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Abstract

3D reinforced composites are favored for aerospace, automotive and wind turbine ap-
plication because of their high specific stiffness and strength in the in-plane and out-of-
plane directions. In these composites, pins, stitching yarns and binder yarns are inserted
through-the-thickness of the in-plane fiber-reinforced regions. Binder parameters as di-
ameter, content, pattern and tensioning can further be varied to regulate the out-of-plane
properties. However, the insertion of these binders distorts the reinforcement which fur-
ther can affect the global and local mechanical behaviour. Unit-cell models offered a
valuable approach to assess the effect of the distortions on these mechanical features.

An approach is presented to include the main geometrical features of pinned, stitched
and 3D woven composites into mesoscopic unit-cell models. Discretised lines, which
represent the main geometrical features, are hereby gradually shaped by geometrical op-
erations while a geometrical contact treatment account for line interactions. The local
fiber volume fraction and fiber direction distributions are afterwards modelled on cross-
sections in a post-processing step. Tools are further proposed to automatically transform
the geometrical models into finite element models. The effect of distortions, local fiber
volume fraction and fiber direction, and typical geometrical features for each 3D rein-
forced composite, on the stiffness and damage initiation stress levels is investigated by
means of elastic finite element (FE)-computations.

The shape of geometrical features corresponding to the different binder parameters could
automatically be generated and the dimensions of features could be controlled by the pa-
rameters of the geometrical operations. The stiffness of a 3D reinforced composite have
been observed to be either decreased or increased (dependent on the stacking sequence,
the binder type and the loading direction). Early damage initiation in the FE-models
was observed to take place near the binder locations, which was mainly caused by trans-
verse and shear cracking in the fiber-reinforced regions. Local fiber volume fraction and
fiber direction have shown to affect damage initation mechanisms and stress levels, and
should therefore be properly included in the models. In future work, the possibility of
the framework to generate unit-cells including voids and micro-vascular networks can
be investigated and the finite element models can be extended with damage and crack
propagation mechanisms for damage and failure computations.
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Symbols:
Rline radius of a line

V (,x,y)
f ,lam global fiber volume fraction of the in-plane fiber-reinforced regions (to-

tal, in x-direction, in y-direction)

V x
f ,lam,V

y
f ,lam global fiber volume fraction in x and y direction

Vf ,stitch the fiber volume fraction in a cross-section of the stitching yarn

Vf local fiber volume fraction

V max
f maximum fiber volume fraction in a fiber-reinforced region

Vf ,c(u) the constant but increased fiber volume fraction near the resin-rich re-
gion in a cross-section at position u

~flam main fiber direction in a lamina

~floc local fiber direction in a lamina

θmis local fiber misalignment

θ
xy
mis,θ

z
mis in-plane and out-of-plane local fiber misalignment

αi,α f initial and final inclination angle of a pin

αxy angle defining the pin inclination direction

k distorted zone parameter

s,s1,s2,s3 number of straightening operations

q,qsl ,qbl contact parameter

c number of lines in the inner-line configuration of a fiber-bundle

Enorm, Enorm∗ normalised stiffness (normalisation by an equivalent configura-
tion)(normalisation by a corresponding configuration with binder con-
tent 0.50%)

f22, f12 transverse and shear damage initiation indicator

fint , fm interface and matrix damage initiation indicator

f 97%
. 97-percentile of the damage initiation indicator

E11,E22,E33 longitudinal and transverse modulus

G12,G13,G23 in-plane and transverse shear modulus

µ12,µ13,µ23 Poisson ratio

X11,t/c,X12 longitudinal tensile/compressive and shear strength in tension (t) or
compression (c)
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Abbreviations:
CT Computed Tomography

NCF non-crimp fabric

FE finite element
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Glossary:

binder a through-thickness reinforcement, binding different lam-
ina together (pin, stitching yarn or binder yarn)

binder content the relative fraction of binder in the unit-cell which is de-
fined by the cross-section area of the binder divided by
the in-plane dimensions of the unit-cell

boundary-line
configuration

a representation of a lamina or fiber-bundle with lines po-
sitioned at the boundaries of the region

crimp the misalignment of fiber-bundles in textile composites
that is inherent to the weave pattern (see Fig. 2.1b)

fiber the smallest building unit of fiber-reinforced regions

fiber-bundle
(or yarn)

a collection of fibers

fiber-reinforced
distorted zone

the part of the fiber-reinforced region in Z-pinned and
stitched composites which is distorted by the Z-pin or
stitching yarn insertion

fiber-volume
fraction

the amount of fibers in a given unit-cell

inner-line
configuration

a representation of a lamina or fiber-bundle with lines po-
sitioned at the interior of the region

in-plane,
out-of-plane

the direction in or transverse on the plane of the unit-cell

lamina a layer of fiber-reinforcement (see Fig. 2.1a)

laminate a stack of laminae (see Fig. 2.1b)

line the geometrical tool which is used to generate different
shapes of geometrical features

nesting the configuration where adjacent fibrous layers are pen-
etrating the openings of neighbouring layers (see Fig.
2.1b-c)

out-of-plane
undulations

the out-of-plane fiber-waviness in the surface lamina of
the stitched laminates underneath the top segment of the
stitching yarn

pin content the relative fraction of the pin in the unit-cell which is
defined by the cross-section area of the pin divided by
the in-plane dimensions of the unit-cell

pin inclination
direction

the direction in which the Z-pin is inclined

xii



resin-rich regions the openings in the Z-pinned and stitched laminates near
the Z-pin and stitching yarn that are filled by resin.

