as well.

A major motivation for the development of the present strategy is the possibility
of efficient numerical characterization of textile composites taking into account non-
linear constituents behavior. To this end, the shell elements are equipped with an
already available elasto-plasto-damage model based on continuum damage mechanics
and multi-surface plasticity. By means of this set-up, the nonlinear response of dif-
ferent braids and weaves is predicted and compared with corresponding experimental

results.

To apply these mesoscopic results at the structural level accounting for the material
nonlinearities, a concept based on energy dissipation assessment is proposed. The
concept relies on the evolution of the dissipated energies with respect to proportional
loading paths in stress and strain space, respectively, at the unit cell level. This data
is precomputed for the investigated textile, stored in a database for later usage. In a
second step, it is used during post-processing of linear elastic macroscale simulation
results to assess the acting loading state and predict the evolution of the material
nonlinearities like damage and plasticity. In this way, various macroscopic structures
featuring the same textile plies can be efficiently evaluated beyond the linear elastic
regime, requiring only linear elastic simulations at the structural scale. Hence, a
computationally efficient evaluation accounting for nonlinear phenomena is achieved.
The concept is demonstrated by means of an generic nacelle structure made of a Twill

weave carbon/epoxy laminate.

The proposed modeling strategy proves itself as a viable approach to simulate the
linear and nonlinear behavior of braided as well as woven composites. In combination
with the energy dissipation concept, large scale composite structures can be efficiently
assessed beyond the elastic regime without conducting time and resource intensive
nonlinear simulations of such structures. This helps to push the numerical evaluation

of composites further and supports designing lightweight and safe parts.
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Kurzfassung

Die vorliegende Arbeit beschiftigt sich mit der Entwicklung von effizienten Konzepten
zur Modellierung und Simulation von geflochtenen und gewobenen Verbundwerkstof-
fen unter Anwendung der Finiten Elemente Methode. Um genaue Vorhersagen iiber
das mechanische Verhalten treffen zu konnen, ist hierbei eine detaillierte Abbildung

der Geometrie und des Verhaltens der einzelnen Bestandteile notwendig.

Zum Bestimmen des mechanischen Verhaltens eines Geflechts, unter Beriicksichtigung
von nichtlinearem Materialverhalten, wird eine Homogenisierungsrechnung basierend
auf periodischen Einheitszellen durchgefiihrt. Die dazu, in der Literatur, am héau-
figsten angewandte Modellierungsstrategie basiert auf Kontinuumselementen. Ent-
sprechende Modelle haben jedoch den Nachteil, dass sie sehr ressourcenhungrig sind
und daher ihr Einsatz im Zuge von nichtlinearen Simulationen, im 6konomischen
Sinne, eher zweifelhaft ist. Um dieses Problem zu umgehen, wir in der vorliegenden
Arbeit ein Modellierungsansatz entwickelt, in dem nur Schalenelemente verwendet
werden. Diese Elemente werden entsprechend iiber ihre Oberflichen gekoppelt und
mit passenden Materialgesetzen ausgestattet. Durch die Anwendung dieser Struktu-
relementen wird die Anzahl der Modellfreiheitsgrade, bei gleichzeitiger Aufrechter-
haltung der erzielen Ergebnisgenauigkeit, deutlich verringert. Dadurch reduziert sich
auch die benotigte Simulationszeit signifikant. Zudem erlaubt die oberflichenbasierte
Kopplung der einzelnen Bestandteile das Einbringen von schiddigenden Interfaces und
damit die Simulation von Delaminationen innerhalb einer textilen Einzelschicht. Um
die Ergebnisqualitdt des Modellierungsansatzes zu bestimmen, wird zuerst eine Ve-
rifikationsstudie unter Annahme linear elastischen Materialverhaltens durchgefiihrt.
Dabei wird die schalenelementbasierte Einheitszelle mit einer kontinuumselementba-
sierten Zelle verglichen. Diese Simulationen zeigen deutlich die erhohte Effizienz des

entwickelten Ansatzes. In weiterer Folge wird auch unter linear elastischen Annah-
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men der Einfluss des Flechtwinkels auf die elastischen Eigenschaften des Verbundes

untersucht.

Die erreichte Effizienz erlaubt es neben den Einzelschichten auch ganze Laminate
zu simulieren. Dies wird verwendet um den Einfluss des Offsets bzw. des Lagen-
aufbaues von textilen Laminaten auf deren elastische Eigenschaften zu untersuchen.
Durch Einbringen von schidigenden Interfaceelementen kann hierbei auch Delamina-
tion zwischen zwei Einzelschichten untersucht werden. Einer der Hauptgriinde fiir die
Entwicklung der vorgestellten Strategie, ist die nummerische Effizienz im Hinblick
auf die nichtlineare Simulation von Geflechten. Um derartige Simulationen durch-
zufithren, wird ein, in einer vorherigen Dissertation entwickeltes, Konstitutivgesetz
verwendet, welches basierend auf schiadigungsmechanischen Konzepten und der Pla-
stizitatstheorie, das nichtlineare Verhalten von Faserverbundwerkstoffen beschreibt.
Entsprechende Simulationen werden fiir eine Reihe unterschiedlicher Geflechte und

Gewebe durchgefiihrt und die Ergebnisse mit vorhandenen Experimenten verglichen.

Um die so ermittelten mesoskopischen Ergebnisse auf der Strukturebene anwenden
zu konnen, wird in dieser Arbeit auch ein energiebasiertes Konzept vorgestellt. Die-
ses verwendet die auf Einheitszellenniveau berechneten Entwicklungen der dissipati-
ven Energien zufolge von proportionaler Belastung im Spannungs- und Verzerrungs-
raum. Diese Energien werden fiir representative Belastungspfade vorberechnet, in
einer Datenbank abgespeichert und wihrend des Post-Processings der linear ela-
stischen, makroskopischen Struktursimulation verwendet um die auftretenden Be-
lastungszustinde zu bewerten und entsprechende Vorhersagen iiber die Entwicklung
der einzelnen Nichtlinearitdten zu treffen. Dadurch kann mittels linear elastischer
Analyse eine Strukturbewertung {iber den linear elastischen Bereich hinaus, sehr ef-
fizient durchgefiihrt werden. Das Simulationskonzept wird anhand eines generischen
Flugzeugtriebwerksteils, bestehend aus einem Kohlefaser-Epoxy Gewebelaminat, vor-

exerziert.

Das vorgestellte Modellierungskonzept erweist sich als ein praktikabler Ansatz um
das lineare und nichtlineare Verhalten von textilen Faserverbundwerkstoffen effizient
zu simulieren. In Verbindung mit dem energiebasierten Evaluierungskonzept kénnen
damit grofle Verbundstrukturen unter Beriicksichtigung von materiellen Nichtlinea-
ritdten bewertet werden ohne diese, unter groffem Zeitaufwand, nichtlinear zu berech-
nen. Somit konnen Faserverbundbauteile genauer ausgelegt werden was schlussendlich

zu leichteren und sichereren Bauteilen fiihrt.
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Abbreviations

FEM ... finite element method
FRP ... fiber reinforced polymer
FPF ... first ply failure

UD ... unidirectional

CLT ... classical lamination theory
DOF ... degree of freedom

Scalars, tensors, and matrices

VIII

Throughout this thesis scalar, tensorial, vectorial quantities are addressed using the

notation presented in the listing below. The individual components of such vectors

or tensors may be addressed by indices. Note, that no distinction is made between

physical and mathematical vectors.

Scalar notation

a, b ... scalars

Engineering tensor notation (following Nye [100])
a, o ... tensors of rank two using vector notation
A B ... tensors of rank four using matrix notation
General vector/matrix notation

a, o ... vectors

A « ... matrices
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Figure 1: Textile ply with weave coordinate system, x— y— z; corresponding braid
coordinate system, £—n— (; a local tow coordinate system, 1—2— 3, and
an auxiliary coordinate system, &'—n'— (’.

Coordinate systems

In the present work textile fiber reinforced laminates are considered at different length
scales. This necessitates the introduction of different coordinate systems. For woven
plies a weave coordinate system x— y— z is defined, cf. Fig. 1, aligned with the weft
and warp direction. In case of braided textiles the weave coordinate system is not
convenient and, therefore, a braid coordinate system ¢ —n— ( is defined as sketched
in Fig. 1. Here, £ denotes the braiding direction, 1 denotes the in-plane transverse
direction, and ( denotes the out-of-plane transverse direction. Each textile layer
consists of multiple tows which feature an orthotropic behavior with the principal
directions aligned with the tow coordinate system 1— 2— 3. The 1-axis denotes the
fiber direction and the 2-axis refers to the in-plane transverse direction. Additionally,
auxiliary coordinate systems may be defined with respect to the weave or braid coor-
dinate system indicated by ’. Typically, these are rotated with respect to the parent
system’s (- or z-axis by angle ¢ (Fig. 1).



Chapter 1
Introduction

The growing demand for lightweight structures has been pushing the development of
laminated composite materials for the last decades. This include developments in the
design, the modeling and simulation, the manufacturing, and the testing of compos-
ites. In this context, carbon/epoxy laminates comprising several layers of continuous
unidirectional (UD) fibers are especially important due to their exceptional mechani-
cal properties. Such laminates offer high specific stiffness combined with high specific
strength and provide the possibility of tailoring the composite properties as required
by the prevailing loading of the structure. In contrast to the excellent in-plane prop-
erties, laminates suffer from low interlaminar properties, as they do not have any
reinforcements in thickness direction [8]. Therefore, they possess low damage toler-
ance, and are prone to delamination damage. To improve these shortcomings, textile
composites can be used. However, the intrinsic complexity of the textile microstruc-
ture and the accompanying anisotropic nature of continuous fiber reinforced materials
lead to considerable difficulties during the design phase of such textile parts as the

prediction of the mechanical performance is not a straight forward task.

Textiles can be classified as woven, non-woven, braided, or knitted, based on the
manufacturing technique and fabric architecture [8, 16]. In the present thesis the
main focus is set on braided composites, however, due their intrinsic similarities,
braided and woven composites will be considered in the following. Braids (as well as
weaves) can be further classified as two dimensional and three dimensional textiles.
Here, the dimension indicates the number of possible fiber directions in space, i.e. a

three dimensional braid has fibers through the thickness directions. Two dimensional
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Figure 1.1: Typical biaxial braid (and weave) patterns, Diamond Braid — Plain
Weave (1/1) (a), Regular Braid — Twill Weave (2/2) (b), Hercules Braid

(3/3) (c).

braids may be further divided in biaxial and triaxial braids. The former feature two
in-plane directions of the fiber bundles whereas the latter has tows in three in-plane
directions, cf. [16]. Fundamentally, braids can be seen as a hybrid of filament-wound
and woven material [5]. It features continuous fibers from one end to the other in
combination with the mechanical interlocking. In the perspective of structural shell-
like structures, the typically applied braiding techniques is overbraiding [16]. During
this process, multiple strands of fibers are simultaneously and reproducible placed
onto a mandrel coiled into a helix. Additionally, these strands are mechanically

interlocked due to the special movement of the strand carrying bobbins [5].

The intertwinned nature of braids and weaves lead to some distinct features. On
the one hand, the fiber ondulation in these textiles reduces the in-plane stiffness and
strength compared to the non-crimp laminates. On the other hand, the interwoven
topology improves fracture toughness, damage tolerance, and out-of-plane properties
[8]. Besides these improvements fabrics offer the possibility of cost efficient and fast
manufacturing. Modern braiding machines can be used to manufacture preforms
without any need for manual ply layup. Lower manufacturing cost and constant
layup quality can be achieved. Moreover, there are plenty of different braiding oder
weaving patterns, each featuring specific properties. Examples for some different
biaxial braid patterns are Diamond braids, Regular braids, and Hercules braids, see
Fig. 1.1. In the field of woven textile these types are also called Plain weaves, Twill

weaves, and Satin weaves [128].
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Modern Braiding technique can be used to manufacture a variety of different shapes
and is not limited to rope like structures. Some possible areas of application of

braided composites are [5]

e pressure vessels,
e jet engine parts,
e wing flaps,
e prosthetics,
e sports, and

e architecture.

In order to fully exploit the advantages of fabrics, it is necessary — among others
— to develop modeling approaches and computational methods capable of predict-
ing the stiffness, strength, and nonlinear mechanical behavior of these composites.
To this end the property governing mechanisms have to be captured and (at least
phenomenologically) modeled by appropriate means. Since the architecture of the
textile fabrics can be very complex, many parameters influence their mechanical per-
formance. These parameters include the weaving/braiding pattern, yarn spacing and
thickness, fiber volume fraction in the yarn, overall fiber volume fraction, etc. Besides
these geometrical parameters, the material and interface properties are also important
and a satisfactory model should take their nonlinear behavior into account. Here, the
pronounced anisotropy sets additional challenges. Due to the interwoven topology

the geometric nonlinearities have to be addressed as well.

1.1 Length scales

Dealing with laminated composites generally implies to distinguish between differ-
ent length scales, Fig. 1.2. The scale of the fiber diameter (microscale) represents
one end of the considered scales. Here, the behavior of the fibers, the matrix, and
the fiber/matrix interaction are considered. Using numerically or analytically based
homogenization techniques the material characteristics at that length scale can be
described in an effective or smeared out way. The other end of the considered length
scales is defined by the size of the investigated macro structure (macroscale) and
involves the macroscopic loading and boundary conditions. Depending on the spe-

cific problem there might be one or more intermediate lengths scales often denoted



CHAPTER 1. INTRODUCTION 4

structure

macroscale

textile ply

mesoscale microscale

Figure 1.2: Length scales of a composite laminate comprising textile layers; from
the macroscale (top') via laminate scale (bottom left?) and textile scale
(bottom center) to the microscale (bottom right).

as mesoscale. A typical example of such an intermediate length scale is the lami-
nate scale, which incorporates the interaction of individual plies. Here, the classical
lamination theory or layered shell formulations are commonly applied. In case of
textile laminates a further intermediate length scale can be introduced accounting
for the ply’s textile architecture. In the following, the term mesoscale will exclusively
address this textile scale. Effects present at each of these length scales influence the

performance of the laminate and, hence, have to be accounted for in some way.

1.2 Scope of the present work

The main objective of the present thesis is to develop an efficient approach for de-
termining the mechanical properties and assessing the performance of carbon/fiber
reinforced two dimensional biaxial braided composites with respect to structural ap-
plication. This includes stiffness and strengths evaluation as well as the prediction
of the nonlinear behavior at the mesoscale. Moreover, this information shall be ap-

plicable at the structural scale to allow for the assessment of composite parts. With

L TImage based on “Control surfaces on airfoil” (© 2006 A. Nordmann, used under a Creative

Commons Attribution-ShareAlike license: http://creativecommons.org/licenses/by-sa/3.0/.

2 Tmage taken from Nettles and Biss [97].
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the main focus on the mechanical properties, other commonly found research topics
in the field of textile composites like manufacturing simulation, draping simulation,

permeability simulations, etc. are not treated here.

Due to the similar topologies and features the proposed techniques, initially intended
for braids, will be applicable to two dimensional woven composites as well. Such
woven composites might be considered as a special case of £45° braids. Themat-
ically the thesis addresses the two major lengths scales, i.e. the mesoscale and the
macroscale. Comments on the possible inclusion of an intermediate laminate scale

are given in both sections.

After a brief literature overview, the first (major) part of this thesis deals with a mod-
eling strategy capable of predicting the nonlinear response of textile composites in an
efficient manner. The approach is based on mesoscale considerations and is outlined
in Chapter 3 using a 2/2 Twill type fabric as a demonstrator. A detailed verifica-
tion study as well as various linear and nonlinear example simulation are presented
in Chapter 4. In Chapter 5, a simulation methodology is proposed connecting the
detailed nonlinear material characterization simulations at the mesoscale with large
scale, industrial approved, linear elastic simulations (the macroscale). The respective

ideas including a demonstrator example are presented.



Chapter 2

Modeling of Braids and Weaves —

a literature review

The investigation of the relation between micro- as well as mesostructural features
and macroscale properties is an essential topic when assessing new materials. A
common technique to determine this relation is to apply homogenization techniques
in combination with a separation of length scales assumption. The latter implies that
the individual lengths scales are sufficiently different in size to consider gradients
of macroscopic stress or strain fields as being not significant at a smaller length
scale, hence, allowing for locally uniform effective (far-field) stresses and strains,
respectively [11]. Likewise, the microscopic fields influence the macroscopic behavior
only via their volume averages. Accordingly, the microgeometry can be “smeared
out” and the resulting homogeneous material properties are applied subsequently to
represent this hierarchical material at a larger scale, see Fig. 2.1. The relations linking
macroscopic fields with corresponding microscopic ones are called homogenisation and
localization relations, respectively. For details the reader is referred to [11]. In the

following some ideas of homogenization of textile composites will be given.

2.1 Homogenization of fabrics

Micromechanics based homogenization methods may be divided into three different

types, namely analytical, numerical and computational ones [99]. Computational ho-
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Homogenization

Macroscale Mesoscale

Figure 2.1: Homogenization of a heterogeneous material to derive an effective rep-
resentation, adapted from [129].

mogenization, i.e. “on the fly” determination of the constitutive behavior, will not
be covered here, due to the vast computational requirements, which are currently
limited to simple meso- or microscale topologies. For additional information regard-
ing computational homogenization the reader is referred to [21, 52, 53, 99]. In the
following sections, some comments on and applications of analytical and numerical
approaches will be given. In this context the micromechanical methods may be further
divided into statistics based homogenisation models, like mean field approaches or
bounding methods and discrete microstructure based models, like periodic microfield
approaches [11]. In the perspective of textile composites which typically feature a the-
oretically periodic topology the latter approaches seem like a natural choice. However,
some analytical homogenization models rely on statistical and non-periodic discrete
microstructures as will be discussed later. In case of periodic microfield approaches a
so called representative volume is chosen which represents all the necessary features
of the textile. In the framework of the FEM such a representative volume is called
unit cell (UC). Comprehensive reviews on homogenization models for braidings and

weaves can also be found in e.g. [6, 25, 121].

The appropriate representation of the textile geometry and topology is a fundamental
requirement for all discrete homogenization models, hence, some issues regarding the

textile architecture are discussed first.
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o1

Weave Braid

Figure 2.2: Topology of a plain weave (left) compared with a diamond braid (right).
For both fabrics a possible repetitive unit cell is marked.

Figure 2.3: Cross section of a 2/2 +45° braid aligned with the tow direction ex-
tracted from CT data.

2.1.1 Textile architecture

The architecture of the textile is mainly influenced by the topology and the manu-
facturing parameters. Even though the weaving process and the braiding process are
fundamentally different, weaves can be seen as a special form of flat biaxial braidings
with perpendicular tow directions, see Fig. 2.2. This enables a generic treatment
of both types, as conducted in the present work. Both textiles comprise only two
mesoscopic constituents, i.e. the resin impregnated fiber bundles or tows and the
unreinforced matrix pockets. Nevertheless, they exhibit a rather complex geometry
and topology, see e.g. Fig. 2.3. I shall be noted that throughout this thesis the term
geometry addresses the shape of the yarn cross sections and ondulation paths, and

topology denotes the braiding or weaving pattern.

Depending on the applied homogenization model the complexity of the geometry
representation ranges from very simple layer analogy models to highly complex and

detailed representations of realistic braidings architectures. Most of these models
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Figure 2.4: Sketch of the idealized tow and matrix geometry of a 2/2 Regular Braid.
The matrix pockets are indicated in gray.

rely on informations typically obtained by measurements of polished sections, and use
idealized geometry representations (Fig. 2.4) based on analytical expressions. Several
groups have proposed such analytical representations for various textile geometries,
e.g. [1, 36, 49, 89, 121]. However, the majority of these models represent woven
fabrics only. Recently some authors have presented models for braided composites,
see e.g. [60, 96, 106]. With respect to modeling, the distance between two parallel
tows is an important feature. Depending on the manufacturing parameters, this
gap is present or not. Former braids are called open whereas latter are denoted
as dense. Dense textiles exhibit a more complicated geometry and most geometric
approaches typically cannot model these. Hence, they are commonly approximated
by means of open textiles. To make the modeling of fabric geometries easier, software
packages have been developed, e.g. WiseTex [86] and TexGen [123]. These software
packages allow for very fast fabric construction of various architectures, based on
predefined parametric models. Furthermore, they often feature additional modules
for the prediction of elastic properties, or the export of mesh data for subsequent
Finite Element computations [138]. The major limitation of such tools is the exclusive
construction of continuum element based unit cells. Alternative approaches are not,

or only with substantial additions possible [17].

Recently, several research groups have obtained the textile architecture by computed
tomography (CT) scanning of composite specimens, see e.g. [7, 112]. A 3D rendering
of such a high resolution CT scan (the voxel size equals 7 um) is given in Fig. 2.5.
This approach seems very promising as it allows for an accurate representation of
the real textile geometry. However, it may need special treatment of the fabrics to
enhance the contrast between fibers and matrix, which can influence the behavior of
the composite. This is especially true for carbon/epoxy composites [35]. Moreover,
the direct derivation of a computational model of such a CT scan is rather laborious.

Besides advanced segmentation algorithms with sophisticated tracking methods to
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Figure 2.5: Rendering of a CT scan of a 2/2 Twill weave carbon/epoxy textile.
Some of the unreinforced matrix pocket material is removed using seg-
mentation tools for the sake of clarity.

identify connected regions a lot of manual intervention is necessary to create a FEM
model. A further problem is the automated determination of the fiber orientations
of such scanned geometries. Finally, a CT scan can only give an image of a specific
spatial point, which is not necessarily representative for the whole composite and is

in general not periodic.