stitch direction the horizontal direction of the movement of the stitching
yarn process during manufacturing, which is identical to
the in-plane direction that is aligned with the continuity
of the stitching yarn

unit-cell the smallest unit representing the composite (having as-
sumed periodicity of the manufacturing parameters)

warp, weft the fiber-bundles in a woven composite that go along
(warp) or across (weft) the length of the fabric (see Fig.
6.1a)

x- and y-direction the (in-plane) periodicity directions of the unit-cell

z-direction the through-the-thickness direction of the unit-cell

Z-crown the top segment of the binder yarn which is located on
top of the outer lamina surfaces in 3D woven composites
(see Fig. 6.1a)
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Chapter 1

Introduction

1.1 Background

In automative, aerospace and windturbine industry, fiber-reinforced composites are fa-
vored because of their high specific stiffness and strength [1–5]. These high-specific
properties originate from the high stiffness and strength of the fibers and the low density
of the matrix [6, 7]. The fibers are acting hereby as the main load bearing mechanisms
while the matrix holds the fibers in place, protects the fibers against environmental con-
ditions and acts as a medium distributing the load between the fibers. Carbon and glass
fibers, and epoxy and polyester matrix are typically used as constitutive materials, but
composites constructed from aramid and natural fibers, and other thermoset (e.g. vinyl
ester) or thermoplastic resin matrix also exist [8–12].

Different types of fiber-reinforced composites have been manufactured during the last
decades. The composites can be classified in prepreg-based and textile composites, ac-
cording to how the matrix is introduced in the fibrous regions:

1. In prepreg-based composites, the fibers are pre-impregnated with semi-cured ma-
trix [13]. The prepregs can be stacked manually or using automatic tape-laying
machines [14] and are further consolidated and cured in auto-clave processes. The
resulting consolidated laminates are characterised by a high quality (meaning a
small void content) but are rather expensive and are characterised by low out-
of-plane properties. The high costs of such composites is related to the use of
an auto-clave, and refrigerators which are needed to delay the consolidation pro-
cess of the thermoset matrix, while the low out-of-plane properties (for laminated
prepreg-based composites) are mainly related to the lack of reinforcement in the
out-of-plane direction.

2. In textile composites, the manufacturing process starts from a dry-preform which
can be produced by different textile processing technologies as weaving, tufting
knitting, braiding, etc [15]. The dry-preform is then injected by resin using resin
injection techniques, which can be performed under atmospheric pressure and
without the need to use an auto-clave The assembly can further be cured in stan-
dard ovens. Such composites are cheaper and have more design freedom for the
reinforcement architecture than prepreg-based composites, but are more prone to
void accumulation and further challenges the research community in their design
and mechanical characterisation (due to the wide range of design parameters).
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Chapter 1. Introduction

Composites may also be classified according to the architecture of the reinforcement.
Typical categorisations are multi-directional laminates, non-crimp fabric composites,
woven composites and 3D reinforced composites. The composite architecture for each
category is described in more detail in the next chapter.

Mechanical characterisation of the fiber-reinforced composites is needed to obtain the
basic input parameters which are necessary properties for the design of structural com-
ponents. Depending on the complexity of the reinforcement architecture and due to
the multi-scale nature of the material (see Fig. 1.1) this process may become quite te-
dious and complex. At micro-scale, fibers can be distinguished, as their diameters are
typically in the range of 5 to 20µm. At meso-scale, fibers are topologically grouped
as fiber-bundles and laminae. At macro-scale, the reinforcement architecture can be
considered as a homogenised medium. At structural-scale, the composite material can
be used in the construction of several applications as wind turbine blades, airplanes,
cars, etc. The multi-scale hierachical structure of fiber-reinforced composites results
further in mechanisms taking place at different scales with (1) matrix cracking, inter-
face debonding between the fiber and the matrix, and fiber-breakage taking place at
the micro-scale; [16–22] and (2) transverse and shear cracking in the fiber-reinforced
regions, interface debonding between the fiber-reinforced regions and the matrix, and
cracking in the matrix taking place at the meso-scale [23–26]. The mesoscopic damage
mechanisms can then evolve into mesoscopic failure, macroscopic failure and ultimately
structural collapse upon increasing load or deformation levels.

Experimental techniques have been applied to study the mechanical behaviour of fiber-
reinforced composites. Tensile and compression tests can be performed on a composite
specimen to obtain its global mechanical properties while digitial image correlation, ac-
coustic emission, fiber-optic sensors and X-ray experimental techniques can be used to
assess the local strain levels on the specimen surface, local strain levels in the specimen,
the amount of damage and the locations of damaged regions in the specimen respec-
tively [27–32]. Imaging techniques such as optical and scanning electron microscopy,
and micro-CT scans, can be used to assess the geometrical features of the reinforcement
architecture, voids and crack patterns on 2D cross-section cuts of the specimen or in
the whole specimen respectively [33–43]. Such investigations allow obtaining realistic
geometrical and mechanical features but are time consuming, often expensive and inef-
ficient to optimise the wide range of reinforcement parameters in an early design stage.

Unit-cell models have offered a powerful approach to help experimental investigations
in the mechanical characterisation of fiber-reinforced composites [44–47] (as well as of
other hetereogeneous materials [48–55]) and the further understanding of the correlation
between geometrical and mechanical features at multiple scales:

1. At micro-scale, a square or hexagonal fiber distribution was initially assumed in
unit-cell models [20, 45, 46, 56–58]. Random fiber distributions were considered
afterwards to account for more realistic fiber distributions in the unit-cell models
[59–66]. The size of the unit-cell with randomly-distributed fibers needs then
to be determined from a convergence study on the stiffness or the local stress
distribution characteristics of the unit-cell model [67–73].

2



1.2. Problem statement

2. At meso-scale, a unit-cell of fiber-bundles and lamina is often considered in
which the reinforcement architecture is assumed periodic [44,45,74–76] The fiber-
reinforced regions are hereby represented by their boundary and local fiber volume
fractions and fiber direction distributions. The boundary of the region can be rep-
resented in the model using analytical and computational approaches. The local
fiber volume fraction and fiber direction distribution are often modelled analyti-
cally in a post-processing applied on the constructed geometrical models [77,78].

macro-scale

meso-scale

cm

micro-scale

um

structural scale

m

mm

 unit-cell

unit-cell

coupon

Fig. 1.1: Different scales in fiber-reinforced composites.

1.2 Problem statement
3D reinforced composites have been developed to increase effectively the delamination
resistance of laminate composites [79–83]. Typically, Z-pinned laminates, structurally
stitched non-crimp fabric composites and 3D woven composites are considered as the
main types of 3D reinforced composites. A reinforcement (or binder) is inserted for
this purpose through-the-thickness of the composites. The insertion of the binder has
shown to increase the out-of-plane properties [84–90], but also to distort the in-plane
reinforcement architecture, which may affect the in-plane mechanical behaviour [80].
Mesoscopic unit-cell models have then been presented to investigate the effect of these
distortions on the in-plane mechanical behaviour. A brief description of the distortions
and the approaches used in the literature to generate mesoscopic unit-cell models for
each 3D reinforced composites type, are presented in the following. A more detailed
description of the distortions and presented models for each 3D reinforced composite
type can be found in the corresponding chapters.

1. In Z-pinned laminates, pins are inserted through-the-thickness of prepreg-based
laminates. Resin-rich regions and local fiber distorted zones near the pins are
present (see Fig. 1.2a). The shape and size of these features dependent on the
pin parameters as pin diameter, content and inclination angle, and can further be
affected by pin rotation during the manufacturing process. The pin can be assumed
rigid.

In the mesoscopic unit-cell models presented in [91–93], the distortions were
modelled using analytical modelling approaches. The lamina were considered
straight. The resin-rich regions were modelled by cosine or orthorhombic shapes.

3



Chapter 1. Introduction

The fiber-reinforced regions in each lamina were represented by a constant fiber
volume fraction and local variations in the fiber misalignments near the pin. How-
ever, the models do not account for variations in local fiber volume fraction in each
lamina, and do not account for shapes of resin-rich and fiber-reinforced distorted
regions affected by pin rotation.

2. In structurally stitched non-crimp fabric composites, a stitching yarn is in-
serted through-thickness of non-crimp fabric composites. Resin-rich regions and
fiber-reinforced distorted zones in the lamina are present near the stitching yarn,
as well as out-of-plane undulations of the surface lamina caused by the continuity
of the stitching yarn (see Fig. 1.2b). The shape and size of these features are
affected by stitch content, diameter and stitch tensioning. The stitching yarn is
assumed to be deformable. The shape of the stitching yarn is correlated with the
shape of the resin-rich regions and out-of-plane undulations of the lamina, and is
further affected by the stitching yarn tensioning. The term ’structurally’ refers to
the fact that the stitching yarn acts both as a binder (binding the plies together)
and structural reinforcement (increasing the delamination resistance).

In the mesoscopic unit-cell models presented in [94–99], the distortions were
modelled using analytical modelling approaches for both the laminae and the
stitching yarn. The lamina were often assumed straight with resin-rich regions
being modelled by cosine or orthorhombic shapes. The stitching yarn was mod-
elled using pre-assumed centerline and cross-section shapes. However, the models
do not consider the out-of-plane undulations and the conformity of the deformable
stitching yarn with the shapes of in-plane fibrous regions.