As already indicated, the stochastic variability of the geometrical parameters of actual
textiles plays an important role when defining corresponding idealized geometries. In
[34] CT scans are used to assess some of these uncertainties. A similar approach is
applied in [136]. Based on such stochastic data, the characterization can be enhanced

using statistics as proposed in e.g. [83, 137, 140].

More or less all textiles in structural application are comprised in multilayer lami-
nates. In this context, the stacking of the fabric layers is an important issue since
the in-plane placement as well as a possible deviations in out-of-plane direction ef-
fect the laminate properties, see e.g. [71, 83, 85, 104]. The in-plane displacement —
often denoted as phase shift — has been shown to directly influence the stiffness of
the laminate [69, 70]. However, due to current manufacturing limitations the phase
shift cannot be controlled and therefore, leads to some variability of the laminate.
The out-of-plane deviation arises from the three dimensional nature of the topology
and is called nesting. Nesting leads to a reduction of thickness of the laminate and

thus, increases the fiber volume fraction of the laminate [85]. The amount of nesting
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depends on the braid angle. Non-perpendicular tows lead to less free space and thus
decrease the effect of nesting [85]. In the following nesting effects, albeit present, will
not be covered explicitly. In [101] it is shown that the stress distribution is signifi-
cantly different for layers near the surface of a laminate compared to layers near the
center of the laminate. They further have shown that the number of plies influence
the effective moduli, however, this effect is not that pronounced. The latter finding
has also been reported by other research groups either based on experiments [50] or

numerical simulations [45, 82].

Based on such geometrical representations analytical and numerical homogenization
models, respectively, are set-up to predict the effective behavior of the investigated

textile.

2.1.2 Analytical homogenization models

Analytical models allow for very fast and reasonable accurate predictions of the (in-
plane) stiffness of textile composites. However, the prediction of strength values is
vague in most cases. Furthermore, the treatment of nonlinearities is available mostly
in simplified forms only. The majority of the proposed analytical models is defined
for woven composites only, nevertheless, due to the similarities a direct application

with braids is straightforward in most cases. A few analytical models are given next.

The most fundamental analytical models may be the classical upper and lower bounds
proposed by Hill [65]. As such models do not rely on the actual geometry they
give only rough approximations of the effective material properties. In the early
80s, Ishikawa and Chou [68], often called the “pioneers of textile mechanics”, have
presented three different models for the prediction of the in-plane elastic properties
of 2D woven fabrics based on the classical lamination theory (CLT), namely the
mosaic model, the fiber ondulation model, and the bridging model. The mosaic model
divides the composite into different patches of cross ply laminates. These patches
are individually treated by CLT and then combined by a stress and strain coupling
scheme, respectively to form some upper and lower bounds of the in-plane elastic
properties. This model does not consider the fiber ondulation and continuity. The
second model, the fiber ondulation model, takes into account the fiber continuity

and the ondulation of the warp yarn, i.e. the yarn which is supposed to be oriented
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in loading direction. The warp yarn is divided into sub-volumes which in-turn are
assessed using CLT and combined by means of an iso-stress assumption. However,
the ondulation of the fill yarn is not considered. The third model presented, the
bridging model, is a combination of the former two, especially suited for satin weaves
[121] and uses a combination of iso-strain as well as iso-stress couplings. All three
models have been also applied to analyze the nonlinear elastic behavior of woven
fabric composites [66]. In [95] and [94] these classical models are further extended to

account for the ondulation of the warp and weft yarns.

Besides these fundamental models, a different, yet very simple model is the analogous
laminate model, see e.g. [108]. The composite, braiding or weave, is substituted by
individual layers of UD plies representing the tow directions, which are treated by
CLT. Puck [108] suggests that a single woven layer should be separated into at least
three layers — one for each yarn direction and one representing the matrix. Due to
the lack of ondulation the individual ply properties have to be “artificially” adapted
using knockdown factors to reasonably represent a textile layer. In [28] a similar ap-
proach is used to characterize triaxially braided composites. A model to predict the
elastic stiffness properties of triaxially braided composites has been proposed in [12].
The authors used analytical based geometry descriptions and derived the elasticity
tensor by appropriate coordinate transformations and volume averaging. More ad-
vanced analytical models like MESOTEX (MEchanical Simulation Of TEXtiles), see
e.g. [120], are capable of predicting elastic properties, damage evolution and effect, as
well as strength. Using a Tsai-Wu failure criterion for the tows, a Von-Mises yield cri-
terion for the matrix, and after first ply failure a ply-discount method, the nonlinear
behavior of fabrics can be predicted. Based on the concept of the analogous lami-
nate, in [42] an advanced analogous laminate model for biaxial braided composites is
derived. The model includes a modified version of the ply damage model proposed

in [80] enriched by a matrix plasticity model.

Further analytical methods are, among others the 2D woven fabric strength model
based on the method of cells [94], the method of inclusions used e.g. along with Wise-
Tex [138], the 3D micromechanics model for woven composites [36], a Mori-Tanaka
based model proposed in [55], and the micromechanical bridging model developed in

[66]. In [126] some reviews of the mentioned analytical models including a juxtapo-
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sition with a numerical UC approach is given. Further reviews can be found in [62]
and [25].

2.1.3 Numerical homogenization models

The second group of homogenization models is based on numerical computation tools.
Since most of the current structural simulations are based on the Finite Element
Method (FEM), only models suited for FEM treatment are considered next. Within
the framework of the FEM the majority of the approaches rely on a unit cell for the
homogenization procedure, i.e. a representative volume unit of the textile is meshed
and analysed. The most intuitive — and common — modeling strategy is based on a
one-to-one representation of the two constituents using three dimensional continuum
elements. In the literature plenty of papers can be found applying this approach
to compute the elastic and strength properties of textiles, e.g. [29, 58, 59, 69, 87].
Blackketter et al. [10] was one of the first who included geometric and material
induced nonlinearities into such UCs. This continuum element based approach has
also been applied to model triaxial braid as proposed by [91, 98, 124]. Recently,
biaxial failure envelopes of Twill weaves taking into account progressive tow damage,
matrix plasticity, and tow-matrix-delamination are published in [33]. Due to the
complex textile geometry, such continuum element based models easily reach a large
number of DOFs which in-turn might exceeds computational capabilities. This is
especially true in the perspective of nonlinear simulations. Furthermore, the glancing
intersections of the tows and matrix pockets leads to distorted elements deteriorating
the quality of the FEM results. Figure 2.6 shows such a continuum element based
unit cell of a plain weave type textile, with some matrix pocket elements removed for

clarity.

The same geometric representations can also be meshed using regular meshes, so
called “voxel” meshes [32, 107]. This significantly simplifies the meshing process as
only the required material has to be assigned to the particular element. Moreover,
CT scan data may be used directly to obtain a detailed representation of the actual
geometry. However, the required resolution needs to be high resulting in tremendous
voxel meshes. These are typically far beyond the computational capabilities of state-

of-the-art workstations and need special servers or super-computers to be usable. A
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Figure 2.6: Continuum element based unit cell of a plane weave. Some matrix
elements are removed highlight the complex internals.

Figure 2.7: Voxel mesh based unit cell of a plain weave, again some matrix elements
are removed to highlight the tow paths.

rather coarse voxel mesh of the plain weave shown in Fig. 2.6 is shown in Fig. 2.7.

Again some matrix elements are removed for clarity.

To cope with the problems of high number of DOF's and distorted elements present
in these classical continuum element based models, various approaches have been

presented in the literature. A few of them will be discussed next.
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Figure 2.8: Sketch of the Binary Model of an woven composite [22].

Cox et al. [22] and [143] developed the so-called Binary Model, see Fig. 2.8. In this
model the axial properties of the tows are represented by two-noded truss elements,
and the transverse stiffness, the in-plane shear stiffness, and the Poisson’s effects of
the composite are represented by solid “effective medium” elements. The material
data for both material types are derived by micromechanical models. The FEM
mesh of the effective medium is a regular one occupying the whole unit cell space. To
account for the surplus of effective matrix material the stiffness of the tow material
is reduced adequately. The tows and the effective medium elements are connected
by appropriate spring couplings. This approach allows for a simple mesh generation
even for complex textile architectures since no special treatment of distorted elements
is necessary. In [144] the binary model is applied to predict the ultimate strength
of textile composites. Similar to the binary model, the parallelogram spring model
has beed developed to deal with 2D braided composites [130]. This model utilizes
1D spring elements as well as solid elements for discretizing the fabric unit cell.
A further enhancement of the binary model is proposed in [17] which uses beams
instead of trusses to model the embedded tows. This way the bending stiffness of
the tows can be represented more accurately. Following the basic idea of the binary
model, the Domain Superposition Technique, see Fig. 2.9 has been proposed in [72].
Like the binary model, this approach models the matrix material by a regular FEM
mesh. However, the tows are represented by volume elements too, instead of the truss
elements used in the binary model. This leads to the problem of overlapping areas

of the tow and matrix elements. Nevertheless, the tow cross section and ondulation
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Figure 2.9: Domain Superposition Technique applied to a plain weave unit cell,
taken from [72].

can be modeled in a more realistic way. The coupling of the tows with the regular

matrix elements needs special attention.

In [75, 76] a fabric unit cell discretization scheme has been proposed applying eX-
tended Finite Elements (XFEM), see Fig. 2.10. The interfaces between the tows
and matrix pockets are realized using an enrichment function within the element
definition. With this method a simple regular mesh can be used, and only the el-
ements containing one or more interfaces have to be enriched appropriately. Due
to the application of special elements the approach needs a lot of development and
implementation work. In [92] a similar XFEM based approach is applied to represent
complex microstructures including textiles. A plate model for modeling plain woven
fabrics has been proposed in [77]. The tows and the adjacent matrix pockets (see
Fig. 2.11) are represented by layered shell elements. Two of these layered shell ele-
ments form the total thickness of the plain weave. Between their reference planes a
single layer of continuum elements is placed to model a thin layer of matrix material.
These user defined continuum elements share the nodes of the shell elements and thus,
have to account for the shell kinematics implicitly. They allow for the computation
of the interface loads. To predict the strength of the fabric, the degradation of the

tows is simulated by stiffness reduction factors.

Various other methods are reported in the literature like the postprocessing method
[142] (applying macro element formulations), the finite multiphase element method

[15], or the dry fabrics simulation based on individual fiber treatment 37, 139].
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Figure 2.11: Sketch of the plate model [77], quarter of plain weave unit cell with two
plate elements (gray, white). The shell reference planes are indicated
as dashed lines.

In the present thesis a shell element based modeling strategy is proposed aiming at
an efficient treatment braided and woven composites. The strategy is discussed in
Sec. 3 and publised in [44, 45, 47].

2.1.4 Boundary conditions

Besides the appropriate geometrical description the application of reasonable bound-
ary conditions is a crucial point when setting up homogenization models. Proper
boundary conditions allow for minimizing the unit cell size and, thus, allow for effi-
cient computation. One may distinguish between in-plane and out-of-plane bound-
ary conditions. Starting with the in-plane ones, most of the numerical models apply

symmetry and periodic boundary conditions, respectively, describing a representa-
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Figure 2.12: Sketch of woven laminate cross sections with in-phase (left), out-of-
phase (middle) and random (right) ply stacking.

tive volume element of a infinitely large textile plate, see e.g. [11]. A combination
of periodic and symmetry boundary conditions can be used to further decrease the
size of the textile unit cell, see e.g. [31]. A similar approach is proposed in [58]. Pahr
and Rammerstorfer [103] proposed periodic boundary conditions to represent plane
periodic media. These boundary conditions account for global bending and twist-
ing of a shell-like structure, and thus, implicitly assume a plane stress assumtion in
thickness direction. Geers et al. [52] and Coenen et al. [21] proposed similar plane pe-
riodic boundary conditions based on higher-order homogenization in the framework

of computational homogenization are published in [52] and [21].

The second type of boundary condtions, i.e. the out-of-plane ones, are especially
important in the perspective of multilayer laminates, which is actually the common
case. Here, a further source of complexity appears, i.e. the influence of adjacent

layers.

Various approaches can be found in the literature to account for the influence of
adjacent layers. A common strategy is to apply distinguished out-of-plane boundary
conditions to the single layer unit cell representing the “extreme” cases of in-phase
and out-of-phase stacking, see Fig. 2.12. The former are realised by utilizing periodic
boundary conditions in thickness direction, whereas the latter ones can be attained
by symmetry boundary conditions, see e.g. [33, 71|. The respective effective responses

are treated as some upper and lower estimates, respectively.

In [70] an advanced set of boundary conditions has been proposed which mimic the
constraint applied by adjacent layers. These boundary conditions allow for the dis-
tinction of different positions of the ply within the laminate, arbitrary interply shifts
and user-defined numbers of layers. The approach is based on scaled out-of-plane

displacements of the textile applied as boundary conditions, see [69, 70].
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A less widespread but also possible approach is the explicit modeling of multiple
layers within the unit cell [70, 83]. The approach is heavy in computational demands
and thus, often restricted to a coarse mesh and linear elastic simulation. However, a
physical interaction of the individual layers can only be ensured if all layer are present
within the model. This is especially true if nonlinear phenomena like, damage and

delamination are of interest.

2.2 Failure modeling of UD-like composites and

interfaces

Owing to the multi-scale nature of textile composites, the individual constituents at
the mesoscale, i.e. the tows and unreinforced matrix pockets, use effective material
representation. In most cases the impregnated fiber bundles (tows) are treated like
classical UD composites, cf. [23, 84]. Therefore, various approaches are available
to compute the respective smeared out material properties. To represent UD plies
several models have been published featuring elastic, elastic-plastic [124], hypo-elastic
[7], as well as ply failure and damage behavior [41]. For the unreinforced matrix
pockets, a common approach is to use the bulk properties of the resin material.
Note that detailed investigation of the unreinforced matrix pockets would require the
simulation of curing in a non-uniform temperature distribution, which leads to highly

heterogeneous residual stress fields and material properties, as stated in [124].

This section deals with material models originally developed for UD plies to pre-
dict the anisotropic nonlinear behavior and strength of fibrous materials as well
as available interface models. Within the framework of laminated composites two
fundamentally different failure modes are distinguished as being intra-laminar and
inter-laminar failure. Former describes failure modes present within the individual
plies. Here, fiber- and matrix dominated modes are targeted. The second type,
inter-laminar failures, appear between the plies, typically in form of interface delam-
ination. Both types require different approaches which will be briefly addressed in

the following, starting with the intra-laminar ones.
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2.2.1 Intra-laminar damage modeling in FRP composites

As already stated, a rather common approach is to treat the tows like UD plies. This
way, the nonlinear material models, published over the years can be used within the
textiles. The core of the any material model is the constitutive law linking the stresses
increments and strains increments. This link may become nonlinear at elevated loads
accounting for some material degradation or yielding effects. Classically, material
models for fiber reinforced polymer (FRP) plies are implemented in a plane stress
formulation as they are commonly used for shell-like structures. However, when
applied to three dimensional textile composites, especially braids and weaves, the
plane stress formulation cannot capture the out-of-plane behavior. Depending on the
modeling approach employed, a triaxial formulation of the constitutive law may be
required, as proposed in [58]. Several research groups have implemented such triaxial
damage models to predict the nonlinear response of textiles, see e.g. [24, 58, 86, 127].
All these models are used in conjunction with a three dimensional continuum element
based discretization of the textile unit cell. Since the aspired modeling strategy is
based on Finite Elements of shell type implying a plane stress state, a plane stress
formulation is sufficient, in the present work. Numerous material models for FRP
plies featuring a plane stress formulation and allowing for stiffness degradation can
be found in the literature, see e.g. [9, 51, 117]. Some of these are further equipped
with plasticiy models to allow for strain accumulation as well [39, 58, 118]. Latter
is important if pronounced in-plane shear or transverse compressive stresses arise as

shown e.g. in [134].

The considered approaches for the degradation of the stiffnesses are based on contin-
uum damage mechanics or related methods. In the following, some general remarks on
damage models are given. Afterwards, special focus is laid on the damage model for
UD plies readily available in the general purpose FEM program Abaqus/Standard
v6.12 (Dassault Systemes Simulia Corp., Providence, RI, USA), denoted as FED-
model, and the model proposed in [116] and [38] denoted as EPD-model. Since all
considered damage model assume a plane stress state, the term transverse denotes

the direction in-plane, perpendicular to the fibers in the following.

The prediction of the nonlinear behavior and strength of fiber reinforced composites
is a demanding topic, which is still heavily investigated. Various research groups

have worked on this topic for the last decades, proposing numerous approaches. The
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simplest approach to obtain “strength informations” is to apply a First Ply Failure
(FPF) criterion combined with a linear elastic constitutive law. These criteria predict
the load level at which the first intra-laminar failure occurs (or are assumed to occur)
in the ply. They are widely used and implemented in most commercial FEM codes.
Basically, they are given in terms of analytical equations either based on geometrical
fitting or phenomenological based methods, to evaluate the laminate based on the
currently acting loading state. Due to their analytical nature FPF criteria allow for
fast evaluations, and thus, are often used during the initial design stage. Since the
first appearance of failure within a laminated structure is not necessarily associated
with the ultimate failure, the FPF method leads to conservative designs for many

load cases.

There are numerous FPF models available categorized into two groups which are the
generalized failure criteria and physically based criteria. Prominent representatives of
the former are the maximum stress [73] and maximum strain criteria [73] or polyno-
mial based ones like Tsai-Wu and Tsai-Hill, respectively, [131]. Published physically
based criteria are e.g. the Hashin [63], Puck [108], Cuntze [26] or LaRC [105] criterion.
The majority of the FPF criteria in use are the generalized ones, since they require
only standard engineering ply properties which are easier to obtain. A comprehen-
sive overview of FPF criteria can be found in e.g. [67]. The nonlinear response of a
laminated structure cannot be predicted by FPF criteria, since they are applied as
postprocessing routines after the simulation was conducted. The current thesis does
not directly deal with FPF criteria, but they act as damage initiation criteria within

the damage models considered.

A more sophisticated way to predict the strength of a material is to simulate its
degradation and resulting nonlinear behavior until failure, or until a certain critical
value is reached. Such simulations provide additional information about the nonlinear
response, but require more advanced material models, and material data, at the same
time. The simulation of the degradation can be achieved by applying continuum
damage mechanics. Typical damage models comprise two main parts. The first
part is the damage initiation criterion, also known as damage activation criterion or
failure criterion. This criterion is necessary to assess the damage onset based on the
prevailing stress and strain state, respectively. The second part is the degradation

model which deals with the damage evolution and the resulting material degradation.
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Basically, all FPF criteria can be used as initiation criterion, and various degradation

models can be found in the literature.

Initiation criterion

As already mentioned, most damage models use a FPF criteria to predict the onset
of material damage. The two groups of FPF introduced before, generalized and
physically based criteria are also denoted as mode independent and mode dependent
initiation criteria in this context, see [51]. Mode independent criteria do not directly
identify the failure mode, they merely assess the severity of the loading state based
on one scalar equation. A widely used mode independent criterion is the Tsai-Wu

criterion (see e.g. [3]), defined as
Fijaiaj+FiUi§ 1. (21)

Here, F; and Fj; are strength parameters, and o; and o; are the components of the
vector of stress components, see e.g. [3]. This criterion can be seen as a generalization
of the Tsai-Hill and Hoffmann criterion. If desired, the identification of the failure
mode is possible by introducing failure indices, see e.g. [67]. Mode dependent criteria
use different equations for the assessment of different failure modes. Typically a dis-
tinction is made between matrix and fiber failure in tension as well as in compression
and shear induced damage is commonly captured by additional terms in the matrix
or fiber damage formulations, see e.g. [110]. Two notable mode dependent failure
criteria are the criterion proposed by Hashin [63], and the one developed by Puck
and Schiirmann [109]. The former evaluates the stress state within the ED-model

and the later is used in a plane stress version within the FPD-model.

To assess the onset and progression of damage, many models apply some “effective”
stress tensor. The link between the effective and nominal stresses can be postulated,
e.g. within the ED-model, see [88], or determined based on the principle of strain
equivalence. Before damage initiates the effective stress and the nominal stress tensor
are typically equal. Based on the formulation and implementation the use of an
effective stress tensor may lead to some inaccuracies, see e.g. [118]. Hence, not all
models rely on effective stresses to evaluate the damage onset and progression, e.g. the
EPD-model.
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Degradation models

The degradation model deals with the damage evolution and the accompanying degra-
dation of the material properties. Two types of degradation models can be distin-
guished. There are sudden degradation models and gradual degradation models, see
[51]. In sudden degradation models specific entries of the elasticity tensor are reduced
instantaneously to zero or some fraction of the undamaged values if the initiation cri-
terion predicts damage. Hence, no particular damage evolution is modeled. The
simplest sudden degradation model is the total ply discount method, where all mod-
uli are reduced to zero. Modifications of the total ply discount method reduce only
selected moduli to zero based on the acting loading state. A comprehensive review

of sudden degradation models can be found in [51].

In gradual degradation models one or more stiffness values are gradually reduced
following a functional relation with respect to an evolving variable. Typically, some
strain or stress measure is used to describe the evolution of so called damage variables.
These variables grow during the load increase and act on the elasticity or compliance
tensor. Depending of the type of damage model applied there are scalar, vectorial,
or tensorial damage variables. Many of the gradual degradation models are reviewed
in [51].

In the following, two damage models particularly important for the present work will

be discussed more thoroughly.

2.2.2 FRP damage model available in Abaqus (ED-model)

The damage model for continuous FRP plies which comes with the commercial FEM
code Abaqus/Standard v6.12 predicts the damage onset based on the Hashin criterion
[63]. Tt features an elastic brittle damage behavior, i.e. after the elastic regime, a linear
strain softening formulation degrades the material properties, and assumes no plastic
deformation. The model was originally developed in [81] and is only applicable to
plane stress elements. It applies an effective stress tensor formulation to evaluate

the damage initiation and propagation. The vector of effective stress components,
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0 = [011, 090, T12)T, and the vector of true stress components, o = [011, 099, T12|T, are

linked by the damage operator matrix, M, as

o =

zzg

o. (2.2)

Here, direction 1 refers to fiber direction and direction 2 denotes the transverse direc-
tion. Prior to any damage initiation the damage operator matrix equals the identity
matrix, thus, the effective stress tensor equals the true stress tensor. But once, the
damage initiates and evolves for at least one mode, the damage operator becomes

significant in the damage criterion.

The Hashin damage criterion considers four different damage mechanisms, or modes.
Fiber tension, fiber compression, matrix tension, and matrix compression are dis-
tinguished and treated separately, see [64]. All of these damage modes effect their
corresponding damage variables. Depending on the parameters, the individual modes

capture the shear loading as well. The damage operator matrix is defined as

1jdf 0 0
M=]0 2~ 0], (2.3)
0 0 L

with the internal damage variables d¢, d,, and ds. The damage variables dy and
d, can have different values for tension and compression, which will be denoted by
subscripts t and c. Here, the shear damage variable, dg, is directly related to the

other damage variables as
dy =1— (1 —dg)(1 — de)(1 — dpne) (1 — dine) - (2.4)

The evolution of the damage variable for each individual mode is characterized by
the respective critical dissipated fracture energy (G.), and directly controlled by the
equivalent displacements as,

o (G0 — 02)

d _ %,eq 1,eq
7

5iyeq <5i{eq - 526(1)

,with i € {ft, fc, mt, mc} . (2.5)
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Here, 5201 is the equivalent displacement at damage initiation, and 5;; is the equivalent
displacement at which the material is completely damaged. The equivalent displace-
ments are computed for each damage mode following the equations given in [64]. For
example the equivalent displacement and the equivalent stress in the matrix tension

regime are expressed as

5mt,eq = L° <522>2 =+ 8%2 ) (26)
Omt,eq = <U22>§;Z?}z:12812 . (27)

The () represents the Macaulay bracket operator, defined for every z € R as () =
(x + |x|)/2. To reduce the mesh dependency in the softening regime a characteris-
tic length, L¢ is introduced. This approach is known as mesh adjusted softening.
Furthermore, the model features viscous regularization capabilities to improve the

convergence behavior of the implicit solution scheme.

As shown in [118] this model is, strictly speaking, applicable to single layer composites
only. The stresses in the damaged elements tend to zero which is only valid for
the failed area, and not for the finite area represented by the element undergoing
degradation. Nevertheless, preliminary simulations show that the model predicts
reasonable results for load cases without pronounced plastic deformation, i.e. without

dominant in-plane shear and transverse compressive stresses.

2.2.3 Elasto-plasto-damage model (EPD-model).

The second damage model considered is a phenomenological constitutive law for uni-
directional FRP plies proposed by Flatscher and Pettermann [39]. Here, the nonlinear
material description comprises elastic, plastic, and damage characteristics includ-
ing softening. The implemented damage model accounts for stiffness degradation
attributed to microscopic brittle matrix cracking, fiber/matrix debonding, as well
as progressive fiber failure. The model distinguishes between distributed damage,
i.e. stiffness degradation accompanied by strain hardening, and localized damage,

i.e. stiffness degradation accompanied by strain softening.

The onset of distributed damage is predicted by recourse to the FPF criterion de-
fined by Puck [108] in the plane stress formulation. Besides the prediction of damage
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onset the criterion allows for determination of the failure modes including the so
called fracture plane, i.e. the plane parallel to the fiber direction with the highest
risk of failure, see [111]. Applying this criterion the factors of exertion in fiber and
transverse to the fiber direction can be computed which in-turn are used to evaluate
the damage variables for the individual damage modes. Here, one damage variable
is used to describe the fiber dominated phenomena (damage in fiber direction), and
three damage variables are used to describe the matrix dominated phenomena (dam-
age perpendicular to the fiber direction). Damage in fiber direction directly leads to
strain softening, whereas damage in the transverse direction, features strain harden-
ing followed by strain softening. The evolution of the damage variables for the matrix

dominated phenomena is controlled by the analytical function
m) (pm) 1)
€ =k (£ - 1) (2.8)

with the evolution parameter kc(lm), and the factor of matrix exertion fém). Taking
into account the predicted fracture plane angle the individual damage variables are
derived from €™ as given in [39]. Based on these damage variables the compliance
tensor of the damaged ply material is computed applying micromechanical ideas based
on the Mori-Tanaka method, cf. [38] and [116]. To this end the damage variables
are interpreted as volume fractions of fictitious inhomogeneities (voids) embedded in
the material, denoted as populations. The resulting homogenized compliance tensor

represents the compliance tensor of the damaged material point and is computed as

C= <I+ ZD@) c® (2.9)
p

where C© is the compliance tensor of the undamaged ply material and I stands for
the symmetric fourth order identity tensor. The tensor D® denotes a fourth order

tensor associated to the population p which reads

Do _ S [I _ S(p)} ! (2.10)
1-¢ ’

for the case of inhomogeneities with zero stiffness. Here, the quantity ¢, denotes

the volume fraction of the considered population p, £ is the total volume fraction of

all inhomogeneities introduced, and S® is Eshelby tensor associated to population
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Figure 2.13: Juxtaposition of the nonlinear stress-strain response of the EPD-model
(solid line) and the ED-model (dashed line) using identical material
properties with respect to tensile loading in fiber (left) and transverse
direction (right).

p. After reaching a specific damage state, exponential strain softening is initiated.
The damage evolution in the softening regime is controlled by equivalent strains and
formulated based on fracture energies. For the equivalent stresses and strains the

relation
0 = 0. exp [—ki(€ — €.)] (2.11)

is required to hold. Here, &. and £, refer to the equivalent stresses and equivalent
strains, respectively, which are predicted at softening onset and k; is the damage evo-
lution variable, see [38]. Similar to the ED-model introduced before a characteristic
length is used to alleviate the mesh dependency. To improve the convergence be-
havior of the numerical computation a viscous regularization scheme is implemented.
Besides these damage capabilities the constitutive law allows for unrecoverable strain
accumulation, described by two plasticity mechanisms. For a detailed description of
this material law the reader is referred to [38-41]. Both introduced material mod-
els are designed for plane stress conditions only. However, the EPD-model can be
used with three dimensional continuum elements bearing the limitation that only
the in-plane components of the stress and strain tensor are taken into account when
evaluating the damage evolution. Figure 2.13 juxtaposes the two introduced material

models for tension in and transverse to the fiber direction.
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2.2.4 Interface damage models

To model the inter-laminar damage of laminated composites various approaches are
possible. There are the “smeared” approaches, i.e. including the interfacial damage
into the adjacent material [74], interface damage model approaches such as cohesive
zone elements [2], and there are fracture mechanics based approaches such as the
virtual crack closure technique [79]. However, the simulation of delamination based
on fracture mechanics methods is tricky, due to the requirement of pre existing cracks.
The judgment of the spatial distribution and size of these initial flaws is not straight
forward and the modeling can be problematic as well. A common way to deal with
debonding and delaminations within the framework of the FEM is to apply interface
damage models like cohesive zones, which are readily available in most commercial
FEM packages. Nevertheless, several research groups work on enhanced cohesive
zone models, e.g. [61, 113]. In [30] cohesive zone elements to be used with shell
elements have been proposed which account for the shell kinematics implicitly, and
allow for direct coupling of shell structures. Despite their advantages, the application
of cohesive zone elements to model delamination in laminated structures comprising
multiple plies may be cumbersome since each ply and also each interface has to be
modeled individually. Furthermore, it has shown that the size of the cohesive elements

has to be small to predict accurate responses [132].

When looking at the cohesive formulations available within Abaqus a further model
may be notable, i.e. the surface based cohesive behavior. This formulation, imple-
mented in the contact framework, allows for efficient interface modeling since no
additional elements have to be defined. Both cohesive formulations, i.e. element as
well as contact based, assume a linear elastic traction separation relation prior to
damage onset. Multiple damage initiation criteria are available based on stresses or
separations, e.g. maximum stress, quadratic stress, etc. [64]. The damage evolution
can be specified to be linear, exponential, or user-defined and can be based on frac-
ture energies or displacements. Furthermore, various mode-mix criteria are available
which is especially important for interface delamination between materials with dis-
similar properties. Considering a carbon-epoxy laminate it has been shown that the
available Benzeggagh-Kenane (BK) mode-mix criterion yields more accurate results
that the widely used power law criterion [13]. To improve the convergence behavior

with implicit simulations a viscous regularization scheme is available as well.
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Chapter 3

Shell element based modeling of

textile composites

The proposed modeling strategy is based on the discretization of the fabric unit cell
geometry entirely by shell elements. These structural elements condense the three
dimensional nature of the constituents into a surface representation. This leads to
a substantial decrease of the number of DOFs, enabling computationally less costly
simulations which becomes particularly important when treating nonlinearities. The
application of shell elements is reasonable since it is a common practice to assume
fairly low thickness-to-width ratios of the tows when modeling weaves and biaxial
braids, see e.g. [86]. Of course, other textiles types with high thickness-to-width
ratios, like e.g. knits, cannot be treated by the present approach. A major point
within the present modeling approach is to start with an orthogonal, i.e. weave-
like, braid. Due to this assumption the cross sections can be modeled as being
uniform along the ondulation paths. Typical geometrical idealizations like perfect
periodic weaving patterns, and generic cross sectional shapes (lenticular, rectangular)
are applied. The non-uniform cross sections, characteristic for braids with braiding
angles different than 45°, are achieved by a subsequent, virtual shearing of the textile,
cf. [57].

In the perspective of numerical material characterization the modeling approach is
tightly related to the applied homogenization approach. For this reason some general

remarks on unit cell considerations are discussed first.
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3.1 Unit cell based homogenization

A common approach found in the literature to compute the effective material prop-
erties of heterogeneous materials is to apply homogenization. The current work is
based on a first order numerical homogenization technique and applying the separa-
tion of length scales concept [11]. This requires that the considered individual length
scales are sufficiently different in size. Moreover, in case of first order homogenization
theory it is assumed that the effective stress and strain fields at the lower length scale
can be considered as being gradient free. The latter requirements are only fulfilled to
a certain extend when dealing with textiles due to the size of the unit cell with respect
to the structural size. Hence, it is important to keep this assumptions in mind when
applying the computed effective properties to a larger scale. The restrictions may be
eased if a higher order homogenization scheme is applied, see e.g. Kouznetsova et al.
[78]. Moreover, additional means are necessary if strain localization is to be included

in the simulations [20].

Implicitly, when dealing with textile composites a periodic mesostructure is assumed
which can be characterized by the periodic arrangement of the constituents making
up the macroscopic heterogeneous material. A possible solution strategy to this type
of boundary value problems involves the definition of a repetitive volume element,
i.e. a unit cell (UC), to describe the periodic medium. Based on this small subset
(UC) the response of the whole medium can be predicted. One may distinguish
between one, two, or three dimensional periodicity, characterized by using so called
periodicity vectors D, cf. [4]. The dimension of the respective unit cells is always
greater or equal the dimension of the underlying periodicity. Such a periodic UC
permits for any shift vector ¢ = ipa + jpp + kpc with {i,j,k} € Z and A, B,C
being the direction indices of the periodicity vectors, that any spatial varying field

quantity (geometrical, mechanical, etc.) P at any location ¢ € UC fulfills
P(z) = Plz+t). (3.1)

Of course, this includes stresses and strains as well, hence all investigations can be
conducted on the domain of the UC without loss of information. This implies con-
tinuous stresses and compatible deformations at corresponding borders throughout

the whole loading history. Compatible deformations ensure that no separation or
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overlapping occur and respective displacement fields are often called strain-periodic
[103]. In this context the periodicity vectors follow the macroscopic deformation of

the unit cell.

For the present problems, i.e. textiles, a two dimensional or plane periodicity is as-
sumed. The corresponding UC is set up in the three dimensional space as will be

discussed later.

3.1.1 Choice of unit cell boundaries

Each periodic micro-structure can be represented by means of various different UCs.
For the present case of two dimensional braided textiles featuring 2/2 Twill charac-
teristics some possible UCs (not exhaustive) are given in Fig. 3.1. It can be clearly
seen that the size of the UC significantly depends on the chosen boundaries. However,
more complex boundaries typically dictate more complex coupling relations between
the nodes at the UC boundaries. A UC with borders aligned with the tow directions
(a), is commonly larger as such with optimized periodicity vectors (b). As with gen-
eral structures, symmetry boundary conditions may be applicable to further decrease
the size of UCs (c). The white arrow and the dashed line indicates the symmetry
direction and rotational symmetry axis, respectively. However, symmetry conditions

require symmetry loading as well, hence, not all loading conditions are permitted,
cf. [11].

Figure 3.1: Some possible unit cells to capture the periodic microstructure of a 2/2
Twill type textile with the periodicity vectors displayed; (a) classical
approach, (b) offset reduced UC [60], (c) offset, symmetry reduced UC
[32], (d) braid orientated UC, cf. [106], (e) further possible UC.
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stress free

Figure 3.2: Unit cell definition for a plane periodic media with non-orthogonal pe-
riodicity vectors including master nodes [103].

In the present study a UC aligned with the tow directions is used, due to its general
and simple representation. Nevertheless, it may be noted that the proposed approach
is not limited to this type of UCs and other representations may be used as well. Of

course, the required boundary conditions have to be adapted accordingly.

3.1.2 The master node concept

The UC as being part of an infinite plane periodic medium is subjected to effective,
far field loads. Following the assumptions of first order homogenization theory these
far field loads have to be gradient free. With respect to a structural point of view,
a layer of fabric is assumed to behave like a thin shell. This implies that the macro-
scopic loading has to fulfil the plane stress assumptions. Of course, local stresses are
not obliged to this constraint. The mean deformation of the UC with respect to the
macroscopic stresses and strains, respectively, can be described using some particu-
lar characteristic nodes, the so called master nodes [11]. The latter are commonly
located at the corners of the unit cell perimeter, see circles in Fig. 3.2. In this figure,
l1, I3, and I3 are the unit cell’s dimensions in z, y, and z direction, respectively, and
0,07, A, AT, B as well as BT are the master nodes. In the present case the “shear
shift” d characterizes the no-orthogonality of the periodic medium. If the periodic
boundary conditions are implemented in a way to be driven by these master nodes,
they can be used to apply given macroscopic stresses or strains by means of appropri-
ate master node forces and displacements, respectively, only. Moreover, using inverse
relations it is also possible to derive the effective stresses and strains, respectively,

with respect to some applied macroscopic loading using the master node forces and
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displacements only. Using this approach the whole macroscopic loading and the re-
spective effective response determination can be handled by means of these master
nodes alone. Six master nodes are required to introduce the macroscopic loading
scenarios in-plane tension and compression, in-plane shear, bending, and twisting. In
this context, macroscopic rotations and moments are realized via a pair of master

node displacements or forces.

The thin shell formulation together with the first order homogenization enforce the
transverse shear deformation to be zero. Albeit a thick shell assumption would be
applied a constant transverse shear stress would require a gradient in the bending mo-
ment which conflicts with the assumption of constant macroscopic loading throughout
the whole unit cell, see e.g. [11]. To cope with such a situation, the introduction of

appropriate volume forces would be required, cf. [125].

3.1.3 Plane periodic boundary conditions

The considered textile composite is treated as a thin, plane periodic structure. As
the UC represent only a small subset of an infinite space, the surrounding medium
has to be accurately replaced by boundary conditions. In the present case these
are commonly called plane periodic boundary conditions implying a plane stress as-
sumption in thickness direction. The boundary conditions link the nodes along the
unit cell lateral sides with the appropriate opposite nodes and ensure the periodicity
of the displacement fields, i.e. make the two sides fit exactly together without any
separation or overlapping. This holds true for the undeformed as well as deformed
states. As structural finite elements are used, the boundary conditions include the
nodal translations as well as the rotations. The equations derived in the following

are based on the assumptions of first order homogenization.

For each point x, with £ € R?, the displacement in a strain-periodic field can be

expressed as (see e.g. Anthoine [4])

L —x-Trst+u’(z), (3:2)

XT - %+ us(z) (3.3)

with £ is the mean strain tensor, x is the mean curvature tensor and u! is a periodic
displacement field which fulfills Eq. (3.1).
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Figure 3.3: Visualization of the individual macro curvature components x;; applied
to a simple quadratic plate, with shifted origin.

The mean curvature tensor accounts for macroscopic bending and twisting. Its com-
ponents are visualized in Fig. 3.3. Based on these equations the relation between the
master node displacements and the mean strain and curvature tensors can be derived
following Pahr and Rammerstorfer [103] as

U=€-P, and B=x P. (3.4)

Here, the so called generalized master node displacement tensor and generalized ro-

tation tensor, defined as

U, Vi "R, -8
u=| ' |, and BR= S I (3.5)

U2 ‘/2 Rl Sl

are used to simplify the respective equations. P = (pa, PB, Pc) denotes the general-
ized periodicity tensor as defined in [102]. The generalized displacements are related

to the master node displacements as proposed by Pahr and Rammerstorfer [103] as

Ur == ((uf* +uf) — (uft +4f)) | (3.6)

1
2
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U= 5 (0 4 ) — (13 + ) (37)
= (o) = () + (R R ) 2 3
Vi 5 (Wl ) - (@ ) | 39)
Vo= g (08" + ) = (u8" +9)) (3.10)
%:%((u§++u§) (u +u3))+52 (3.11)

with the generalized rotations R and S are expressed as

R =~ (" — ) — (87— ) 3.12)
m:é@ﬁtwﬂ (0 — ) | (3.13)
Ro= 1 ((uf = u) = (68" — ) =0, (314
5=~ (W8 = uf) = (12— d)) | (3.15)
Sy = 1 (" — ) = (=) | (3.16)
Sy = (U ) — (3"~ u)) =0, (317
7=~ L (g - ) — (g ) . (3.19)

With these the relation between the displacements of two corresponding points D

and D’ with £”" = 2P + t can be expressed as

u? —uP =€t —x-t-ay
—yP-t—RP -t 4] (3.19)

Nodal rotations. As the aspired element types are shell elements, i.e. structural
elements, additional equations have to be added to deal with the nodal rotations. In
the style of Eq. (3.2), for every point x, with & € R? the vector of in-plane nodal

rotation angles ¢ can be expressed as

f:

el
IS
+

@ (3.20)
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In this context x is a slightly modified version of the mean curvature tensor x defined

as

X _ X21 X22 ’ (3'21)
” —X12 —X11

and ¢? is a periodic nodal rotation field.

For two corresponding points D and D', with 2 = P + t the nodal rotation angles

can be expressed as

P+ P (a”)
Py

R Rt
+

" =@’ +1)=x (" +1t)+¢"(z” + 1)

Using Eq. (3.1) these equations can be combined resulting in the relation

~

ez’ +t)—ple”)=x-t, (3.22)

et

which links the rotation of two corresponding points using the modified mean curva-

ture tensor. Using the generalized rotations this can be further expressed as

<R1 RQ)Ta if E = BA
T .
(Sl 52) > if !\;, = EB

p(x” +1) —plz”) = (3.23)

The local out-of-plane rotations are not affected by the plane curvature tensor, thus,

the respective relation reads
ps(z” +t) — ps(z”) = 0. (3.24)

The necessary MPCs and master nodes definitions are implemented in the boundary
condition generator provided by the in-house software medtool 3.7 (developed by
D. H. Pahr, Institut of Lightweight Design and Structural Biomechanics, Vienna
University of Technology).
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3.1.4 Homogenized stresses and strains

The periodic boundary conditions use the master nodes to link corresponding nodes
of the unit cell sides. Moreover, they can be used to impose a given deformation to
the UC using Eq. (3.4). As indicated in Sec. 3.1.2 the master node displacements and
forces can also be used to read out the effective behavior of the UC. Following Pahr
and Rammerstorfer [103] the master node forces can be related to the homogenized

stress resultants as

1 _
N=—(E-P"+P-E") . (3.25)

2l1l2 ~

and to the homogenized resultant moments as

[3
M =
~ 211y

(AE-P"+P-AF") . (3.26)
Where, E;’ is the generalized master node force tensor defined as

FA+ —|—FA FB+ +FB
_ 1 1 1 1 ’ (3.27)
FM 4+ Fp FPr 4+ FP

2!

and AE reads
Fi* —F PP - FP
Fit — F PPt — Ff

A

S|

(3.28)

DO | —

With these equations the homogenized stress resultants can be obtained using the
master node forces only. In a similar fashion the homogenized strains and curvatures

can be derived using the inverse of Eq. (3.4) which leads to

1
-5 P+ U, (3.29)

and .
x=;(B- P+ @B (3.30)

Using the inverse relation of Eq. (3.25) and Eq. (3.26), respectively, the master nodes
can be used to apply macroscopic loads in a force controlled way. For details the
reader is referred to [103]. All these equations are implemented in python scripts to

enable automated pre- and post-processing of the textile unit cells.
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For the special case of pure membrane states, the stress resultants can also be ex-
pressed as homogenized stresses assuming equal values through the whole thickness.
For simplicity reasons, respective effective, homogenized stress and strain compo-

nents, respectively, are addressed as o;; and ¢;; for the rest of this thesis.