3. In 3D woven non-crimp fabric composites, a binder yarn is inserted through-
the-thickness of in-plane positioned fiber-binders. The distortions of the fiber-
reinforced regions are less severe, compared to pinned and stitched laminates, as
the binder yarn is inserted inbetween the fiber-bundles. Small fiber-reinforced
distorted zones and out-of-plane undulations in the surface layers can be present
near the binder yarn (see Fig. 1.2c). These features further depend on binder
content, diameter and pattern. The binder yarn is assumed to be deformable. The
shape of the binder yarn is conform with the local undulated shapes of the in-plane
fiber-bundles and is dependent on the binder yarn tensioning.

In the mesoscopic unit-cell models presented in [100–105], the distortions were
effectively modelled using more advanced modelling approaches (both analytical
and computational), compared to the pinned and stitched laminates. The more ad-
vanced modelling approaches (which are described in more detail in the next chap-
ter) allowed generating realistic 3D woven unit-cell models. However, a unified
(computational) framework for the generation of pinned, stitched and 3D woven
unit-cell models does not exist to the best knowledge of the author.

In summary, the mesoscopic unit-cell models for Z-pinned and stitched composites pre-
sented in literature do not include all features of the in-plane fibrous regions distortions.
These features should therefore be included in the models, and their effect on the in-
plane mechanical behaviour should be investigated to reach a predictive mechanical
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1.3. Objectives and contributions

model generation. Furthermore, a unified framework for an automated generation of
pinned, stitched and 3D woven composites can be desirable in the design stage of 3D
reinforced composites.

x

y

a) b) c)

x

z

x

y

x

z

x

z

y

z

Fig. 1.2: Geometrical features present in 3D reinforced composites: (a) pinned laminate
[106], (b) stitched non-crimp fabric composite [89], (c) 3D woven non-crimp fabric
composite [107].

1.3 Objectives and contributions

In view of these informations and of the state-of-the art on each 3D reinforced composite
presented in the corresponding chapters, the objectives are the following:

The first objective of the work is to generate realistic mesoscopic unit-cell models for Z-
pinned and stitched composites. Combined with this, the wish is to present an automated
and unified modelling framework for the unit-cell model generation for pinned, stitched
and 3D woven composites. With respect to this objective, the following contributions
have been made:

1. A novel approach is presented to generate in an automated way unit-cell mod-
els for Z-pinned and stitched laminates. The geometrical features of reinforce-
ment distortions caused by binder insertion are shaped computationally, rather
than analytically as adopted in current literature. The approach allows generating
seamlessly the shapes of the reinforcement distortions corresponding to the differ-
ent binder parameters, while accounting for additional geometrical features in the
unit-cell models which may affect the mechanical behaviour.

2. A novel fiber-distorted zone model has been introduced to account for the local
fiber-reinforced distortions in the Z-pinned and stitched laminates.
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Chapter 1. Introduction

3. Unit-cell models including more (realistic) geometrical features for Z-pinned and
stitched laminates have been generated. In Z-pinned laminates, pin rotation and
the corresponding local fiber-reinforced distorted regions have been accounted for.
In stitched laminates, the out-of-plane lamina undulations, a deformable stitching
yarn conform with the shapes of the in-plane fiber-reinforced regions, and corre-
sponding local fiber-reinforced distorted regions have been considered.

The second objective of the thesis is to study the effect of these geometrical features on
the mechanical stiffness and damage initiation levels. The main focus is related to: (1)
the effect of binder type and content, (2) the effect of pin rotation in Z-pinned laminates,
out-of-plane undulations in stitched laminates and binder-yarn cross-section variations
in 3D woven composites, and (3) the effect of local fiber volume fraction and fiber
misalignment in each of the 3D reinforced composite types. The understanding of the
effect of geometrical features on the mechanical behaviour complements the knowledge
on the mechanical behaviour for fiber-reinforced composites (which is described in the
next chapter). Note that the main focus of this study was to investigate the in-plane
mechanical behaviour.

1.4 Outline
To address the topic in a progressive manner, the manuscript is organised in the follow-
ing structure:

Chapter 2 provides a background in aspects which are needed to understand the state-
of-the art in the generation of mesoscopic geometrical models for different types of
fiber-reinforced composites. Different types of fiber-reinforced composites, different
geometrical modelling approaches and the role of certain mesoscopic geometrical fea-
tures on the stiffness and damage initiation mechanisms and stress levels are presented.

Chapter 3 presents the tools required to transform the geometrical models consisting of
discretised lines into finite element models consisting of conforming tetrahedral meshes
with in-plane periodic surface meshes. The implementation details of the (first-order)
computational homogenisation framework, which is used to load the unit-cell and to ex-
tract the mechanical properties after simulation, are presented as well.

Chapter 4 presents the generation of geometrical unit-cell models and the results of
mechanical simulations specific to Z-pinned laminates. It includes a state-of-the-art in
the geometrical model generation for Z-pinned laminate, our geometrical model gener-
ation approach applied to Z-pinned laminates, a fiber-reinforced distorted zone model,
an illustration on the shapes of the geometrical features which can be generated by the
approach. It is complemented by mechanical simulations illustrating the effect of lamina
orientation, fiber volume fraction, fiber misalignment and pin inclination on the stiffness,
as well damage initiation mechanisms and stress levels for typical loading conditions.