3.2 Material based assumptions

The two mesoscopic constituents of the braid, i.e. tows and unreinforced matrix
pockets, are to be represented not only in a geometrical sense but also by means of
appropriate material models. Focusing on the elastic symmetries, the tows can be
treated like classical UD plies, i.e. featuring transversely isotropic symmetry, cf. [23].
This assumptions allow to apply available UD data and material models originally
developed for UD composites in the framework of textile composites, cf. Sec. 2.2.
In this context, constitutive models featuring intra-ply damage modes and plasticity
are addressed. Of course, the local material orientation has to follow the tow path

ondulation to accurately match the proposed symmetry.

The unreinforced matrix pockets are areas of “pure” resin material. Typicall poly-
meric matrix materials exhibit isotropic behavior in elastic range and are commonly
modeled using an elasic-plastic constitutive law [33, 77]. As most polymers show a
pressure dependent yield behavior, a Drucker-Prager type plasticity model is a typical
choice [33, 56]. Additional measures can be included to take care of large hydrostatic

pressures, e.g. capping of the yield surface, cf. [64].

The aspired modeling approach features shell elements only, thus, a plane stress
representation is sufficient for both constituents. This, of course, simplifies the models
significantly, but neglects possible out-of-plane effects. As long as only thin plies,
i.e. tows with a large width to thickness ratio and a small crimp, are considered, this
assumption remains reasonable. In case of thick and highly crimped textiles a three
dimensional approach based on continuum elements is to be preferred against the
proposed shell element based one. With respect to the matrix pockets material, a
plane stress assumptions simplifies the model substantially, as no hydrostatic pressure
can be applied. Nevertheless, a Drucker-Prager type plasticity model may be used to

take care of the different response in tension and compression.
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o=0 Tow reference plane
o=-=0 Matrix reference plane

O MPC couplings

Figure 3.4: Cross section of a simplified 2/2 Twill Weave with rectangular cross sec-
tions indicating the shell reference planes, shell offset, and shell thick-
nesses. Matrix pockets are shaded, circles represent feature edges (not
nodes) and the additional MPC couplings are indicated.

3.3 Rectangular tow cross sections

To set-up a unit cell the individual constituents have to be represented appropriately.
As numerical efficiency is a main concern, the present approach uses shell elements
only. In the following, the corresponding elements will be addressed as tow and matrix
shells, respectively. Due to the manufacturing process, the tows are interwoven and
the cross sectional shape is formed according to the tow ondulation paths. The
present strategy idealizes the architecture such that the tow cross section and the
ondulation path match perfectly. The individual tows, i.e. the resin impregnated
bundles of fibers, are treated as UD laminae represented by shell elements. Their
reference planes are defined as the mid-surfaces of the tows, as sketched in Fig. 3.4
(thick solid line). Due to the assumption of a rectangular cross section the shell
thickness is modeled as being constant along the whole tow. In Fig. 3.4 the dotted
arrows visualize the shell thickness and the corresponding thickness direction. The
modeling of the complementary geometry of the unreinforced matrix (shaded areas
in Fig. 3.4) is not that straightforward. However, a uniform and simple treatment
of the complex matrix geometry is attained by placing the shell reference surfaces
for the matrix shells at the unit cell top and bottom surfaces as sketched in Fig. 3.4
(thick dashed lines). To fill the matrix pocket areas according to the local geometry,
a variable shell thickness is applied. Figure 3.4 shows the required shell thickness
variations and directions by solid arrows. For tows with a rectangular cross section,
two layers of matrix shells are sufficient, but a more realistic cross section like a

lenticular one, requires more layers of matrix shells placed within the unit cell, as will
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Figure 3.5: Shell element based unit cell assembled (top) and disassembled into
tow reference planes (left) and matrix reference planes (right) for the
2/2 Twill Weave unit cell, white circles (top) mark the unit cell master
nodes.

be discussed later. A complete unit cell of a simplified 2/2 Twill Weave is shown in
Fig. 3.5 in an assembled and disassembled view. The sparse and net-like structure of

the matrix pockets is clearly visible.

Since the modeled tow and matrix shells are not connected directly, i.e. they don’t
share any common nodes, additional links have to be introduced. Within the present
approach, two tows are modeled as touching each other at the overlapping areas with-
out any additional layer of matrix in between. At these overlapping areas, the adja-
cent tow surfaces are coupled appropriately, taking into account the shell thickness
as well as the shell element kinematics. Two possible coupling tools are the readily
available surface ties and a cohesive coupling based on a contact model in Abaqus.
The same type of surface couplings are also used to link the matrix shells to the
corresponding matrix and tow shells, respectively. As presented in [44] damageable
interfaces may be defined to study “intra-ply” delamination phenomena, i.e. delami-

nation within a ply.

The rectangular cross section necessitates additional couplings to take care of the
cross sectional joints not sufficiently captured by the surface couplings. To this end,
the edges of the matrix shells are linked to their corresponding tow edges by means of
multiple point constraints (MPCs) as indicated by the rounded rectangles in Fig. 3.4.

These constraints mimic the underlying shell kinematics and couple the nodal DOFs
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Figure 3.6: Generic lenticular based tow cross section.
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Figure 3.7: Cross section detail of a 2/2 Twill Weave with lenticular cross sections
indicating the shell reference planes, shell offset, and shell thicknesses.
Matrix pockets are shaded, circles represent feature edges (not nodes)
and the dark shaded regions indicate the additional matrix pockets.

based on the shell thickness and nodal rotations and prevent cleavage of the respective

consitutents.

This modeling approach is implemented as a standalone python 2.6.6 [135] prepro-
cessor script and published in [44].

3.4 Lenticular tow cross sections

The rectangular cross sections applied before are a rather rough representation of real
textile tow cross sections. Hence, in the following, the tows will feature a lenticular
based cross section as sketched in Fig. 3.6. To set up the single ply unit cell with
lenticular tow cross sections following Fig. 3.7 the tows feature a variable thickness
along their width. Moreover, the previous approach has to be extended to deal with
the additional unreinforced matrix pocket wedges appearing between the tows at the
junction points. Similar to before, two layers of matrix shell elements positioned
at the unit cell’s top and bottom surface are used to model the pure resin areas.

Due to the lenticular shape of the tows and the corresponding gradual variation in
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Figure 3.8: Modeling approach of the additional matrix pocket shells to cope with
the straight-curved (left) and straight-straight (right) case.

shell thickness the whole top and bottom areas are represented with shell elements,
here. Depending on the local, geometrical configuration of the tows at the cross-over
points, one can distinguish between three different geometrical cases and respective

modeling approaches.

@ curved-curved Here, both tow paths are locally curved. Based on the assump-
tions no matrix pockets are modeled in between the tows. Instead, a surface
based coupling is directly applied.

straight-curved One tow remains straight whereas the other one is in an on-
dulation state, see Fig. 3.8 (left). The respective intermediate matrix pockets
shell reference planes are placed at the inner surface of the straight tow (hatched
area). A shell offset and a variable thickness formulation is applied to fill the
gap between both tows. Again, surface based couplings are used to connect the
tows with the matrix pockets.

@ straight-straight In this case both tows remain straight, as sketched in Fig. 3.8
(right). The respective reference planes for the matrix pockets are modeled at
the center of the UC (hatched area). As Abaqus does not allow to specify a
nodal based offset, the shells are doubled assigning a positive offset to one layer
and a negative offset to the other. Again, a nodal thickness variation is used.
These two super-imposed layers of shells are tied together and both are linked

appropriately to the surrounding tows using respective coupling measures.

In the case of a 2/2 Twill topology, each cross-over point feature all of the defined
geometrical cases — one at each quadrant, see Fig. 3.9 (left). For clarity, Figure 3.9
(right) shows the respective intermediate matrix pocket shell elements with expanded
thickness in an exploded view. In this figure the white hatched area represents the

shell reference plane of the lower intermediate shell elements. Similar, the reference
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Figure 3.9: Sketch of the geometrical cases in a 2/2 Twill cross-over point (left)
and exploded view of the respective shell elements with expanded shell
thickness (right). The white hatched area is the reference plane of
the lower shell elements, the dots correspond to the feature points in
Fig. 3.10.

plane of the upper shell elements is located on the bottom side of these elements.
The white dots indicate the feature points as defined in Fig. 3.7. Of course, different

braiding patterns result in a different distribution of the geometrical cases.

To represent the local geometry accurately, the shell elements feature a non-uniform
shell thickness as clearly visible in Fig. 3.9. Using this modeling approach, all matrix
pockets are represented. The individual constituents are again coupled using surface
based measures. As these couplings internally introduce a master-slave hierarchy, a
bottom-up approach ensures consistent couplings. The additional constraints at the

tow edges as required with rectangular cross sections are not necessary here.

Similar to the rectangular cross section modeling strategy an open textile topology
is implied, thus, additional measures might be necessary to accurately treat dense

textiles.

3.5 Multilayer Composites

As already discussed in Sec. 2.1.4, various approaches are published to deal with
multilayer composites. The most common approach of using distinguished out-of-

plane boundary conditions can be applied here partially. Representation of out-of-
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Layer 3

Layer 2

Layer 1

o—o Tow reference plane
o—o Matrix reference plane
IR Cohesive elements

Figure 3.10: Sketch of a cross section of a three layer 2/2 Twill weave laminate
with “arbitrary” ply stacking sequence indicating the shell reference
planes, shell offset, and shell thicknesses. Matrix pockets are shaded,
circles represent feature edges (not nodes). The gap between the lay-
ers, i.e. the height of the cohesive elements, is only for visualization
purposes.

phase stacking is possible, however, out-of-plane periodicity cannot be enforced due
to the internal, hierarchical coupling of the proposed approach. Nevertheless, the
fundamental focus on computational efficiency allows to simulate multilayer textiles
with explicitly modeled individual layers. The applied unit cell approach requires that
all these layers exhibit the same outer in-plane dimensions, i.e. this corresponds to
equal or natural multiples of the periodicity vectors. There is no additional restriction

on the individual tow geometries and material systems.

The proposed modeling of multiple layers of textile composites follows a hierarchical
approach. The desired number of single layer shell element based unit cells are
modeled and stacked appropriately without any gap between the layers. Optional
interply shifts are to be introduced within the single layer modeling. The coupling
between these individual layers are realized by cohesive elements, see Fig. 3.10, which
are readily available in most common FEM codes. These elements allow for relative
out-of-plane normal and in-plane shear separation of the faces forming the interface.
Moreover, the elements break the master-slave sequence of the single layer unit cell tie
constraints, which makes the coupling of the individual shell reference planes easier.

Finally, the in-plane boundary conditions are applied to the complete stack. This
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way the considered unit cell comprises the whole laminate thickness. Currently, no

nesting effects are included in the approach.

3.6 Braid angles # +45°

So far the unit cell can only represent braids featuring a braiding angle of +45°.
To overcome this limitation a geometrical, i.e. strain-free, skewing of the initially
orthogonal unit cell is applied as proposed by Goyal [57]. This approach is feasible
as 2D biaxial braids have the same structure as sheared woven fabrics, [85]. To this
end, all the nodes are transformed using a pure-shear type skewing and a subsequent

rotation, see Fig. 3.11. The total transformation can be expressed as

cosa sina 0 1 tana 0
T(a) = Tr(a) - Ts(a) = [ —sina cosa 0 tanaw 1 0] (3.31)
0 0 1 0 0 1

with a = 45° — ¢, and ¢ being the braiding angle in degrees. The resulting unit cell
exhibits a rhombus shape with one tow direction aligned with the unit cell coordinate
e;. This two step procedure, Fig. 3.11, ensures equal geometric conditions for the
tows in both directions of the skewed unit cell. However, it changes the unit cell
volume V' = det(T)V and the tow widths (¢« — a’). The relation between the

un-skewed and skewed tow width can be derived as

Cos a

a= a’m : (3.32)
This geometry change has to be taken into account when setting up the initial unit
cell and during post-processing the master node results. As shell elements are used
throughout the whole unit cell the local material orientations can be easily adapted
by aligning the local fiber direction with the tow orientation. The other two directions
are implicitly defined by the shell normal and the Cartesian nature of the material

coordinate system.

During this skewing process the cross sectional shape implicitly changes along the

tow length, see [57]. Figure 3.12 illustrates this variation of the cross section by
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expanding of the shell thickness. This variation ensures compatible interfaces and is,
strictly speaking, only exact for a three dimensional representation of the tows. In
case of shell elements, the skewing leads to a slight deviation of the shell normals
which in-turn result in no longer perfectly matching interfaces. However, within the
assumptions of the modeling approach - small thickness-to-width ration and small

crimp - this inaccuracy can be neglected.

The proposed modeling approach issues a generic unit cell to model various types of

weaves and braids featuring braiding angles from +25° to +65°.

Figure 3.11: Sketch of the skewing and subsequent rotation process with indicated
tow width change.

Figure 3.12: Implicit variation of the cross section of a +30° braid model due to
the skewing of the unit cell.
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Chapter 4
Application to textile composites

This chapter addresses the capabilities of the proposed modeling approach in terms
of accuracy, performance. To start with, the rectangular cross section based strategy
(Sec. 3.3) is verified by comparison of a respective unit cell with its continuum ele-
ment based counter part. Subsequently, this unit cell is used to conduct nonlinear

simulations taking into account nonlinear constituents behavior.

Starting with Sec. 4.3 the lenticular cross section based strategy is applied for the rest
of this chapter. A verification study of the lenticular cross section strategy shows its
performance compared with a continuum element based unit cells (Sec. 3.4). Based
on this, multilayer textiles are considered and some comments on their elastic and

nonlinear behavior are given.

Finally, Regular (2/2 Twill type) braids featuring different braid angles are inves-
tigated. In this context, elastic considerations of single and multilayer braids are
presented Moreover, the predicted nonlinear result of three different braids is com-
pared with experimental data. In the following, the rectangular and lenticular cross
section based strategy, respectively, will be abbreviated as rectangular and lenticular

strategy, respectively.
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4.1 Verification of the rectangular cross section

model

To check whether the shell element based discretization and the applied assumptions
are admissible, the mechanical response of a carbon/epoxy 2/2 Twill Weave single
layer unit cell model is compared to the results of a continuum element based refer-
ence model of the same weave in terms of global effective stiffness and local stress
field predictions. The used UC geometry as well as continuum element based repre-
sentation is based on the work of Marte [87]. During this section, the shell element
based model is denoted as shell model and the reference model is called continuum

model.

First, the effective initial shell stiffness matrices as well as the local stress fields are
compared and the simulation time as well as the memory requirements are juxtaposed.
In a second step, the response of the shell model with matrix material applied to all
constituents is examined as well. This test is denoted as “isotropy test”. Finally, a
geometric nonlinear simulation is conducted and the responses of the two models are
compared. All simulation rely on linear elastic constituents behavior and the results
are published in [44].

4.1.1 Geometry description - Unit cell

The unit cell of the 2/2 Twill Weave is taken as the smallest periodic repeating ge-
ometry pattern with orthogonal periodicity vectors and consists of four tows in each
direction. The tows are modeled featuring a rectangular cross section and correspond-
ing ondulations paths with piece-wise linear segments. A sketch of the cross section
and the required dimensions are given in App. B using the ID Rect-1. This weave
architecture results in a tow volume fraction, i.e. volume of the tows with respect to
the unit cell volume, of 74%. With an assumed fiber volume fraction of 70% of the

tows, the considered weave exhibits a total fiber volume fraction of 51.8%.
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4.1.2 FEM model

To predict the mechanical properties, the unit cell is set up in the framework of the
FEM following the modeling strategy presented in Sec. 3.3. The modeled reference
planes are meshed by 4-noded shell elements with linear shape functions. The el-
ements used are fully integrated with five section points in the thickness direction
applying Simpson rule integration. This integration scheme places a section point
onto the shell surface which is suggested if surface results are of interest [64]. Due to
the assumed rectangular tow cross section a uniform shell thickness is used for the
tows. However, the elements representing the unreinforced matrix pockets, need a
local variation of the thickness to represent the wedge-like geometry occurring due
to the ondulating tows, as shown in Fig. 3.4. All elements feature a typical element
edge length of about 1/14'" of the tow width. Figure 4.1 (left) shows a detail of the
resulting FEM model. The interfaces between the individual tows and between the

tows and matrix are modeled by tie constraints implying perfect interfaces.

The tows are modeled as being linear elastic, transversally isotropic, whereas the
unreinforced matrix pockets are represented by a linear elastic, isotropic material.
The respective material data can be found in App. A Tab. A.1. To represent an
infinite shell-like medium, plane periodic boundary conditions are used. Additional

constraints on the master nodes prevent rigid body modes to occur.

4.1.3 Reference model

The same unit cell geometry (rectangular cross section, piecewise linear ondulation
path) is discretized by continuum elements to serve as a reference model. Quadratic
tetrahedral elements are used with a typical element edge length of about 1/1s®™ of the
tow width to achieve a reasonable discretization in thickness direction. Figure 4.1
(right) shows a detail of the reference model with displayed element edges in com-
parison with the shell model (left). This model was originally set up in [87] and the
same material data and macroscopic behavior are assumed as defined in the previous
section. All interfaces are modeled as perfect, i.e. the opposing element faces forming

the interfaces share the same nodes.
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Figure 4.1: Details of the FEM models using shell elements (left) and continuum
elements (right).

Figure 4.2: Six load cases (top row — uniaxial tension in x and y direction, in-plane
shear; bottom row — bending around z and y, twist) with indicated
master node forces and the corresponding unit cell deformations, matrix
shells are suppressed.

4.1.4 Initial effective shell stiffness

To predict the initial effective shell stiffness matrix, the ABD matrix, six independent
load cases are needed. The choice here is two uniaxial tensile load cases, one in-plane
shear load case, two bending load cases and one twisting load case, see Fig. 4.2. Due
to the shell element based modeling strategy the elastic constants in the out-of-plane
direction cannot be predicted. Based on this ABD matrix, the engineering moduli
E, and G, are computed where 2'—1y'— 2’ denote a coordinate system, rotated with
respect to the global z-axis. In Fig. 4.3 a polar plot of these two predicted moduli
of the shell and continuum model shows that both responses are almost identical.

The comparison of the bending submatrices, D, a case which is considered being
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Figure 4.3: Polar plot of the predicted effective Young’s modulus E, (left) and the
predicted effective shear modulus G,y (right) of the shell and contin-
uum model.

more “delicate”, reveal that the bending responses agree very well, too. Here, the

dominant diagonal terms of both approaches show a deviation below 4%,

1139 26 09 109.9 24 09
Dgen=| 26 1139 09| Deomt=| 24 1099 09| . (4.1)
0.9 09 149 0.9 09 149

Further, it might be noted that the B matrix equals the Q matrix with a good accu-
racy, hence, pure membrane loads do not introduce additional macroscopic bending
or twisting of the cell. Since there is no “macro” membrane-bending coupling, effec-
tive in-plane stresses can be considered as constant through the thickness. The latter
will be used in the following to allow for classical (effective) stress-strain curves to be

used.

Despite the fundamentally different modeling approaches applied, a comparison of the
local stress fields at the UC top surface of both models shows very good agreement
for all six load cases. As an example the stress fields (top side) due to in-plane shear
are juxtaposed in Fig. 4.4 applying the same contour level delimiters. Here, the local

tow coordinate system 1— 2— 3, with 1 being the fiber direction and 3 the out-of-
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Figure 4.4: Predicted stress at the UC top surface, 012, due to in-plane shear loading
of the shell model (left) and the continuum model (right), contour level
delimiters are set equal in both plots.

Table 4.1: Computational requirements for the effective initial shell stiffness com-
putation (left) as well as the geometric nonlinear simulation (right) com-
paring the shell and continuum model for a standard desktop PC.

initial stiffness geom. nonlinear
shell  continuum shell  continuum
DOFs 92,352 1,133,592 92,352 1,133,592
Memory 209MB 14,385 MB 239MB 14,204 MB
Time 37 sec 546 sec 5hsec 13,405 sec

plane direction, is used. It can be seen that the predicted stress fields match quite
well in a qualitatively and quantitatively view. The difference between the maxima
and minima arises for the better part from the dissimilar discretization, i.e. different
element types and element sizes. In Tab. 4.1 (left) the number of DOFs, the memory
requirement, and the simulation time for the effective shell stiffness computation
are given. Although these quantities are highly mesh dependent, a distinct gain in
efficiency in terms of computational efforts is clearly visible. The listed simulation

times are achieved with a standard desktop PC.
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Figure 4.5: Polar plot of the predicted effective Young’s modulus E,/ (left) and
the predicted effective shear modulus G,/ (right) of the shell model
(isotropy test).