Chapter 5 presents the application of the generation methodology to geometrical unit-
cell models, as well as the results of mechanical simulations, for structurally stitched

6
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non-crimp-fabric composites. It includes a state-of-the-art of the geometrical model gen-
eration for stitched laminates, our geometrical model generation approach for stitched
laminates, an extension of fiber-reinforced distorted zone model of pinned laminates,
an illustration on the shapes of the geometrical features that can be generated by the
approach. Mechanical simulations are given, illustrating the effect of fiber volume frac-
tion, fiber misalignment and model simplifications on the stiffness and damage initiation
mechanisms and stress levels.

Chapter 6 presents the generation of geometrical unit-cell models and the results of the
corresponding mechanical simulations for 3D woven non-crimp fabric composites. It
includes a state-of-the-art related to geometrical model generation for 3D woven non-
crimp fabric composites, our geometrical model generation approach for 3D woven com-
posites, an illustration on the shapes of the geometrical features which can be generated
by the approach, mechanical simulations illustrating the effect of cross-section varia-
tions in the binder and weft yarns on stiffness and damage initiation mechanisms and
stress levels. A discussion on the different modelling approaches which are present to
generate 3D woven models and on the role of local fiber-volume fraction in the 3D wo-
ven composite models.

Chapter 7 illustrates the further use of the framework by two case studies. In the first
case study, the possibility of the geometrical modelling approach to generate simulta-
neously the contours and local fiber-reinforced distorted zones of a distorted lamina is
investigated, using hereby an inner-line configuration for the lamina. In the second case
study, the effect of binder content and type is illustrated on geometrical and mechanical
features, using hereby the generated unit-cell models.

Chapter 8 presents the main conclusions and future perspectives in geometrical model
generation and mechanical simulations.
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Chapter 2
State of the art

This chapter provides a background on the main aspects which are required to under-
stand geometrical model generation in fiber-reinforced composites. The main types of
fiber-reinforced composites are shortly described, with the main mesoscopic geometrical
model generation approaches for such fiber-reinforced composites. The main geomet-
rical features of the fiber-reinforcement architecture affecting the stiffness and damage
imitation for in-plane mechanical loading conditions are also addressed.

2.1 Different types of fiber-reinforced composites
Fiber-reinforced composites can be classified according to how the fibers are positioned.
Different fiber-reinforcement architecture then result in different mechanical properties:

1. Multi-directional laminates: the fibers are positioned unidirectionally in lami-
nae (prepregs) (Fig. 2.1a). The laminae can be stacked on each other to gener-
ate thicker composites. The stacking sequence can be controlled to optimise the
mechanical properties in the different in-plane directions. The multi-directional
laminates are often classified in unidirectional, orthogonal ([0◦/90◦]) and quasi-
istropic ([0◦/60◦/−60◦]) laminates, but dispersed stacking sequence laminates can
also be present [108–110]. The undirectional orientation of fibers in a lamina in its
in-plane direction results further in high in-plane properties, but low out-of-plane
properties.

2. 2D woven composites: fiber-bundles are orthogonally interwoven according to
a certain weave pattern (Fig. 2.1b). The weave patterns differ in the number of
fiber-bundles which are crossed by a perpendicular fiber-bundle before going to
the other side. The 2D woven lamina can then be stacked on top of each other to
generate thicker composites. Nesting of laminae can take place during transverse
compaction (as the relative position of laminae during stacking is not controlled),
wich further results in laminate thicknesses that are smaller than the sum of the
thickness of their individual laminae [111]. The in-plane properties of 2D woven
composites are reduced compared to multi-directional laminate while the out-of-
plane properties are slightly increased but a rather small delamination resistance
between the different lamina layers is still present due to a lack of through-the-
thickness reinforcement.

3. 2D braided composites: fiber-bundles are braided in two directions with an angle
inbetween that can be different from 90◦ (Fig. 2.1c). Braid patterns can differ
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plain weave

twill weave

layer shift
nesting

non-spread
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layer shiftnesting
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fiber bundle

0
30
60
0

crimp

a)

non-spread spread lay-up

d)

e)

lamina

b)

a

c)

laminate

Fig. 2.1: Different types of fiber-reinforced composites: (a) multi-directional laminates,
(b) 2D woven laminates, (c) 2D braided laminates, (d) non-crimp fabric laminates (non-
spread and spread fiber-bundles), (e) 3D reinforced composites.

in the number of fiber-bundles that are crossed by a fiber-bundle, similarly to 2D
woven composites. 2D braided composites are characterised by increased shear
properties compared to 2D woven composites due to the presence of off-axis fiber-
bundles [112, 113].

4. Non-crimp fabric composites: fiber-bundles are aligned in certain in-plane di-
rections and subsequently stitched by a small binder yarn (Fig. 2.1d). The fiber-
bundles can be positioned individually or can be spread using advanced air-flow
technology into thin fiber-reinforced regions with the spread fiber-bundles having
improved out-of-plane properties [114], and lower production cost [115,116] com-
pared to the individually positioned fiber-bundles. Lamina of fiber-bundles can
then be stacked, during which nesting of fiber-bundles of one lamina into resin-
rich regions of the other lamina can take place (as also here the relative position of
the lamina is not controlled during stacking). The in-plane and out-of-plane prop-
erties of these non-crimp fabric composites are, due to the non-structural stitching,
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slightly decreased and increased respectively [87, 117–119]. This is also similar
to the effect of structurally stitching of non-crimp fabric composites which will be
addressed in this work.

5. 3D reinforced composites (Z-pinned, structurally stitched and 3D woven com-
posites): a through-the-thickness reinforcement is inserted in laminates to improve
their out-of-plane properties and delamination resistance (Fig. 2.1e) [80, 120].
Metal or fibrous pins can be inserted in prepreg-based laminates to produce Z-
pinned laminates [121]. A thick fiber-bundle can also be stitched through-the-
thickness of non-crimp fabric composites to produce structurally stitched non-
crimp fabric composites [95]. A thick fiber-bundle can be woven inbetween in-
plane positioned fiber-bundles to produce 3D woven composites [122]. 3D braided
composites also exist whereby the fiber-bundles are braided in both in-plane and
out-of-plane directions [113]. Binder parameters such as binder content, diame-
ter, tensioning, pattern can be tailored for each 3D reinforced composite to op-
timise their mechanical properties. The out-of-plane properties of 3D reinforced
composites are significantly improved (pinned [123, 124], stitched [87, 125], 3D
woven [126, 127]), while experimental results remain ambiguous on whether the
binder insertion decraeses, increases or leaves unchanged the in-plane mechanical
properties [80].

The types of composites can be used for a wide range of applications, dependent on
the mechanical features in the in-plane and out-of-plane directions, the cost, the quality,
the draping behaviour, and the requirement of the applications. Aersopace applications
require high-quality products for which prepreg-based multi-directional laminates can
be desired. Automotive applications require low cost and manufacturing time for which
dry-preform solutions can be more ideal. 3D reinforced composites are desired for ap-
plications with out-of-plane loading conditions.

2.2 Approaches for mesoscopic geometrical model gen-
eration

Mesoscopic geometrical models have to be generated to represent the fiber-reinforcement
architecture of the composite materials if one wants to resort to mechanical simulations.
The fiber-reinforcement architecture can mostly be deconstructed in fiber-bundles and
lamina (with openings) at the meso-scale. Fiber-bundles are often characterised by a
center line and cross-sections while laminae (with openings) are often characterised by
lines describing the openings or out-of-plane undulations. Three types of approaches
can be distinguished to position and shape the lines and cross-section representing the
fiber-bundles and laminae, and so to generate geometrical models including certain geo-
metrical features: (1) descriptive approaches tend to describe explicitly the geometrical
features of the reinforcement architecture; (2) predictive approaches tend to predict the
position and the shapes of the features by modelling the mechanical behaviour of the
dry fiber-reinforced regions and the load conditions during the different manufacturing
stages; (3) kinematics approaches tend to position or shape the features by a computa-
tional approach, which is not necessarily predictive but can be used to ease the posi-
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tioning and shaping of the geometrical features. The approaches are further classified
in this work into analytical (descriptive), image-based (descriptive), energy-based (pre-
dictive), finite element based (predictive, kinematics), digital element (kinematics) and
geometrical operations (kinematics) (see Table 2.1).

approach type advantage main limitation
analytical D simple, fast simplified models
image-based D realistic cost, non-parametrised
energy-based P predictive simplified models
FE-based P variable cross-sections limited applicability
digital element K variable cross-sections time consuming
geometrical operations K elegant no mechanics involved

Table 2.1: A categorisation of the geometrical modelling approaches, whereby the ap-
proaches are classified into descriptive (D), predictive (P) and kinematics (K).

2.2.1 Analytical approach
In analytical modelling approaches, mathematical functions are used to represent the ge-
ometrical features in fiber-reinforced composites [101,111,128–130]. A cosine function
can be adopted to represent the centerline of a fiber bundle or the waviness of fibers in
a fiber-reinforced distorted zone in Z-pinned laminates for instance [131]. B-splines,
or simply a collection of straight and circular segments, can be adopted to represent
more complex-shaped centerlines of fiber-bundles (for example a stitching and binder
yarns) [94]. Circular, elliptical or lenticular cross-sections are often adopted to repre-
sent symmetrical-shaped cross-sections of fiber-bundle or openings in laminae. More
advanced cross-section shapes can be constructed by simply combining analytical func-
tions in the plane of the cross-section [132, 133]. The shape of geometrical features
in contacting fiber-reinforced regions further needs to be as realistic as possible to avoid
interpenetrations that would make meshing impossible (see chapter 3). The analytically-
determined shapes of the centerline and cross-section for a fiber-bundle, or a lamina, can
then be combined into a parameterised surface representing the region [130].