At this point, attention might be called to the deformation of the UC with respect
to loading in tow direction, see Fig. 4.2 (top left). As this figure shows the UC
warps locally with a diagonal wave-like deformation. This deformation is typical for
Twill type textiles and leads to some interesting features, as will be discussed later.
Moreover, it is a local phenomenon and the UC shows no effective, macroscopic
bending or twisting. Uniaxial loading in the 45° direction (braiding direction) does

not introduce these local warping patterns.

4.1.5 Isotropy test case

Based on the six load cases, a further essential verification is conducted, i.e. the
“isotropy test”. To this end, the tow material is replaced by the isotropic resin
material, resulting in a block of pure resin material but modeled by the shell approach.
The predicted effective response is required to match the matrix properties which is
satisfied with a deviation below 0.5%. Moreover, the typical warping deformation,
see Fig. 4.2 (top left) does not appear. Considering all the assumptions applied, the

result is quite remarkable for the proposed shell model.
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4.1.6 Geometric nonlinear simulation under uniaxial tensile

loading

In addition to the initial shell stiffness comparisons the geometric nonlinear response
of both models subjected to uniaxial tensile stresses in global z-direction is examined.
To this end, a displacement controlled load is applied and the number of equal solution
increments is fixed to 20. A geometric nonlinear simulation is conducted to capture
the effect of the rotation of the tows caused by the stretching of the ondulations. Due
to this stretching some stiffening is expected. Figure 4.6 shows the effective response
of the unit cells plotted as engineering stress against linearized strains. It can be
seen, that the predictions, including the stiffening, are in an excellent agreement.
To highlight the nonlinearity, the initial stiffness is also plotted (dashed line). It
may be noted, that the pronounced nonlinear response is caused by the single layer
consideration. Moreover, no ply-failure criteria is used to assess overall strength. The
computational efforts listed in Tab. 4.1 (right), reveal the tremendous potential of the
shell model compared to the continuum model when conducting geometric nonlinear

simulations.

4.2 Nonlinear behavior of a simplified Twill weave

The previous section showed that the shell based unit cell approach accurately pre-
dicts linear elastic fabric stiffnesses as compared to a three dimensional discretization
of the same simplified Twill Weave model. Furthermore, the benefit in computational
resources and time has been highlighted. The following investigation deals with the
nonlinear response of the textile fabrics due to material induced nonlinearities. To
this end, the same unit cell as defined before (rectangular cross section) is taken
but the tows are equipped with the EPD-model constitutive law featuring elastic-
plastic-damage behavior. The matrix pockets are modeled using a readily available
elastic-plastic material model based on the Drucker-Prager formulations. The applied
material system is Cycom977/HTS40 defined in App. A Tab. A.3.

Various load cases are examined as indicated in Fig. 4.7. Since a displacement con-
trolled loading offers various benefits like capturing macroscopic softening, the appli-

cation of a displacement controlled scheme is desired. The first and second load cases
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Figure 4.6: Predicted effective response, 0., —&,., of the shell and continuum model
due to macroscopic uniaxial tensile loading in a geometrical nonlinear
simulation. The dashed line represents the initial stiffness (correspond-
ing to the effective in-plane Young’s modulus E,).

investigated are a displacement controlled uniaxial tensile stress along the z-axis and
a displacement controlled uniaxial compressive stress along x. Third, a displacement
controlled in-plane shear is applied. The forth load case, features a tensile loading
along the 45° diagonal in a force controlled way. All these loading scenarios issue a
nonlinear geometry formulation to account for the effects due to the deviation in tow
orientations. As the applied tow material model is only formulated for small strains,
the results predicted at large strains have to be treated with caution. For the sake of
brevity, residual curing strains are not taken into account. However, if required they

could be included easily.

Additionally, the intra-ply delamination, i.e. delamination within the ply, is inves-
tigated. Here, damageable interfaces are considered and the constituents are repre-

sented using linear elastic assumptions alone.

In the following the response of the unit cell is given in terms of engineering stress
vs. linearized strain. These measures are derived from the master node forces and
displacements. The macroscopic strength is predicted when fiber softening starts to

evolve, and the simulation is terminated. The corresponding point in the stress-strain
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pression, (c¢) in-plane shear, (d) uniaxial tension along 45°. The dashed
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plot is marked by a x. It is noted that macroscopic localization within the periodic
unit cell violates the basic principles of homogenization. It has been shown that
localization is a structural phenomena, hence, no appropriate “representative volume
element” can be found, except for the whole structure [54]. The presented results are
published in [43].

4.2.1 Uniaxial tension in xz-direction

Figure 4.8 gives the predicted nonlinear response of the unit cell subjected to uniaxial
tensile stresses. For this loading scenario the nonlinearity is mainly influenced by the
geometrical effect of flattening of the tow ondulation which leads to stiffening. In the
tows perpendicular to the loading direction some transverse damage occurs, starting
at about 50 % of the peak load. This damage causes a reduction of the transverse
Young’s modulus in the corresponding tow material but has no detectable effect
on the macroscopic response. In the considered loading range hardly any plastic
strains occur within the tows. Some plastic strains accumulate in the matrix pockets
next to the transversely damaged tows areas. These plastic strains do not alter the
global response. The simulation terminates due to emerging local fiber softening in
loading direction. Since this fiber softening occurs in all four load bearing tows the

corresponding load level is interpreted as the load carrying capacity of the fabric.



CHAPTER 4. APPLICATION TO TEXTILE COMPOSITES 27

500 T T T I I

400 |- —

300 |- T

200 |- .

Engineering stress [MPa]

100

0 L L L L L
0.000 0.002 0.004 0.006 0.008 0.010 0.012
Linearized strain [-]

Figure 4.8: Predicted homogenized response of the unit cell due to macroscopic
uniaxial tensile engineering stresses, 0,,, vs. linearized strains, £,,.
The cross marks the predicted peak load.

4.2.2 Uniaxial compression in z-direction

The response of the unit cell subjected to macroscopic uniaxial compressive stresses
is plotted in Fig. 4.9. The pronounced nonlinearity in this curve arises from the local
warping of the textile structure and the employed nonlinear geometry formulation.
The unloading cycle, starting at about 1% compressive strain, reveals that some
plasticity occurs during the compression. The plastic in-plane transverse and shear
strains accumulation starts at a homogenized strain of about 0.4 % within both the
tows and the matrix pockets. Furthermore, transverse damage evolves in the tows in
loading direction. This damage has only minor influence on the response of the unit

cell. The simulation is stopped due to fiber softening in loading direction.

4.2.3 In-plane shear loading

The in-plane shear is realized similar to a simple shear formulation by displacing
the master nodes along the y-direction as sketched in Fig. 4.7. In contrast to the

original simple shear formulation the displacements along the z-direction remain un-
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Figure 4.9: Predicted homogenized response of the unit cell due to macroscopic
uniaxial compressive engineering stresses, —o,., vs. the linearized com-
pressive strains, —e,,. The cross marks the predicted peak load.

constrained to prevent additional tensile stresses in the tows at higher strains. During
loading the resulting stress state changes from simple shear to a combined loading
state. In Fig. 4.10 the response of the unit cell is plotted. Two unloading cycles
reveal the dominant nonlinearity, as being caused by plastic strain accumulation in
the tows. Damage onset is predicted at a linearized shear angle of about 0.07. Sub-
sequent damage evolution takes place very localized at the undulating parts of both
tow directions. Again, emerging fiber softening is considered as the failure load and

the simulation is terminated.

4.2.4 In-plane tension along 45°

The employed concept of macroscopic DOF's does not allow to represent a displace-
ment controlled uniaxial stress in an arbitrary loading direction different to the x and
y direction. To realize a uniaxial stress along the diagonal of the unit cell, i.e. in the
direction 45° relative to the tows, a force controlled approach has to be taken. To this
end the displacements of the master nodes are coupled symmetrically with respect

to the 45° direction. Additionally, master node forces are applied representing a uni-
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Figure 4.10: Predicted homogenized response of the unit cell due to macroscopic
in-plane shear engineering stresses, 7,,, with 2 unloading cycles (zero
stress) vs. the linearized shear angle ,,. The cross marks the pre-
dicted peak load.

axial tensile stress state in a rotated coordinate system. In Fig. 4.11 the response
of the unit cell subjected to the uniaxial stress along 45° is given. The unloading
cycles reveal pronounced plasticity effects occurring in the tows and matrix pockets.
Transverse damage evolving in the tows has no notable influence on the homogenized
response of the unit cell. The dashed line indicates the strain range markedly influ-
enced by the viscous regularization utilized for FEM convergence reasons. This range
should by treated with caution since previous studies have shown that macroscopic
softening, which cannot be predicted by force controlled loading, leads to a severe

intervention of the viscous regularization scheme.

4.2.5 Intra-ply delamination

In this load case the delamination capabilities of the shell element based model are
demonstrated. To this end the individual shells are coupled using the surface based
cohesive contact formulation. Moreover, the overcome possible convergence issues all
constituents are featuring linear elastic material properties. Respective interface and

constituents data are again associated with the Cycom977/HTS40 material given in
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Figure 4.11: Predicted homogenized response of the unit cell due to macroscopic
uniaxial in-plane tensile engineering stresses, 0,/,/, in the 45° direction
vs. the linearized strain, £,/,/, in 45°. The dashed line indicates the
range heavily influenced by the viscous regularization; on the reloading
curves time discretization artefacts are visible. The cross marks the
predicted peak load.

App. A-Tab. A.3. The considered load situation is a displacement controlled in-plane
simple shear load. For comparison, geometric linear as well as nonlinear assumptions
are applied, however both yield nearly identical results in the reasonable regime.
Therefore only the results of the geometric linear simulations are given next. A

similar investigation is conducted for the Epoxy/IM6 material system in [44].

In Fig. 4.12 the engineering in-plane shear stress, 0, is plotted against the linearized
shear angle, 7,,. To highlight the deviation from the linear response, the initial shear
stiffness is plotted too (dashed line). The interface damage starts at a shear angle of
about 0.015 but has no visible influence on the effective response in the beginning.
With increasing load, interface damage accumulates at the edges of the overlapping
tow areas. Starting at a shear angle of about 0.03, the response deviates from the
linear solution and at about 0.06 delamination occurs locally (complete local failure of
the interface). This quickly leads to the “peak load” after which the effective response

shows a softening behavior. At this point the predicted shear stresses exceed realistic
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Figure 4.12: Predicted effective response, o,, vs. 74y, of the unit cell due to macro-
scopic in-plane shear loading with enabled delamination capabilities
and linear elastic constituents behavior. The dashed line represents
the initial stiffness (corresponding to the effective in-plane shear mod-
ulus G,y ), predictions exceeding the limits of applicability (see text)
are indicated by the dotted line.

values because no other nonlinearities are included in the present model. In fact,
tow plasticity would start at about 50% of the interface damage initiation load level,
cf. Fig. 4.10. The stiffening (dotted line) behavior is attributed to the assumption
of linear elastic materials and the undamageable couplings at the matrix edges, see
Sec. 3.3. This is beyond the limits of applicability of the present approach but shows

its robustness.

4.3 Verification of the lenticular cross section model

The additional matrix pockets and the accompanying change in the coupling scheme,
require a verification for the lenticular tow cross section based unit cells as well.
Similar to Sec. 4.1, the shell element based model of a 2/2 Twill weave is compared

to a continuum element based model of the same weave. For the sake of brevity, only
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Figure 4.13: Comparison of the lenticular and trapezoidal tow cross sections. Note,
the vertical direction is scaled by a factor of 5.

the initial stiffness and linear elastic stress field comparison is discussed next. The

respective results have been published at [47].

4.3.1 Geometry and FEM model

The applied unit cell geometry tightly resembles the one used in the previous sec-
tions but originally features trapezoidal tow cross sections, see Marte [87]. As the
current strategy relies on lenticular based cross sections, the respective dimensions
are adapted to fit the original trapezoidal model in terms of fiber volume fraction and
outer dimensions. Figure 4.13 illustrates the difference in the tow cross sections in
an exaggerated way. The resulting geometry properties are listed in App. B denoted
as Lent-1. A generic sketch of the UC cross section including dimensions is given in
App. B Fig. B.2.

Again, a four times four tows UC is set up in the framework of the FEM using 4-
noded shell elements with linear shape functions only. The elements used are fully
integrated with five section points in the thickness direction applying Simpson rule
integration. Due to the assumed lenticular based tow cross section a non-uniform
shell thickness defined for the tows as well as for the unreinforced matrix pockets.
All elements feature a typical element edge length of about 1/12'" of the tow width.
The interfaces between the individual tows and between the tows and matrix are
modeled by tie constraints implying perfect interfaces. The UCs lateral sides are
coupled using plane periodic boundary conditions. For consistency reasons the same

constituents properties are applied as defined in Sec. 4.1.

Reference model. The reference model was originally set up in [87] using quadratic

tetrahedral elements with a typical element length of /26" of the tow width. All in-
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Figure 4.14: Polar plot of the predicted effective Young’s modulus E,, (left) and
the predicted effective shear modulus G,/ (right) of the lenticular
based shell and trapezoidal based continuum model.

terfaces are modeled as perfect and plane periodic boundary conditions are applied

at the lateral sides.

4.3.2 Initial stiffness and elastic stress fields

The six independent load cases defined in Sec. 4.1.4 are simulated and the resulting
effective stresses and strains are used to compute the homogenized shell stiffness
matrix. Focusing on the in-plane elastic behavior, the shell element based model and
the continuum element based model are juxtaposed in Fig. 4.14. It can be clearly
seen, that both models are in an excellent agreement in terms of elastic stiffnesses.

A similar statement can be given for the entries of the bending submatrix.

To give some comments on the predicted local stress fields, a uniaxial tensile loading
along the x-axis applied to both models is used as an example. Figure 4.15 juxta-
poses the predicted oq; stresses at the tow top surface on the deformed meshes. For
clarity the matrix pockets are removed in this plot. Both figures show qualitatively
and quantitatively very similar results. However, a rather obvious difference in the
stress fields can be seen as the local circular vs. deltoidal shaped compressive stress

contours at the tow cross over points. The latter can be attributed to the lenticu-



CHAPTER 4. APPLICATION TO TEXTILE COMPOSITES 64

Figure 4.15: Predicted stress, o1, at the UC top surface due to uniaxial tensile
loading along z of the lenticular based shell model (left) and the trape-
zoidal based continuum model (right), contour level delimiters are set
equal in both plots and the matrix pockets are removed.

lar and trapezoidal, respectively, shaped cross sections and hence, is independent of
the applied modeling approach. The difference between the maxima and minima,
again, arises to the better part from the dissimilar discretization applied. Finally, the
lenticular based approach also passes the isotropy test with a maximum deviation of
0.7%.

4.4 Multilayer composites

To demonstrate the capabilities of the proposed approach multilayer laminates com-

prising equal layers of 2/2 Twill weave are considered next.

To start with, the influence of the number of plies and the stacking scheme on the
stiffness of the laminate is investigated and the initial shell stiffnesses are compared
. In this context some comments are given on the locally different stress states in
the interfaces are given as well. In a second step the geometric nonlinear response
of single, double, and four layer laminates subjected to uniaxial stress states is jux-
taposed and compared with experimental data. Finally, a load case giving rise to
delaminations between the layers is discussed and respective results are given for a

two layer laminate.
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For all investigated laminates the individual layers are stacked with the same orien-
tation. A variation of this angle within the laminate, as common with unidirectional
plies, requires different in-plane periodicity vectors and, therefore, breaks the assumed

periodicity. The presented results are published in [45].

4.4.1 Geometry and FEM discretization

The weave geometry is chosen to resemble the geometry studied in [33] and features
truncated lenticular shaped tow cross sections. The corresponding ondulation paths
are modeled using straight and circular segments. The required dimensions are given
in App. B using the ID Lent-2. The dimensions and the resulting fiber volume fraction
are equal to the values defined in [33]. The single layer unit cell comprises four tows
in each direction. This represents the smallest periodic repeating geometry pattern
with orthogonal periodicity vectors. With an assumed fiber volume fraction of 70%
in the tows, the considered weave exhibits a total fiber volume fraction of 45%, cf.
[33].

Using the shell element based discretization approach described in Sec. 3.5 all con-
stituents of the weave are modeled using shell elements only. The respective shell
reference planes are meshed using 4 noded shell elements with linear shape functions.
The elements used are fully integrated with five section points in the thickness direc-
tion applying Simpson rule integration. A typical element length of 1/10 of the tow
width is used. Depending on the conducted simulation a number of layers are mod-
eled, stacked, and coupled appropriately. In the present section, only in-phase (IP)
and out-of-phase (OP) stacked laminates are considered. However, other stacking

sequences could be realised as well.

4.4.2 Material data

In the present study all layers are equal in terms of applied materials and architecture.
The tows are modeled as being linear elastic, transversely isotropic, whereas the
unreinforced matrix pockets are represented by a linear elastic, isotropic material.
The respective data of the constituents are listed in the appendix Sec. A (Tab. A.2).

The data was chosen in accordance with [33].
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The cohesive elements applied to link the individual layers, feature a linear traction-
separation law with a quadratic stress criterion and an energy based damage evo-
lution, see [64]. If no delamination capabilities are required, only the initial (linear
elastic) part is set active. Table A.2 gives the required material properties of the cohe-
sive material. In this context, K; denote the initial linear elastic interface stiffnesses,
t? are the interface strength values, and G; are the critical energy release rates for
delamination mode 7. To deal with the mixed mode response a Benzeggagh-Kenane

criterion is chosen with the parameter 7 as suggested in [13].

4.4.3 Initial effective shell stiffness of a multilayer weave

To compute the initial effective shell stiffnesses of a laminate six independent load
cases are required as discussed before. Based on these simulations the ABD matrix
can be derived for the considered laminates. The stacking schemes to be investigated

are the extreme cases of in-phase and out-of-phase stacking, cf. Sec. 2.1.4.

In-phase stacking. To predict some lower estimate of the effective stiffness of a
general, i.e. arbitrarily stacked, multilayer laminate a typical approach found in the
literature is based on single layer UCs with distinct out-of-plane boundary conditions
representing the in-phase stacking of an infinite number of layers. The respective
conditions are realized by periodic boundary conditions in the out-of-plane direction.
The question arises if laminates comprising only a few layers are reasonably assessed

this way.

To give an answer to this question, six different laminates comprising (1), 2, 3, 5, 10,
and 20 layers stacked in-phase are investigated. Figure 4.16 shows polar plots of the
respective effective Young’s moduli E,. (left) and effective shear moduli G/, (right)
with 2’ — ¢y’ — 2’ denoting a coordinate system, rotated with respect to the global
z-axis. It can be seen that adding layers initially increases the effective stiffness of
the laminate. This can be explained by the fact that neighbouring plies prevent the
individual layers from warping. After reaching a certain amount of layer, the stiffness
properties converge to stationary values. To highlight this convergence behavior, the
Young’s modulus in 0° direction as well as the shear modulus in 45° direction with

respect to the number of layers is plotted in Fig. 4.17. Here, the moduli are normalized
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Figure 4.16: Polar plot of the predicted effective Young’s modulus, E,/ (left) and
the predicted effective shear modulus, G, (right) for a 2/2 Twill
weave laminate comprising 1, 2, 3, 5, 10, and 20 layers, respectively,
stacked in-phase.

to the periodic solution. As the present approach does not allow for the application of
periodic boundary conditions in thickness direction, the periodic solution is roughly
estimated based on the 10 and 20 layer laminate. Figure 4.17 shows that the periodic
solution leads to an error in stiffness prediction of less than 1% if the in-phase laminate
comprises at least 7 layers. A deviation of less than 5% in terms of effective Young’s
moduli can be expected for all laminates comprising more than one layer. Similar
results are found if the effective shear moduli in the 45° direction are compared, see
Fig. 4.16 (right). This time at least 9 layers are recommended to keep the deviation
of the predicted shear stiffness below 1%.

An interesting phenomenon is that the effective Young’s modulus in 45° direction
as well as the shear moduli with respect to the x and y direction are insensitive
to the number of layers. This can be explained by the pronounced z — y shear
component present under such loading conditions, which does not result in local
warping of the single layered weave. Due to this lack of warping the out-of-plane
constraint introduced by the adjacent layers has no effect on the effective stiffness of

the laminate.
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Out-of-phase laminates. To assess the influence of the number of out-of-phase
stacked layers on the effective stiffness properties, similar considerations are applied
as in the previous paragraph. Here, 2, 3, 4, 5, and 16 layers are simulated and the
effective stiffnesses are plotted in Fig. 4.18. For comparison reasons this figure shows
the respective curves of the single layer and the 20 layer in-phase stacked laminate
as well. The results indicate that the response of the out-of-phase laminate is nearly
independent of the number of plies. An uneven number of plies tend to be slightly
more compliant as one layer lacks the compensating counterpart. This difference
however, diminishes with increasing layer count. Again, the effective Young’s modulus
in 45° direction as well as the shear moduli with respect to the z and y-direction are
insensitive to the number of layers and exhibit nearly identical values as the single

layer and the in-phase stacked laminate.