2.2.2 Image-based approach
Images of composite materials can be obtained from optical or scanning electron mi-
croscopy or from micro-CT techniques. The obtained images consist of pixels that are
positioned in a regular grid and to which a gray-value is assigned. The gray-level of each
pixel represents the attenuation of X-rays or the reflection of electron waves upon their
local interaction with the specimen material, which depends on certain physical proper-
ties of the analysed material. Differences in physical properties between the fibers and
matrix, or fiber-reinforced regions and matrix (depending on the image resolution), re-
sults in different gray-values which can further be exploited in image segmentation pro-
cesses that intend to separate both regions [134–136]. A grey-scale threshold, which can
be set manually or automatically [137–139], is hereby used. The segmented images rep-
resent then the fibrous and matrix region by means of voxels (in 3D) which can be used
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directly as a voxel mesh, or first be post-processed to smoothen the step-wise bound-
aries of the fibrous region which have been shown to act as artifical stress concentration
regions [140, 141]. Image-based approaches have shown to be useful in the extraction
of realistic geometrical models for fiber-reinforced composites [43,142–148] (and other
material types [42, 149–153]), and are further challenged by the limited contrast which
can be present between fibers/fiber-reinforced regions and the matrix [144, 154–156].

2.2.3 Energy-based approach
In energy-based approaches as adopted in [157–160], the position of nodes controlling
the centerline or cross-section shapes of fiber-bundles in 2D or 3D woven composites
can be predicted for in-plane and out-of-plane loading conditions, by means of an en-
ergy integral equations that relate the geometry of an initial analytical model and the
internal mechanisms with the externally applied load. The centerlines and cross-sections
of fiber-bundles are represented by straight and circular segments, and elliptical-shaped
cross-section, respectively. Stretching, bending and transverse compaction of the fiber-
bundles, as well as friction between the fiber-bundles, are considered as internal mecha-
nisms. In-plane tension and compression and transverse compaction can be considered
as external loading conditions. Integral equations, representing the equality between in-
ternal and external work, are constructed and solved iteratively, whereby the position of
the control nodes are the model parameters. Geometrical models can then automatically
be generated, with the positions of the yarns and dimensions of the yarn cross-section
being correlated with different externally applied load conditions, while the shape of the
features remains the same as initially assumed. Such an approach can be done practically
by (1) considering an initial analytical model of the woven composites, (2) implement-
ing the integral expressions and (3) solving the integral equations, as being done in the
sofware WiseTex [158].

2.2.4 Finite element-based approach
Finite-element based frameworks were adopted in the generation of geometrical models
for 2D and 3D woven composites to include cross-section variations of the fiber-bundles.
In [160–162], a simplified analytical 2D woven model is initially considered in which
each fiber-bundle is represented by a single line with a constant cross-section. The fiber-
bundles are then transformed into a finite element model with continuum elements rep-
resenting the fibrous regions. The finite element model is then subjected to a transverse
compaction while contact elements are introduced during the simulation to account for
interactions between the fiber-bundles. Cross-section variations in fiber-bundles, which
relate to different levels of transverse compaction, can automatically be obtained.
In [163,164], an initial model of a 3D woven composite represents the fiber-bundle by a
single line and a constant circular cross-section whereby local interpenetrations, which
are present between the fiber-bundles, are resolved by means of FE simulations. For
this purpose, the fiber-bundles are transformed into shell elements which are positioned
along their contour. The contours of the fiber-bundles are then gradually inflated by a
hydrostatic pressure, until a desired fiber-bundle volume fraction, while contact elements
are introduced during the simulations to account for fiber-bundles interactions. The
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cross-sections of the fiber-bundles which are conform with the shapes of neighbouring
fiber-bundles and smoothly varying along the fiber-bundle direction can automatically
be obtained.
In [165], a deformed digital element-based model of a 3D woven composites is trans-
formed into a shell element-based model. The shell element based model was then used
in draping simulations performed at structural-level.

2.2.5 Digital element approach

Frictionless connected rod or bar elements are used in [103, 165–167] to represent a
fiber-bundle in 2D and 3D woven composites, on which then mechanical loading condi-
tions can subsequently be applied during a finite element simulation to generate geomet-
rical models. This approach differs from the previous described FE based approach
in the fact that fiber-bundles are represented by rod or bar elements, rather than by
a continuum finite elements. Originaly, a single-chain was used to represent a fiber-
bundle and the kinematics of the weaving process were explicitly accounted for by ex-
plicit finite element simulations [168]. Later on, multi-chains representations of fiber-
bundles were introduced to allow the deformation of fiber-bundle cross-sections [169]
and an initial loose state configuration was considered to reduce the computational
time [104, 170–172]. The multi-chain configurations of the fiber-bundles were then po-
sitioned in an initial loose state configuration, whereafter a thermal contraction on the
binder yarn and a transverse compression on the unit-cell can be applied successively
to mimic binder yarn tensioning and transverse compaction during the manufacturing
stages respectively (see Fig. 2.2). Centerline deflections and cross-section variations
in fiber-bundles, correlating with different binder yarn tensioning and transverse com-
paction load levels, can automatically be generated. The approach can further be adopted
to predict the mechanical behaviour of fabric upon in-plane tension, compression and
shear, transverse compaction and impact loading [173–178].