Note on interface tractions. The common approaches of replacing the stack of
plies by simple boundary conditions lacks the ability to accurately represent of the

variation of stress fields with respect to the position of the layer within the laminate,
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Figure 4.17: Predicted development of the normalized effective Young’s modulus in
x (solid line) and normalized effective shear modulus in 45°-direction
(dashed line) with respect to the number of plies in the in-phase lam-
inate.
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Figure 4.18: Polar plot of the predicted effective Young’s modulus, E,/ (left) and
the predicted effective shear modulus, G, (right) for a 2/2 Twill
weave laminate comprising 2, 3, 4, 5, and 16 layers stacked out-of-
phase. The moduli for stacks with an even number of layers are nearly
coincident for all the conducted configurations. For comparison, the
stiffness of a single layer and a 20 layer in-phase stacked laminate are
given as well.

see e.g. [69]. Here, especially the interlaminar interface tractions are considered. Fig-
ure 4.19 shows the respective interface normal tractions of an 8 layer in-phase (left)
and out-of-phase (right) stacked laminate subjected to uniaxial tensile stress in -
direction. To improve the visibility only the interface elements are shown and the
z-coordinates are scaled by a factor of 10. The in-phase stacking shows a continuous
variation in the normal interface tractions with respect to the z-position. These trac-
tions follow the local warping pattern which develops during loading like in a single
layer. The out-of-phase stacked laminate shows completely different interface stress
fields. The counter warping of adjacent layers lead to high tensile and compressive

stresses every second interface. The other interfaces are only slightly loaded.

4.4.4 Geometric nonlinear response

As shown by multiple authors, the geometric nonlinear response of a single layer

of 2/2 Twill weave subjected to uniaxial tensile stresses in a tow direction exhibits
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Figure 4.19: Predicted o, tractions at the interlaminar interface elements due to
uniaxial tensile stresses in z-direction for 8 layers stacked in-phase
(left) and out-of-phase (right) with equal contour level delimiters. The
z-coordinates are scaled by a factor of 10 to improve visibility.

stiffening behavior. This can be attributed to the flattening of the ondulated tows. To
investigate the respective behavior of multilayer laminates, 2 and 4 layers are stacked
in-phase, and out-of-phase, respectively, and loaded in tension along a tow direction.
Figure 4.20 shows the predicted responses in terms of effective engineering stresses
against effective linearized strains. For comparison reasons the response of a single
layer (thin, dashed, black line) and some experimentally determined curves (thin,
black lines) are added. The latter are extracted from [33]. To give some strength
measure, a cross marks the FPF point predicted using Hashin’s criteria [63] and the

experimental failure points are indicated using a circle.

The in-phase laminates follow the findings of the initial stiffness comparisons dis-
cussed before, i.e. more layers lead to an initially stiffer laminate. Due to the not
totally restrained local warping in these laminates, some stiffening occurs with the
2 layer in-phase laminate. The 4 layer in-phase laminate shows already hardly any

geometrical stiffening. As expected, the two out-of-phase laminates exhibit no geo-
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Table 4.2: Computational requirements for the geometric nonlinear simulations of
multilayer composites using the shell element based approach on a 4 CPU

workstation.

Laminate DOF Simulation time Memory requirement
[sec] [MB]

1 layer 81,756 92 206

2 layer 163,512 120 552

4 layer 327,024 260 1,391

metrical stiffening and coincident responses. The latter laminates get more compliant

with increasing deformation.

Comparing the predicted results with the experimental curves, a good agreement
can be found. As expected the OP laminates are slightly to stiff, whereas the IP
laminates are slightly to compliant. Both four-layer laminates and the two-layer IP
laminate predict a FPF at about 0.96% effective strain. The two-layer OP laminate
exhibits a slightly increased FPF strain. However, the predictions are in a good
agreement with experiments. It may be noted, that for the present loading situation
the weave shows a rather linear response, hence linear elastic constitutive behavior
is sufficient. When loading changes, this is no longer true and nonlinear constituent
models have to be included, see Sec. 4.2.4. In Tab. 4.2 the number of DOFSs, the
memory requirements, and the simulation times for geometric nonlinear simulations
are presented. These numbers are based on a desktop workstation with 4 CPUs.
Compared with respective requirement of continuum element discretized models, see
e.g. Tab. 4.1, these numbers reveal the potential of the approach to enable nonlinear

simulations of explicitly modeled multilayer textile laminates on typical workstations.

4.4.5 Delamination between layers

As already demonstrated, the combination of multiple layers stacked out-of-phase
leads to an increase of the effective stiffness since the occurring local warping is in-
hibited by the adjacent layers. This prevention of the warping leads to interface
tractions which, in turn, might give rise to delaminations. To investigate this phe-

nomenon a two layer laminate in an out-of-phase stacking configuration subjected to
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Figure 4.20: Predicted geometric nonlinear response in terms of engineering
stresses, o,., against linearized strains, ¢,,, due to uniaxial tensile
loading in = direction for 5 different laminates. The two out-of-phase
laminates exhibit coincident responses, the pluses denote the predicted
FPF and the circles indicate the experimentally determined failure
points.

uniaxial tensile stresses in z-direction is simulated. To ensure enough cohesive ele-
ments within the process zone, i.e. the zone between complete and zero damage of the
interface, the element size of the cohesive elements is adapted following [132]. Fig-
ure 4.21 shows the interface normal tractions at an effective strain of €,,, = 0.014. The
respective interface shear tractions are well below the critical value and are therefore
not presented here. As expected, the areas of high interface tractions, cf. Fig. 4.19,
delaminate during simulation, respective cohesive elements are removed for clarity.
However, in the present configuration the axial tensile tow stresses, o1, reach the
tow strength earlier than the interface traction gets critical. The corresponding load
levels for initiation of tow failure and delamination, respectively, differ about 10%.
This suggests that failure of the tows is likely to occur first and the predicted de-
lamination pattern is therefore somewhat academic. A delamination triggered by the

local failure of tows is possible, of course.
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Figure 4.21: Predicted normal tractions o, of the interlaminare cohesive elements
due to uniaxial tensile stress at an effective strain of ¢,, = 0.014
applied to a two layer OP laminate of equal weaves, already failed
elements are removed to indicate delaminated areas and the adjacent
weave layers are suppressed.

4.5 Braided composites

So far only orthogonal textiles are considered, however as proposed in Sec. 3.6, an
affine transformation can be used to generate unit cells representing braided textiles
with braiding angles unequal 45°. Braided textiles in structural application often fea-
ture a dense topology. As latter cannot be modeled by most (including the present)
geometric representations, an open topology is used to approximate the real tex-
tile. Therefore, the modeled UCs feature a larger periodic length than the measured
“real” specimens. This results in a lack of fiber volume fraction and thus, in a differ-
ent overall mechanical response. To cope with this problem the constituents material
data is commonly scaled to achieve the required fiber volume fraction, see e.g. [14].
This procedure, also called “normalization”, is strictly speaking unphysical as the
disability of the modeling approach is compensated with an artificial change of the

material data. Nevertheless, it is common practice, as no better approach exists yet.
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The scaling can be introduced based on various assumptions like linear correlation or
micromechanical methods. In case of high volume fractions, micromechanical meth-
ods tend to give to high properties, hence for the current project a linear correlation
between elastic material properties and fiber volume fraction is assumed. With this
in mind, the two Young’s moduli, the shear modulus and the (brittle) longitudinal
tensile as well as compressive failure strength of the tow material are altered. All

other properties are kept as originally defined.

Due to the underlying elastic symmetries imposed by the braiding topology, the major
coordinate system is switched to the £ — n— (¢ coordinate system for the rest of this

chapter.

In the following the influence of the braiding angle on the elastic properties of single
and multilayer laminates featuring Regular braid (Twill type) topology is investi-
gated. This considerations include the differences and similarities of braids with
complimentary braiding angles. Subsequently, a £45°, £30° and a +60° braid is sim-
ulated including nonlinear tow behavior and compared with respective experimentally

determined results obtained the cooperation partners PCCL and LCC.

4.5.1 Influence of braid angle on elastic properties

Assuming equal tow cross sections for all braiding angles, the initial stiffness proper-
ties of single and multilayer braids featuring different braiding angles are predicted
and juxtaposed. The applied textile geometry dimensions are listed in Tab. B.1 de-
noted as Braid-45. It is based on micrograph measurements of a +45° braid conducted
by the cooperation partner LCC using samples provided by PCCL. This geometry is
used for all investigated braiding angles to achieve a reasonable comparability despite
the fact that in reality different braiding angles result in different tow cross sections.
To account for the skewing the initially modeled tow cross sections have to be adapted

appropriately.

Single layer unit cells are set-up using the lenticular tow cross section based approach
defined in Sec. 3.4. Four noded fully integrated shell elements with a Simpson type
thickness integration (5 section points) and a typical element size of 1/12™ are used.
The resulting UCs feature a total fiber volume fraction of 53.7% based on a fiber

volume fraction in the tows of 70%. The real +45° braid was measured to features
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Figure 4.22: Polar plot of the predicted effective Young’s modulus, Ef (left) and
the predicted effective shear modulus, G¢,y (right) for a single layer
Regular braid featuring a braiding angle of +25°, +30°, +45°, +60°
and +65°, respectively.

a total fiber volume fraction of 60%, hence, the tow fiber volume fraction has to be
increased to 78%. Respective scaled material data is given in Tab. A.4. All con-
stituents feature linear elastic stress-strain relations and the interfaces are considered

to be perfect.

Figure 4.22 shows the respective polar plots of the initial Young’s moduli (right) and
shear moduli (left) with respect to the loading direction of a single layer braid. It can
be clearly seen, that there is a significant influence of the braiding angle on the elastic
constants . As expected lower braiding angles lead to higher stiffness in braiding
direction and vice-versa. A quick look at the Young’s modulus curves suggests that
the +45° braid features a tetragonal symmetry whereas the other braids show an

orthotropic symmetry, cf. [100]. This suggestion will be further discussed later.

When comparing the shear moduli in braiding direction, Gg,, (Fig. 4.22 right), one
would expect the £45° braid to feature the highest value as the shear loading in
braiding direction can be transfered into a tensile-compression loading in a 45° rotated
coordinate system. However, the £30° braid shows an even higher value. To explain
this somehow unexpected behavior, the Poisson’s ratios have to be examined as well.

Figure 4.23 (left) shows the first quadrant of the respective polar plots for some of
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Figure 4.23: Detail of the polar plot of the predicted effective Poisson’s ratio, g,y
for a single layer Regular braid (left) and for a 4 layer IP stacked Reg-
ular braid laminate (right), both featuring a braiding angle of £30°,
+45° and +60°, respectively; only values related to the first quadrant
are shown.

the braiding angles. The negative Poisson’s ratio of the +30° braid in 45° direction in
conjunction with a tensile-compressive load pair leads to an increased shear stiffness
compared to the £45° braid. One may wonder why the response of the +30° and
+60° braid is that different. This question will be answered in Sec. 4.5.2.

Multilayer braids. For comparison reasons, the same geometry (Braid-45) is used
to setup a four layer in-phase laminate. Figure 4.24 shows polar plots of the initial
elastic constants. Again a strong dependence of the elastic behavior on the braid
angle can be seen. The Young’s modulus curves look similar to the single layer
ones except for the higher values. This increase in stiffness can be attributed to
the adjacent layers as shown in previous sections. Compared with the single layer
curves, the shear modulus polar plots have changed significantly. Here, the 4+45°
braid shows the highest value with respect to the braiding direction. Moreover, the
curves of the +a° and £(90° — &°) braids are nearly coincident. The polar plot of
the Poisson’s ratio (Fig. 4.23 right) reveals that the values at 45° are negative for

the non-orthogonal braids. This, so called auxetic behavior is even more pronounced
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Figure 4.24: Polar plot of the predicted effective Young’s modulus, Ef (left) and
the predicted effective shear modulus, Gg,y (right) for a 4 layer IP
stacked Regular braid laminate featuring a braiding angle of £25°,
+30°, +45°, +£60° and +65°, respectively.

than in the single layer case. Nevertheless, the fairly low Poisson ratio and the very

high Young’s modulus in 45° direction explains the maximum shear stiffness of the
£45° braid.

4.5.2 Complementary braid angles

When looking at the topology of a £a° and +(90° — a°) braid, one would first
expect both to feature the same orthotropic behavior, just rotated 90°, however, the
moduli of such a pair may show a significant difference, see e.g. Fig. 4.25. In this
figure, the response of the single layer £60° is rotated to directly compare to the +30°
braid’s. When looking at the multilayer responses, Fig. 4.26 this difference is not that
pronounced. Hence the comparability depends on the number of layers. Or, to be
more specific, on the deformation of the UC. As already shown in Sec. 4.1.4 a Regular
braid tends to warp locally if loaded in tow direction. This warping always aligns
with the braiding direction, i.e. the wave crest is parallel to the braiding direction.
Figure 4.25 reveals that the difference is maximum at about 30° — a tow direction.

In Fig. 4.27 the deformed UCs due to this particular loading condition is juxtaposed
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Figure 4.25: Polar plot of the predicted effective Young’s modulus, Ef (left) and
the predicted effective shear modulus, G¢,y (right) for a single layer
+30° Regular braid and the complementary £60° braid (rotated).
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Figure 4.26: Polar plot of the predicted effective Young’s modulus, Ef (left) and
the predicted effective shear modulus, Gg,y (right) for a 4 layer IP
+30° Regular braid and the complementary +60° braid (rotated).
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7

Figure 4.27: Comparison of the complimentary angle braids £30° (left) and +60°
(right), including side-view showing the local warping.

for the two braids. Additionally, the local warping patterns are indicated by a cross
sectional view. It is clearly visible that for the £60° braid (right) the applied loading
direction is in a better agreement with the wave direction than for the £30° braid.
This better alignment, leads to a more pronounced warping and thus, to a lower
stiffness of the £60° braid. Moreover, the local warping immediately explains why
multilayer laminates lead to more similar responses as such ones alleviate this local
deformation. Note that, loading directions which do not introduce warping, like the

braiding direction, show equal results for both types of braids.

This investigations suggest that as long as multilayer Regular braids are considered,
the assumption of equal, but rotated, material properties for braids with complimen-
tary braiding angles is reasonable. However, in the rare case of single layer braids,

one has to distinguish between the respective £a° and £(90° — a°) textile.

4.5.3 Nonlinear simulation of a £45° single layer braid

The nonlinear response of a £45° braid subjected to uniaxial tensile stresses in braid-
ing and tow direction, respectively, is investigated. To this end a UC is set-up using
the lenticular based approach. The applied textile geometry is determined by micro-
graph measurement by the cooperation partner LCC and listed in Tab. B.1 denoted
as Braid-45. These measurements describe a dense braid with the spacing of the tow
center lines smaller than the tow width. As this cannot be modeled using the present

approach the data is adapted to match the measured values in a feasible way.
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Four noded fully integrated shell elements are used throughout the whole UC featur-
ing a Simpson type thickness integration with 5 section points is specified. To get a
reasonable compromise between simulation time and accuracy a typical element size

of 1/12'" is used.

As already discussed in the previous section a normalized material data set accounting
for the required fiber volume fraction is computed as given in Tab. A.4. To incorporate
material induced nonlinear effects, the tows are equipped with the FPD-model model
introduced in Sec. 2.2.3. This material model allows for residual strain accumulation
as well as stiffness degradation accompanied by strain hardening and strain softening,
respectively. The unreinforced matrix pockets are represented using a linear elastic
material. All interfaces are treated as being perfect. The loading conditions are
applied in a force controlled way, as the underlying master node concept does not
allow for the direct application of arbitrary loading states in a displacement controlled
way. Since the reorientation of the material coordinate systems have a pronounced

effect on the structural response geometrical nonlinear simulations are conducted.

The predicted stress-strain curves are compared with experimental results. The latter
are supplied from the cooperation partner PCCL and are based on 8 layer specimens
comprising the +45° braid, see [18]. Figure 4.28 shows the predicted response of
the £45° braid with respect to a uniaxial tensile load in braiding direction (black
line) and a few experimentally determined curves (gray lines) in terms of linearized
stresses and engineering stress. The black cross marks the point at which 1.5% of
the total energy in the system is dissipated by the viscous regularization mechanism.
This point is considered as the failure point as the increase in viscous regularization

energy indicates pronounced softening phenomena within the unit cell.

It can be clearly seen that, with respect to this loading conditions the braid shows a
pronounced nonlinear behavior. This nonlinearity can be attributed to the plasticity
effect taking place in the tows and matrix pockets. The overall trend of the sim-
ulated curve corresponds well with the experimental data. The prediction looks to
compliant, however it matches one of the experimental curves quite perfectly, which
suggests that the chosen, adapted, braid geometry represents a rather compliant part
of the investigated specimen. A statistical consideration of different tow cross section
may be appropriate here. The predicted failure load is in a good agreement with

the maximum experimental failure load. Some of the experimental curves exhibit a
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Figure 4.28: Predicted homogenized response of the £45° Regular braid unit cell
due to macroscopic tensile stress, oge, in braiding direction (black)
compared to respective experimentally determined curves (gray). The
black cross marks the predicted failure state.

failure load which is about 47% lower. The reason of the premature failure of those
experiments is not known to the author, but could be caused by non-uniform load
distribution within the specimens. During load increase the model develops large
plastic zones all over the tows. Simultaneously, transverse damage appears at the
cross over points but remains very localized. At elevated loads, this matrix failure

grows along the tows and finally leads to the failure of the UC.

The second considered load case is a uniaxial tensile loading along a tow direction.
As been shown before, loading of a Regular braid in tow direction leads to local
warping. The respective response is highly dependent on the number of layers in
the laminate, thus, besides the simple (free) single layer simulation (Fig. 4.29, solid
black line) a second simulation with locked out-of-plane DOF's is conducted (dashed
black line). The latter represents the extreme case of a laminate with an infinite
number of out-of-phase stacked plies, see Sec. 2.1.4. Figure 4.29 gives the predicted
responses in terms of linearized stresses and engineering stresses juxtaposed with the
experimental data (gray lines). The difference in initial stiffness of the two simulated

curves can be clearly seen. The OP results are in a much better agreement with
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Figure 4.29: Predicted homogenized response of a free (black solid) and an OP-
locked (dashed) single layer +45° Regular braid unit cell due to macro-
scopic tensile stress, og¢/, in , i.e. a tow direction, compared to re-
spective experimentally determined curves (gray).

the experimental data, which indicates that within the laminate the local warping
is significantly suppressed, as discussed earlier in Sec. 4.4. The predicted failure
strength for the free model is in good agreement with the experimentally determined
strength. The increased strength of the OP case may be explained by the prevented
local tow bending due to the additional boundary conditions. The latter effect is an
artefact of the current modeling approach. For both simulation models the failure
sequence is similar. At about 0.4% strain the tow normal to the loading direction
starts to degrade in transverse direction. When reaching about 1.5% strain these
tows split parallel to the fibers and concurrently the tows in loading direction start

to fail.

4.5.4 Nonlinear simulation of a £30° single layer braid

In this section the response of a £30° braid is investigated. To this end the UC
is subjected to uniaxial tensile loads in and perpendicular to the braiding direction

as well as in tow direction and the respective results are compared with experimen-
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tally determined ones. Like in the previous section the braid geometry is based on
micrograph measurements provided by the cooperation partner LCC. The applied
dimensions are listed in Tab. B.1 denoted as Braid-30. Again some adaption was
necessary to derive a feasible set of geometrical data matching the measured values.
The total fiber volume fraction achieved based on a tow fiber volume fraction of 70%
is 47.7%. With a measured total fiber volume fraction of the real braid of 60%, some
normalization is necessary. The UC is set-up using the lenticular based approach
using 4 noded, fully integrated shell elements with a 5 section points Simpson based
thickness integration. A typical element size of /12" of the tow width is chosen. The
braid comprises the same RTM6/HTS40 material system as used above, however,
due to the changed geometry the required tow fiber volume fraction is adapted to
88%. Respective material data is given in Tab. A.5. The tows feature the EPD-model
material model, the matrix pockets exhibit a linear elastic model and all interfaces

between the constituents are set to be perfect.

The experimental results are taken from [19] and are determined for a 5 layer lam-
inate of the same braid as defined as Braid-30. The first considered load case is
uniaxial tensile stress in braiding direction. As this loading state does not lead to
local warping, only a free single layer simulation is conducted, cf. 4.4.3. Figure 4.30
shows the predicted linearized strain vs. engineering stress response of the £30° braid
(black line) compared to the experimental result (gray line). In general both lines
are in an excellent agreement, even though the predicted failure strength is about
7% off. At the same time, the predicted failure strain matches the experimentally

determined one very well.

The second investigated load case is uniaxial tensile stress in a tow direction. As
discussed in the previous section, two predictions are presented, one for a free single
layer and one for an OP-constrained layer. Figure 4.31 shows the respective effective
responses compared with the experimental results. Again, the free layer possesses
a far to low initial stiffness but at higher strains, the stretching of the tows lead to
a predicted tangential stiffness which corresponds very well with the experimental
value. The OP results are somewhat to stiff at the beginning but fit quite well at
higher strains. Both results can be explained by the fact that a 5 layer laminate still
exhibits some local warping flexibility and hence, shows some stiffening behavior.

The predicted failure strength of the free layer model is in a good agreement with
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Figure 4.30: Predicted homogenized response of the £30° Regular braid unit cell
due to macroscopic tensile stress, og, in braiding direction compared
to a experimentally determined curve.

the experimentally derived one, and, again, the OP model shows a to high strength
as no local tow bending appears. The failure sequence highly resembles that of the
+45° braid, but this time also plasticity appears as loading in a direction, which is

not an axis of orthotropy, induces shearing of the UC.

The third considered loading situation represents a uniaxial tensile load perpendicular
to the braiding direction. Again, this loading state does not lead to local warping,
thus, only a free single layer simulation is conducted. Figure 4.32 shows the predicted
effective response in terms of linearized strains and engineering stresses compared
with an experimentally determined result. As been clearly visible, the responses are
significantly different. The initial stiffness still matches but starting at about 5 MPa
the two responses deviate from each other. The UC gets to compliant and fails at
about 50% of the experimental stress and strain. This pronounced difference can
be explained by the perfect interface assumption in conjunction with touching tows
applied within the shell element based modeling approach. The £30° braid loaded
perpendicular to the braiding direction tends to reorient the tow with respect to
the loading direction. In the present model this scissoring can only be represented

by shear deformation of the tows. In reality, however, the interfaces may break or



CHAPTER 4. APPLICATION TO TEXTILE COMPOSITES 85

1000 T T T

800 | -
T - X
o 7
S /s
— /
@ 600} ’ .
g ’
» 7/
o) s
g 400 7
(0] - 7 -
@ y
£ ,
c '
w ,

200 | s —— experiment s

’ . .
7 —— simulation OP
7 — — simulation single
O L L Il
0.000 0.005 0.010 0.015 0.020

Linearized strain [-]

Figure 4.31: Predicted homogenized response of the £30° Regular braid unit cell
due to macroscopic tensile stress, o/, in z, i.e. a tow direction, com-
pared to a respective experimentally determined curve.

intermediate matrix areas may deform plastically. Thus, the model is locally to stiff
and consequentially globally to compliant. The predicted failure mode is attributed
to matrix dominated failure in transverse direction whereas experiments show a shear-
off of the tows, see [19]. To cope with this problem degradable interfaces within the
UC could be incorporated.

4.5.5 Nonlinear simulation of a £60° single layer braid

The final consideration is the response of a +60° braid with respect to uniaxial tensile
loading in braiding direction. The investigated geometry is based on micrograph
measurements conducted by the cooperation partner LCC using samples provided
by PCCL. The real braid features an average tow centerline spacing which is about
10% smaller than the average tow width, hence some adaption was necessary. The
resulting tow geometry is listed in Tab. B.1 denoted as Braid-60. The theoretical
total fiber volume fraction resembles the value of the Braid-30 braid, thus the same

material system featuring a tow fiber volume fraction of 88% is applied. The UC is
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Figure 4.32: Predicted homogenized response of the £30° Regular braid unit cell
due to macroscopic tensile stress, o,,, perpendicular to the braiding
direction compared to a respective experimentally determined curve.

set-up following the lenticular based approach with similar characteristics as defined

before.

Figure 4.33 shows the predicted nonlinear response of the UC in terms of engineering
stresses and linearized strains compared with some experimentally determined results.
The latter are provided by a cooperation partner PCCL and are based on 4 layer spec-
imens. As the present investigation resembles the +30° braid loaded perpendicular
to the braiding direction cf. 4.5.2, a similar response is expected. Comparing the last
two figures reveals that indeed a similar trend can be found. The predicted initial
stiffness is in a very good agreement with the experiments but at elevated strains the
predicted response gets to compliant. This behavior can be explained in same way
as for the +30° braid. The difference between the last two figures can be explained
to the better part by the different geometry dimension applied.
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Figure 4.33: Predicted homogenized response of the £60° Regular braid unit cell
due to macroscopic tensile stress, og, in braiding direction compared
to respective experimentally determined curves.

4.6 Conclusion

The shell element based unit cells of biaxial braided composites are shown to be
able to accurately represent the stiffness and stress fields of comparable continuum
element based cells. At the same time, the required simulation times and hardware
specifications is significantly lowered. This is true for both, the rectangular cross
section based and lenticular cross section based approaches. This performance gain
allows for the simulation of explicitly modeled multilayer textiles as well as nonlinear
simulations of the degradation and failure of respective braids. A comparison with ex-
perimental results reveal the good agreement with respect to stiffness and failure load
predictions. In this context, the influence of the boundary conditions and statistical
variations have to be pointed out. However, as shown for the last two simulations
the proposed assumptions of perfect interfaces between two touching tows alleviates
the local flexibility at higher loads and the resulting response becomes to compliant.
Hence, for load cases leading to pronounced scissoring degradable interfaces might

become necessary.
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The proposed simulation strategy allows to numerically characterize braided and
woven textiles at the mesoscale. To use the derived nonlinear material behavior
during the design process of macroscopic parts additional measures are necessary as

will be proposed next.
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Chapter 5

Energy dissipation monitoring

concept

The numerical material characterization conducted so far is limited to mesoscale
considerations. However, the aspired application, i.e. design and evaluation of textile
parts and structures, resides on the macroscale. A direct mapping of the mesoscopic
results to the macroscale is only possible for some particular properties like the ho-
mogenized engineering constants and some failure measures. This implies that the
nonlinear nature of the investigated braids cannot be accounted for, directly. To
cope with this problem, a simulation methodology is proposed which combines linear
elastic analyses of large scale laminated composite structures and nonlinear unit cell

predictions.

The concept was published in [46] and [48]. Part of this work was carried out in the
course of the master thesis of Meindlhumer [90] (load state distribution, radial stress

computations) and Schwab [119] (matlab scripts, radial strain computations).

5.1 Background

In industry, a common approach to deal with laminated composites at the macroscale
is using apparent or effective linear elastic properties of the plies or laminates (ap-
plying lamination theory) in combination with empirical or phenomenological based

FPF criteria. These criteria use the acting stresses and strains, respectively, see
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e.g. [67, 109], to reveal the loading state which is supposed to induce the “first” fail-
ure at ply level. Implicitly, they assume linear elastic material behavior. They do
not account for any material degradation and cannot give any information on what is
happening after this first ply failure. Moreover, in real composite parts, occurrence of
first ply failure does not necessarily lead to the ultimate failure of the whole structure,
it merely initiates nonlinear mechanisms within the composite. Clearly it would be of
interest to obtain more information about the characteristics of the response beyond
the elastic limit, i.e. the FPF, such as whether there is hardening or softening and

whether or not there is some “strength reserve”.

This information may be gained by conducting detailed nonlinear simulations ac-
counting for different damage and failure modes, like material degradation, plasticity,
delamination, etc. In combination with numerical solution schemes, e.g. FEM, moder-
ately sized macroscale nonlinear analyses can be performed (at least to some extent),
which also account for stress redistribution due to the nonlinear material behavior.
Even though this approach is widespread in academic and research institutions, see
e.g. [39, 51|, the accompanying computational demands prevent its applicability for
large scale structures in industrial practice. This restriction is especially true if textile
layers are present within the laminate. The complex microstructure requires highly
refined meshes further heightening the computational requirements. In most cases,
detailed investigations of textile laminates are restricted to the nonlinear behavior
at the mesoscale. Recently, some research groups have been working on computa-
tional homogenization techniques bridging the lengths scales by concurrent nonlinear
simulations of unit cells and macroscale structures [53, 78]. However, these strate-
gies are still restricted to research type problems due to their vast computational

requirements.

The aim of the current chapter is to propose a methodology combining detailed
nonlinear predictions and simple linear elastic large scale simulations without direct
coupling. This way the predictive capabilities of the linear elastic simulations can be
extended without influencing the performance of the large scale simulations at all.
In this context a central question arises, namely, “what are appropriate quantities to
assess the nonlinear effects of an anisotropic material?” A scalar quantity would be
advantageous compared to the tensor valued stresses and strains and their nonlinear

evolution. The von Mises equivalent stress, commonly used with isotropic metallic
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materials, cannot be used due to the present anisotropy. Here, the dissipated energies
associated with the individual nonlinear (but dissipative) mechanisms will be used.
In the following the proposed methodology will be denoted as energy dissipation

monitoring concept.

5.2 Energy based assessment of the nonlinear state

— database set-up

The failure surfaces of fiber reinforced composites found in the literature are typically
based on FPF criteria. These criteria use the stresses and strains, respectively, of the
acting loading state to compute a scalar value which is interpreted as some risk or load
factor. As FPF criteria are based on linear elasticity, these scalar measures cannot
be used directly to assess the current material state within the nonlinear regime.
However, such criteria are commonly used within continuum damage mechanics to
predict damage onset. Such damage models typically provide additional information
on the accompanying dissipated energy - a monotonic increasing quantity - readily
available to assess the current loading state, see Fig. 5.1. The same idea can be applied
to evaluate the loading state with respect to nonlinear plastic response based on the
dissipated energy accumulated based on the applied plasticity models. This allows
for a distinct interpretation of the nonlinear mechanisms, e.g. damage, plasticity,
but also delamination, and lays the foundation for the proposed evaluation concept.
The phenomena can be assessed individually and the sequence of their occurrence
and the progression upon load increase results naturally. Moreover, the approach is
not limited to particular geometries and energy quantities are straightforward to be

extracted from FEM simulations.

For the present case of laminated textile composites, the proposed technique is applied
at the mesoscale. With respect to the applied assumptions, namely effective nonlin-
ear tow and matrix pockets behavior, this length scale predominantly defines the
nonlinear response of such material systems. The local macroscopic loading state is
considered as an effective mesoscopic loading state and applied using the master node
concept. In order to be able to assess arbitrary macroscopic loading states in a decou-

pled way, the evolution data of the whole space of possible macroscopic local stress
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Figure 5.1: Uniaxial stress-strain curves of systems featuring either damage (left) or
plasticity (right) as the only source of nonlinearity. The dissipated en-
ergy densities are crosshatched as well as shaded and the corresponding
recoverable strain energy density is hatched.

and strain states including their load history has to be provided. This, obviously,
would require an infinite number of simulations which is not possible. To overcome
this limitations two fundamental assumption are applied, namely a discretization of
the investigated mesoscopic effective loading space and radial, i.e. proportional, load-
ing paths. The latter implies that the load history dependence is not considered, but
is approximated by specific radial loading paths. These assumptions allow to repre-
sent the ‘whole’ space of possible loading states by a finite number of radial loading
paths. Nevertheless, still a fair number of such load paths (effective stress and strain
paths, respectively) are to be simulated at the mesoscale. The distribution of these
mesoscopic loading paths, i.e. the discretization of the loading space, is such that the
whole (plane) stress and strain space, respectively, is covered homogeneously with a
sufficiently fine resolution. These nonlinear Finite Element simulations are conducted
and the evolution of the dissipated energies is stored in a database to be used at a
later stage. Consequently, no direct coupling between the macro- and mesoscale ap-
pears and the subsequent assessment can be conducted as a post-processing routine.
To get a dimensionless measure the dissipated energies, W, are normalized using the

current total energy of the system as

_ Wi
B Wtot(t) ’

pi(t) i € pla,dam, ..., (5.1)
with ¢ denoting the (pseudo) simulation time which is associated with the load magni-

tude. The index 7 indicates the considered dissipation mode e.g. damage or plasticity.



CHAPTER 5. ENERGY DISSIPATION MONITORING 93

The total energy, Wi, is the sum of the dissipated energies associated with damage,
Waam and plasticity, Wya, as well as the elastic strain energy. Note that “artificial”
energy contributions associated with the numerical solution procedure, like energy
dissipated by the viscous regularization technique, are not to be included in the to-
tal energy. Once any of the ratios defined by Eq. (5.1) becomes nonzero, onset of
the particular mechanism is detected. As such, onset resembles the application of a
classical FPF criterion in terms of the damage mechanism and of a yield criterion in

terms of plasticity theory, respectively.

5.2.1 Radial stress vs. radial strain loading

The proposed approach is based on the stipulation that the stress components increase
proportionally which load the unit cell — as well as at the considered location in the
structure. In the linear regime this assumption holds true and for slightly nonlinear
stress-strain responses it is approximated reasonably well. However, for pronounced
nonlinear stress-strain behavior (which may set in at elevated loads) predictions may
be expected to suffer from inaccuracy. Moreover, stress redistribution would occur at
the macroscale model which cannot be accounted for by the present approach - the
macroscopic simulations remain of linear type. To improve the predictive capabilities
in such cases, the methodology is equivalently carried out under radial stress and
strain loading of the unit cell. The strain paths are computed using the radial stress
paths and the initial elasticity tensor. For the linear elastic case, stress and strain
controlled simulations give the same results. However, beyond the elastic limit the
responses will start to deviate from each other. Since stresses, as well as their strain
equivalents, are based on linear elastic considerations, one cannot tell which loading
scenario is the more realistic one. However, they are expected to state some upper and
lower estimates on the possible behavior. Additionally, mildly deviating responses
indicate that the assumptions are met in an approximate way. To visualize these
estimates a simple one dimensional example is used. Figure 5.2 shows a stress-strain
curve and corresponding evolutions of the energy ratios. In this particular case,
a 1D problem, the stress and strain controlled loading leads to exactly the same
results (black solid line). The plot further shows the evolution of dissipated energies
associated with damage (solid, gray) and plasticity (dashed, gray). The mapping of

the linear macroscale results to the nonlinear mesoscopic ones follows the underlying



CHAPTER 5. ENERGY DISSIPATION MONITORING 94

o)
p
nonlin. mesoscale
Pdam
Ppla
e £

Figure 5.2: Sketch of a nonlinear stress-strain curve in a one dimensional exam-
ple and corresponding evolutions of the dissipated energy ratios. The
triangle and cross indicate the energy ratio based on (radial) stress eval-
uation, the plus denotes the (radial) strain one. The circle corresponds
to the equal energy strategy.

loading strategies. Stress controlled load cases are evaluated at equal stress level
(triangle and cross symbols) whereas strain controlled cases issue an equal strain
assumption (plus symbol). Here, the plus symbol represent both values (damage and
plasticity) for the strain controlled case as these are coincident at the considered load
level. As already stated the resulting energy ratios can be treated as some upper and

lower estimates.

A third mapping technique assumes equal total energy at both length scale (hatched
and shaded areas). This result (circle) typically resides between the former two and
can be used to qualitatively assess the difference between radial stress and radial
strain based loading. It may be noted, that the corresponding dissipated energy
levels can be used as an additional predictor for the current nonlinear state, however,
the respective value is not to preferred against other values within the range of the
computed upper and lower estimates. Again, for the considered load the two points

for the damage and plasticity ratio coincide and only a single symbol is used.

For locations identified as critical by the proposed approach or showing doubtful

results, a sub-modeling technique could be applied.

5.2.2 Additional remarks

Since some hundred nonlinear simulations are necessary to compute reasonable re-

fined energy dissipation datasets, an efficient modeling and simulation strategy is
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essential. Here, the number and the distribution of the precomputed mesoscopic
loading paths can be optimized as well. The results of previous or preliminary com-
putations may be used to incorporate non-uniform distributions better suited for the
currently investigated mesostructure. Note, that the distribution of the load paths

may affect the accuracy of the predicted results, cf. Appendix C.

Once determined, the datasets can be used for arbitrary large structures comprising
the same textile ply. Of course, different material systems dictate different datasets.
Interpolation between different datasets may be reasonable to minimize the number
of required precomputed material system. Of course, the difference between such
datasets has to be within a reasonable range, e.g. small variation of a constituents’

dimension.

In case of laminates with reasonable thin layers, the proposed approach featuring
a three dimensional loading space (plane stress and strain space, respectively) is
sufficiently accurate. This implies that occurring macroscopic bending and twisting
loads are translated into respective layer-wise membrane normal and shear loads,
cf. classical lamination theory. If thick layers are considered, i.e. high gradients in
thickness direction might appear, the energy dissipation monitoring concept can be
enriched to cope with mesoscopic bending and twisting. Internally, this leads to a six
dimensional loading space and therefore, more mesoscopic nonlinear simulations are
necessary to accurately capture the effective loading space. For both types (thin and
thick layers), single ply unit cells are sufficient for most cases. Nevertheless, whole-
laminate unit cells can be used to include further damage modes like delamination
between the individual layers. As bending and twisting might be important, a six
dimensional approach is highly recommended for whole-laminate unit cells. Of course,
such whole laminate approaches require substantially more computational demands

and therefore, may be restricted to simple unit cell geometries.

Finally, it may be noted, that based on the derived total strain energy density data,
a numerically based constitutive law could be constructed using hyperelastic assump-

tions like
. Owiot

7= Oe

However, as only radial path data is available, this constitutive model would only

(5.2)

permit respective radial loading histories. Thus, once reaching the nonlinear state any
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stress redistribution appearing immediately leads to a violation of the assumptions.

Nevertheless, Eq. (5.2) gives a physical justification of the proposed approach.

5.3 Evaluation strategies — database usage

With the “energy dissipation evolution data” and corresponding stress and strain
paths stored in a database any subsequent evaluation can be realised in a pure post-
processing way. Here, two possible evaluation strategies will be introduced, namely
“energy dissipation envelopes” visualizing the evolution of the incorporated nonlinear
mechanisms of the microstructural material’s UC, and advanced post-processing of
macroscopic structures. The former envelopes are drawn in stress and strain space,
respectively, corresponding to various dissipation energy levels, e.g. for the initiation
of the individual mechanisms and for selected relative energies. This way, an overview
is given over damage evolution gradient, “strength reserve”, sensitivity to overloads,
directional sensitivity, etc. Meaningful values of the plotted dissipated energy levels
can be defined from simulations of selected load cases and, preferably, accompany-
ing experiments. The initiation envelopes computed this way can be considered as

numerically determined FPF and yield criteria, respectively.

The second proposed strategy aims at the application of the derived data to linear
elastic macroscopic simulations. Here, the energy dissipation data is utilized in an
automated way for which the predicted stresses at a certain location of the macro-
scopic structure is used as input. At this stage, the initiation envelopes defined before
can be used as FPF and yield criteria respectively, to assess a prevailing stress state
with respect to its severity. To this end, the intersection points between the en-
velopes and the loading path are computed using a ray tracing algorithm [93] and
the corresponding safety and reserve factors are extracted. The stress state at loca-
tions identified as being critical (reserve factor > 1) is further evaluated as follows.
First, the corresponding strain state and elastic strain energy is computed based on
the homogenized elastic properties of the composite. This way the macroscopic local
loading state is elastically defined. The subsequent evaluation is equally carried out
based on the acting stress and strain state using the radial stress and radial strain
based datasets, respectively. For the sake of brevity only the stress based steps are

discussed here. The macroscopic local stress state is considered as a point on a meso-
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Figure 5.3: Sketch of the mapping technique applied to compute the field quantity
p based on a neighbouring path using interpolation in stress space.

scopic effective radial loading path. As only a representative subset of “all” radial
loading paths is simulated at the mesoscale level, the energy dissipation evolution
has to be interpolated for the acting stress state. To this end, the three enclosing
precomputed radial loading paths are identified and the currently acting stress state
is projected onto these assuming equal “lengths”. Figure 5.3 shows this projection
with respect to one neighboring path in stress space. The corresponding dissipated
energies are computed using linear interpolation between available data points as
sketched in Fig. 5.3. The resulting energy values of the three paths are subsequently

averaged using the inverse distant method [122] expressed as
N
. vk(o-appl) - Dk
P = Sy (5.3)

with the weights defined as

1

1y
v (™) = (”o.appl _ o.k”)Q :

(5.4)

Here, N = 3 being the number of neighboring paths, &* denotes the interpolated
stress tensor on path k in vector notation. This interpolation and averaging is done
not only for the applied stress but also for 20 evenly spaced points along the radial
path between 0 and 2 - ®P!. The derived data represents the evolution of the con-
sidered mechanism with respect to proportional load variation in the defined range.
Additionally, the individual energy values with respect to an equal total strain energy

are computed using the same approach. More details can be found in [119].
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Checking all locations while applying the energy dissipation evolution data gives
information on critical spots and activated nonlinear mechanisms as well as their

evolution and progress.

As the sensitivity of the critical loading state is not obvious, the question may rise
if another structural location gets more critical during load increase. This can be
answered by assessing the predicted macroscopic stress fields not only using the al-
ready proposed numerical FPF criterion, but using additional “post-initiation” data
points associated with a certain amount of dissipated energy. The latter immediately
indicates whether the critical point remains the same, or other locations have to be
assessed as well. Of course, one has to be aware that nonlinear effects like stress re-
distribution, are not included in the macroscale simulations, hence the considerations

should remain in a mild nonlinear regime or being interpreted with caution.

5.4 Application example

To demonstrate the usage of the energy dissipation monitoring concept an airplane
engine nacelle structure built from a woven laminate will be used. The first step is
to compute the energy dissipation evolution dataset for the applied textile ply at the
mesoscale. To this end, a unit cell is set up within the FEM framework using the
shell element modeling approach proposed in Sec. 3.3. The second step deals with the
simulation of the macroscopic structure and the application of the energy dissipation

evolution data.

All FEM simulations are carried out using the commercial solver Abaqus/Standard
v6.12(Dassault Systemes Simulia Corp., Providence, RI, USA), the post-processing
is realized by a user defined subroutine applying the energy dissipation data and a
Matlab 2013a script (The MathWorks, Inc., Natick, Massachusetts, United States)
to derive the respective evolutions. The communication is handled by several accom-

panying python scripts.
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5.4.1 Mesoscopic unit cell: Twill weave

The material system under consideration is a carbon/epoxy 2/2 Twill weave. The
investigated (incorporated) nonlinear mechanisms are damage of the tows and pla-
siticity of the unreinforced matrix pockets. Since the computation of energy dissipa-
tion envelopes requires some 200 nonlinear computations a shell element based unit

cell approach is applied. All these simulations rely on a single layer unit cell.

Geometry and mesh. The geometry of the considered weave is chosen to feature
tows with a rectangular cross section and a piecewise linear ondulation path as defined
in Sec. 4.1. The corresponding geometrical data is given in App. B Tab. B.1 denoted
as Rect-1.

The reference surfaces of the shell elements are meshed by 4-noded shell elements
with linear interpolation functions featuring a typical element size of 1/14th of the tow
width. In thickness direction a Simpson scheme with five section points is used. The
individual shell elements are tied appropriately, representing perfect interfaces, i.e. no
delamination is permitted. At the unit cell lateral boundaries the nodes are coupled

appropriately to achieve plane periodic boundary conditions.

Applied material models. To incorporate the aspired damage and plasticity
mechanisms the tows are represented featuring a transversely isotropic elasto-brittle
behavior. The applied FRP damage model is readily available in Abaqus/Standard
v6.12 [64] and is based on a Hashin criterion to assess damage initiation [63] accom-
panied by linear strain softening for both fiber and matrix dominated phenomena,
see Sec. 2.2.2. This model does not account for possible plastic deformation, hence,
strictly speaking, loading situations which lead to pronounced plastic responses in
the tows should be avoided. The studied woven laminates feature plies in 0 and 45
degree direction, thus the latter criteria is met. The elements of the unreinforced ma-
trix pockets are equipped with an elastic-perfect plastic isotropic material featuring

a Drucker-Prager type plasticity model. All required material data can be found in

Tab. A.3.
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Figure 5.4: Normalized stress vs. strain plot of a nonlinear meso-scale simulation
with o®P!' = [600,0,0] MPa including the corresponding energy ratio
evolutions.

5.4.2 Energy Dissipation envelopes — mesoscopic results

Using the master node concept, Sec. 3.1.2, the required effective radial loading paths
are applied to the unit cell. As an effective orthotropic material symmetry is ex-
pected, only one fourth of the investigated stress and strain space respectively, has to
be considered. In total 81 different plane stress paths, and 81 plane strain paths are
simulated. Using the strategy proposed in Sec. 5.2, the evolution of the individual en-
ergy ratios is extracted for each radial load path and stored in a database. Figure 5.4
shows the normalized response of an example simulation with o*PP! = [600, 0, 0] MPa

indicating the individual energy ratios.

Based on this precomputed database, the initiation of the nonlinear mechanisms, can
be assessed. The corresponding FPF and yield envelopes can be directly obtained by
evaluation of the energy dissipation evolution data for an energy ratio slightly bigger
than zero. Figure 5.5 shows the obtained surfaces for a ratio of 0.00001 in the plane
stress space. These surfaces are based on the radial stress simulation data, however,
as the FPF denote the elastic limit, the radial strain based surfaces coincide. Of
course, this “identity” is only valid for the initiation surfaces. Such FPF surfaces

can be directly used at macroscale simulations to assess the currently acting stress
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Figure 5.5: Stress envelopes of a 2/2 Twill weave showing damage (dark shaded)
and yield (light shaded) initiation surfaces due to radial stress loading.

and strain state, respectively. Moreover, a visualization in the mesoscopic effective
stress and strain space, respectively, helps to understand directional sensitivity of the

considered meso-structure, see Fig. 5.5.

To obtain these failure surfaces, linear elastic simulations would have been sufficient,
however, the main focus is laid on the nonlinear regime. To this end, additional
surfaces of equal dissipated energy ratio can be evaluated to highlight the load factor
sensitivity of the particular loading direction, i.e. what’s happening if the load is
increased proportionally. Figure 5.6 gives the evolution of the energy dissipation
envelopes with respect to ply damage for radial stress loading in the o,, — 0y, sub-
space. It is clearly visible that upon damage initiation compressive stresses are much
more severe in terms of damage progression than tensile stresses. Similar to this,
Fig. 5.7 shows the energy dissipation envelopes with respect to matrix plasticity for
different energy ratios based on radial stress loading. Again, the compressive loading
regime can be considered as more critical with respect to load increase. Note that
due to the applied material models, plasticity only appears in the rather small areas
of unreinforced matrix pockets. The fiber bundles — shown to possess plastic behavior
[133] — are assumed to remain elastic throughout the whole simulation and, therefore,
the amount of dissipated plastic energy may be under-predicted here. To cope with

this problem, more advanced ply material models have to be used, cf. [46].
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Figure 5.6: Energy dissipation envelope in the o,, — oy, sub-space indicating the
initiation (init) and different levels (in percent) of dissipated energy
ratios associated with ply damage (radial stress loading).
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Figure 5.7: Energy dissipation envelope in the o,, — 0,, sub-space indicating the
initiation (init) different levels (in percent) of dissipated energy ratios
associated with matrix plasticity (radial stress loading).
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Figure 5.8: Isometric view of the macroscopic nacelle structure.

5.4.3 Macroscale structure: nacelle part

The considered macroscopic structure represents a generic part of some nacelle which
might be part of an aircraft engine. It is considered to be subjected to some cir-
cumferential drag load due to air flow. A linear elastic simulation is conducted and
the appearing stresses and strains are assessed using the proposed energy dissipation

monitoring concept.

Geometry and mesh. The nacelle resembles a cylindrical shell structure with an
outer diameter of about 2000 mm, a height of around 1000 mm and six slotted holes
are distributed around the lateral surface. Figure 5.8 shows an isometric view of the
nacelle. The whole structure is made of a 13 layer carbon/epoxy 2/2 Twill weave
laminate featuring the same textile architecture as defined in the previous section. A
stacking sequence of [03/45,/03]s is applied. Here, 0 indicates that the direction of

the warp yarns corresponds to the axial direction of the structure.

Due to the symmetry of the structure, the loading as well as the material, only a
sixth of the whole part has to be modeled. This sector is meshed using quadratic
shell elements with reduced integration and a layered shell formulation. In thickness

direction three section points per layer are used.

Applied material model. The required effective material data for the individual
layers is computed based on a unit cell characterization of the chosen material system.
As the initial stiffness of a single layer Weave-type textile is significantly lower than

the stiffness of a laminate, see e.g. Sec. 4.4, two double layer versions of the unit cell,
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Table 5.1: Effective single ply material data of the 2/2 Twill weave (structural
scale); the transverse shear moduli (*) are estimated values.

E;z: = Ey me Gmy G;k:z - G;;z
47GPa 0.1 29GPa 4.6GPa

in-phase and out-of-phase stacked, are used to compute the effective linear elastic
properties. The influence of adjacent layers is represented by taking the average of
in-phase and out-of-phase stacking results. Table 5.1 lists the resulting engineering

constants to be used with the large scale simulations.

Loading conditions. The macroscopic boundary conditions represent an artificial
load case of a variable pressure. The two end sections of the nacelle are constraint
axially by neighboring parts and the rear part of the tapered surface is subjected to
an axisymmetric pressure load featuring a cosine based distribution as sketched in
Fig. 5.9. The average pull per mm circumference is assumed to be 45MPa/mm. Note

that this value is not based on aerodynamic considerations.

5.4.4 Demonstrator evaluation — macroscopic results

To apply the proposed concept at the macroscale, a user subroutine capable of em-
ploying the previously computed data is implemented in Abaqus. With this tool,
the energy dissipation envelopes can be used during post-processing like conventional

FPF criteria indicating the reserve factor or safety factor with respect to the current

Figure 5.9: Sketch of the applied boundary conditions on the nacelle structure.
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critical point

Figure 5.10: Contour plot of the predicted reserve factor at the inner shell surface
(corresponds to the critical location) against damage initiation of the
nacelle sector.

loading step. Figure 5.10 shows a contour plot of the reserve factor against FPF
(i.e. damage onset) of the nacelle sector subjected to the prescribed pull load. By
means of this figure the inner surface at the axial quadrant of the slotted hole is
identified to be the most critical location in terms of ply damage. At this location
the inner layer of the laminate gets loaded in tension in tow direction, and, as shown
in Sec. 4.2, at the corresponding perpendicular tows damage starts to initiate. A
similar evaluation giving the reserve factor with respect to yield initiation can be
conducted as well, see Fig. 5.11. To evaluate the severity and sensitivity of this
particular macroscopic critical location, the local stress state is used to extract the
evolution of the individual damage and failure modes stored in the energy dissipation

evolution database as described in Sec. 5.3.

Figure 5.12 shows the predicted evolution of the dissipated energy ratio associated
with ply damage for the critical location with respect to the load factor. The black
solid line represents the response for a radial stress based loading, whereas the gray
solid line shows the corresponding radial strain based loading. The dashed lines de-
note the equal energy evaluation strategies with respect to radial stress and strain
loading. Additionally, the load factor leading to damage initiation (dam init) is
marked with a circle and the load factor associated with the first occurrence of a non-
linear mechanism (NL init) is indicated with a cross. Note that the latter is defined
as the minimum of the initiation load factors associated with damage and plasticity.

The good agreement of the two equal energy lines indicate that the mesoscopic re-
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Figure 5.11: Contour plot of the predicted reserve factor at the inner shell surface
(corresponds to the critical location) against yield initiation of the
nacelle sector.
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Figure 5.12: Predicted evolution of the dissipated energy ratios associated with ply
damage due to radial stress and strain loading, respectively, at the
critical location.

sponse of the unit cell subjected to radial stress based loading strongly resembles the
response of the corresponding radial strain based loading for the particular loading
path. Figure 5.13 gives the same type of information for the dissipated energy ratios

associated with matrix plasticity.
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Figure 5.13: Predicted evolution of the dissipated energy ratios associated with ply
plasticity due to radial stress and strain loading, respectively, at the
critical location.

Following Fig. 5.12, the applied macroscopic loading state results in local stresses
which are beyond the first ply failure of the textile composite. However, the amount
of dissipated energy at load factor one and the rather moderate increase of the pro-
gression curve suggest, that the laminate might sustain further load increase. Until
a load factor of two, the energy dissipated due to damage is below 4.5% and 2%,
respectively. Note that the more critical state, the radial strain based curve (gray

line), only represents some upper estimate.

The development of the dissipated energy associated with matrix pocket plasticity
(Fig. 5.13) reveals that the yield criteria has been met at about 50% of the partic-
ular loading conditions. The energy evolution following this initiation shows that
the associated nonlinearity plays a negligible role until load factors beyond one. At
elevated load factors some notable energy dissipation occurs indication plastic strain
accumulation. If the energy fractions are compared quantitatively with the ones at-
tributed to tow damage, matrix pocket plasticity may be considered as less dominant

for the acting loading state.
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5.5 Conclusion on energy dissipation

A simulation methodology is proposed combining linear elastic analysis of large scale
laminated composite structures and detailed nonlinear unit cell predictions to ac-
count for local nonlinear material behavior at the ply level. In a two-step procedure
nonlinear unit cell simulations are conducted first and the dissipated energies of the
individual damage, plasticity and failure mechanisms are computed. The latter are
considered as a measure of unit cell exertion. In a second step this data can be
used to draw “energy dissipation envelopes” in stress and strain space as well as
to perform post-processing on linear large scale structural analyses. Based on the
concept of energy dissipation monitoring, the macroscopic material point exertion is
assessed with respect the local damage and failure phenomena at the unit cell level.
The approach is not limited to textile composites but can be used with any type of
multiscale material to enable the consideration of complex nonlinear behavior in a

very efficient manner.
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Chapter 6
Summary

The nonlinear simulation of the mechanical behavior of composite structures compris-
ing braided or woven plies is a demanding topic. The complex architecture combined
with the complex constituents’ behavior requires sophisticated methods to accurately
predict their response. In the framework of the FEM the most common approach to
deal with the behavior of textile materials is to apply a homogenisation technique
relying on continuum element based unit cells. This, however, results in vast compu-
tational requirements and prevents their economic application in an assessment of the
nonlinear behavior. Moreover, the application of the computed results at macroscale

structures is not well defined.

Motivated by this limitations, a shell element based modeling concept for braided and
woven composites is developed, by which all constituents are represented using Finite
elements of the shell type only. Applying common assumptions, like constant tow
cross sections along the ondulation path the strategy is defined for braids featuring
rectangular cross sections as well as lenticular based cross sections. Braided unit cells
featuring braiding angles different than 45° are realized using strain-free skewing of
the initially orthogonal unit cell. All constituents are coupled appropriately and are
equipped with plane stress material models. The latter may incorporate tow dam-
age and plasticity as well as matrix pocket plasticity. The shell element based unit
cells feature less DOFs than comparable continuum element based ones and conse-
quentially a substantial performance gain is achieved. A verification and comparison
study shows that the proposed strategy obtains accurate predictions in terms of stiff-

ness as well as strength measures and reduces the computational demands in terms
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of simulation time as well as hardware requirements at the same time. The accom-
plished computational efficiency allows for the simulation of multilayer composites by
modeling of the individual layers. This way, interlaminar delamination phenomena
appearing between the plies can be simulated as well. Moreover, nonlinear simu-
lations taking into account the degradation of and residual strain accumulation in
the constituents can be conducted efficiently. Respective analyses are carried out for

different braids and a comparison with experimental results reveal a good agreement.

To allow for the application of these mesoscopic results, a concept is proposed based
on energy dissipation considerations. To this end, the unit cell is subjected to distinct
effective loading paths and the evolution of individual energies is monitored and
stored in a database. This data is subsequently used to assess the sensitivity of the
nonlinearities with respect to load factor and direction variation. Moreover, the data
is used in conjunction with macroscale, linear elastic simulations to post-process the
computed macroscopic stresses. Critical points are identified and the occurring local
stress states are used to derive the evolution of the individual energy dissipations
based on proportional loading assumptions. The concept relies on a precomputed
database, hence it proves itself as an effective tool to assess large scale structural parts
comprising complex inhomogeneous materials taking into account material induced

nonlinearities.

Finally, it shall be said, that the proposed modeling approach in combination with the
energy dissipation concept allows for the efficient simulation of large scale structures

comprising textile composites in the presence of material induced nonlinearities.
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Appendix A

Material parameters

Throughout this thesis various composites are investigated. The corresponding ma-

terial systems are listed in the following chapter.

Table A.1: Tow and matrix pockets material data for the Epoxy/IM6 material sys-
tem, based on [87].

Tows (70% fiber volume fraction) Matrix
Ey Ey=FE; via=13 v Gi2=0Gs Entatrix  VMatrix
190 GPa 11 GPa 0.35 0.44 59GPa 4GPa  0.36

Table A.2: Tow, matrix pockets and interface data for the T300-920 material sys-
tem, based on [33].

Tows (70% fiber volume fraction) Matrix
E, Ey=FE3 vip =13 Va3 Gia = Gh3 Entatrix VMatrix
160.20 GPa 9.82GPa 0.31 0.29 4.68 GPa 3.76 GPa  0.39

Cohesive element properties

K, K, K Tn Ts = Tt Olc Gite = Griie PBK
108 MPa/m 50 MPa SO0MPa 210 J/m2 800 J/m2 1.5
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Table A.3: Essential material data for the tows, matrix pockets and cohesive inter-
faces of the Cycom®977/HTS40 material system, based on [27, 38, 141].

Tows (60 % fiber volume fraction)

E, E, = Ej3 Vig = 13 Va3 G2 = Gi3
146 GPa 9 GPa 0.34 0.61 4.27 GPa
Ry Ry, Ry, R, Ris
2100 MPa 1407 MPa 82 MPa 249 MPa 110 MPa
Go) Gito) Gmt) G(me) G(ps)
89800 J/m? 78300J/m? 200J/m? 800 J /m? 1000 J /m?
Matrix pockets
FEatrix UMatrix a; Friction angle Dilation angle K
3.52 GPa 0.39 81.4 MPa 25° 25° 1
Cohesive interface properties
K,, K, K Tn Ts = Tt Gre Grie = Grie PBK
10°MPa/m 60 MPa 110 MPa 133 J/m? 460 J /m? 2

Table A.4: Essential material data for the tows and matrix pockets of the
RTM6/HTS40 material system scaled to 78% fiber volume fraction, orig-

inal data based on [114, 115].

Tows (78 % fiber volume fraction)

E; E, = Ej Vig = 13 Va3 G2 = Gi3
179.9 GPa 10.6 GPa 0.24 0.68 4.97 GPa
Ry Ry, R, R, Ris
2631 MPa 1240 MPa 33 MPa 175 MPa 76.4 MPa
Go) Gite) G (mt) G(me) Gps)
89800 J/m? 78300J/m? 200 J/m? 800 J /m? 1000 J/m?
Matrix pockets
Fatrix UMatrix a; Friction angle Dilation angle K
2.89 GPa 0.38 75 MPa 25°

25° 1
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Table A.5: Essential material data for the tows and matrix pockets of the
RTM6/HTS40 material system scaled to 88% fiber volume fraction, orig-
inal data based on [114, 115].

Tows (88 % fiber volume fraction)

Ey Ey = Fy Vig = 113 Va3 G2 = Gis
203.2 GPa 11.99 GPa 0.22 0.68 5.61 GPa
Rh R% 352 R§2 Ryo
2791 MPa 1400 MPa 33 MPa 175 MPa 76.4 MPa
Gite) Gite) Gmt) Gime) Gips)
89800 J/m? 78300J/m?> 200J/m>  800J/m? 1000 J /m?

Matrix pockets

Eatrix UMatrix 0'; Friction angle Dilation angle K

2.89 GPa 0.38 75 MPa 25° 25° 1
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Textile geometries
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Based on the measurements of Marte [87] (Rect-1, Lent-1) and De Carvalho et al.

[33] (Lent-2), Twill weaves with rectangular and lenticular, respectively, tow cross

sections are designed using the dimensions (in mm) given in the table below. The

total fiber volume fraction is given for a fiber volume fraction of the tows of 70%.

Additionally, three types of braids geometries (+30°, £45°, £60°) based micrograph

measurements conducted by the cooperation partner LCC are applied. The corre-

sponding UC models featuring a lenticular tow cross section are defined as given

below (Braid-z). Figure B.1 and Fig. B.2 display a sketch of the rectangular and

lenticular, respectively, cross section based unit cell.

Table B.1: Geometric dimensions of the investigated textiles, all values are given in

mm.
Id Ref w We tc p ZUC fvol

Rectangular tow cross section (Fig. B.1)

Rect-1 [87] 1.81 ; ~ 246 984 51.8%
Lenticular tow cross section (Fig. B.2)

Lent-1  [87] 2.2 0.2 0.075 285 114 44.7%

Lent-2  [33] 1.58 0.23 0.0702 2.09 836 45.0%
Braid-30 - 2.749 0.311 0.19 0.042 2968 11.87 47.7%
Braid-45 - 3.092 0.282 1.0 0.02 3.205 12.82 53.7%
Braid-60 - 2.424 0.366 0 0 247 987  46.2%
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Figure B.1: Cross section of a generic 2/2 Twill Weave featuring rectangular tow
cross sections (hatched). The dashed line represents the unit cell
perimeter and the gray areas denote the matrix pockets.
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Figure B.2: Cross section of a generic 2/2 Twill Weave featuring lenticular based
tow cross sections (hatched). The dashed line represents the unit cell
perimeter and the gray areas denote the matrix pockets.
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Appendix C

Load paths distribution

Common failure envelopes, like FPF criteria, are typically expressed as an implicit
function with respect to the stress, and strain tensor, respectively, like f(o) = 1.
Numerically computed envelopes, intrinsically get a similar implicit nature. A rather
common way to extract an envelope of such an implicit function is to discretize the
argument space, e.g. the plane stress space and solve the implicit equation at each
sub-domain. This, however, results in a huge number of computations. Moreover, in
the framework of incremental solution strategies, several intermediate solutions are
created when aiming at a particular point in the arguments space. A more meaningful
approach is to discretize the space by means of spherical coordinates and a fixed
length. Such radial rays (actually load paths) start at the origin, i.e. the loading-free
state. Depending on the aspired resolution, a fair number of radial load paths have
to be computed. Moreover, the achieved accuracy also depends on the distribution of
the paths. Without additional knowledge a homogeneous distribution will be a good
choice. A possible strategy to derive respective directions is use evenly spaced points
on a sphere. It may be noted that a sphere is beneficial due to implicitly constant
loading rate (comparable influence of the viscous regularization scheme). There are
several approaches to distribute points on a sphere (see e.g. [90]) like e.g. recursive
definition based on platonic solids. In the present study a recursion based on an

octaeder is used initially.

If the expected shape of the envelope is known beforehand, the distribution can be
optimized. This optimization might be crucial to accurately capture specific feature

of the envelope.
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In case of (expected) strong anisotropic behavior, like plate or cigar shaped envelopes,
evenly spaced points are clearly not the best choice. In such cases a pole or equator
biased distribution can lead to significantly better predictions. A prominent example
of such an anisotropic behavior is the Tsai-Wu failure failure surface [131]. Figure C.1
juxtaposes the load vector distribution for evenly spaced (258 points) and pole biased
(306 points) cases. The resulting failure envelopes are given in Fig. C.2. It is imme-
diately obvious that the pole biased based surface is a far better representation of the
analytically defined Tsai-Wu surface than the evenly spaced based one. Nevertheless,
for the common case of convex failure surfaces, the evenly spaced based surface is a

conservative representation.

Figure C.1: Evenly spaced points (left) and pole biased points (right) on a virtual
sphere in loading space.

Figure C.2: Computed Tsai-Wu failure envelopes based on evenly spaced load paths
(top) and pole biased load paths (bottom).
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