rod/beam element

multi-chain

a) b)

Fig. 2.2: Digital element framework: (a) initial loose configuration, (b) deformed con-
figuration after thermal contraction of the binder yarn and transverse compaction applied
on the unit-cell (the images of the 3D woven composites are reproduced from [103]).
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2.2.6 Geometrical-based approach
A geometrical-based framework was adopted [105, 179] to generate geometrical mod-
els of 2D and 3D woven composites with fiber-bundles represented by constant cross-
sections. Initially, discretised lines, representing the centerlines of the fiber-bundles,
are positioned in a loose state configuration. A straightening operation is then applied
successively on the discretised lines, while a contact treatment account for the interac-
terions between the yarns representations. The straightening operations are applied suc-
cessively until a geometrical configuration is obtained with straight paths between the
contacting points of interacting yarns. A contact parameter, which regulates the interac-
tions between interpenetrating yarns, was adopted to generate geometries corresponding
to different fiber-bundles tensioning levels. Models for different weave patterns and
fiber-bundles tensioning levels can hereby be easily generated low computational cost.

2.2.7 Comparison
Each approach can be assessed based on its simplicity, its generality, its computational
cost, etc.:

1. The analytical approach is the simplest, but it requires extensive experimental
observations and generates models which are often simplified.

2. The image-based approaches allow generating realistic geometrical models, but it
is rather expensive, requires experimental observations and produces geometrical
models which are not parametrised and therefore not general for other reinforce-
ment architectures.

3. The energy-based approach allows predicting the geometries for in-plane and out-
of-plane loading conditions, but it has not been applied to Z-pinned (and stitched)
laminates (and this works intends towards the presentation of an unified method-
ology for the 3D reinforced composites).

4. The finite element approaches allow including realistic cross-section variations in
fiber-bundles for transverse compaction, but they are often complex to implement
and time consuming, and require a detailed knowledge of complex FE simulations
by the analyst.

5. The digital element approach offers a unique way to generate complex geometri-
cal models including fiber-bundle deformations in 2D and 3D woven composites
for different binder yarn tensioning and transverse compaction load levels. How-
ever, it remains computationally expensive, and was only adopted so far for the
generation of 2D and 3D woven models.

6. The geometry-based approach carries the advantage of being computationally not
expensive, but it is not predictive and only adopted for 2D and 3D woven compos-
ites so far, assuming in this last case constant cross-sections for the fiber-bundles.

The approach adopted in the generation of geometrical models for a given reinforcement
architecture thus depends on the complexity of the reinforcement architecture, the need
for a parametrised model, the computational cost.
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2.3 Effect of mesoscopic features

The fiber-reinforcement architecture should be characterised, for use in unit-cell mod-
els, by geometrical features that can potentially affect the mechanical behaviour [128,
180–182]. Global fiber volume fraction, fiber misalignment distributions and compos-
ites thickness may affect mainly the stiffness. Local fiber volume fraction and fiber
misalignment, composite thickness variations and neighbouring fiber-reinforced regions
may affect more the local stress concentrations, which in turn may be determinant for
damage initiation and strength levels. In the sequel based on the automated generation
of unit-cell models, a more in-depth investigation is therefore presented on the effect of
these geometrical features on the stiffness and damage initiation.

2.3.1 Global fiber volume fraction

The global fiber volume fraction represents the total amount of fibers present in the
unit-cell (with possibly making a distinction between both in-plane directions). A larger
global fiber volume fractions is mostly associated with larger stiffness of the compo-
nents, but this statement should be treated cautiously as the level of reinforcement dis-
tortions for higher fiber volume fraction may increase, which has a detrimental effect on
the stiffness for a given global fiber volume fraction [35, 160, 183–185].

2.3.2 Local fiber volume fraction

The local fiber volume fraction Vf represents the amount of fibers that is locally present
in the fiber-reinforced regions inside a microscopic unit-cell. The effect of the local fiber
volume fraction on local stress concentrations affecting damage initiation at the micro-
scale is illustrated in the following (assuming everything remains linear until failure).
Herefore, the Chamis equations [186] (see Eq. 2.1) and the emperical approximate for-
mulae as presented in [187, 188] (see Eq. 2.2) are used to calculate the Young moduli
Ei j, the shear moduli Gi j and the Poisson ratio νi j), and the strength components Xi j,
respectively, as suggested in [44].

E11 =Vf .E f11 +(1−Vf ).Em (2.1a)

E22 =
Em

(1−
√

Vf .(1−Em/E f22))
(2.1b)

G12 =
Gm

(1−
√

Vf .(1−Gm/G f12))
(2.1c)

G23 =
Gm

(1−
√

Vf .(1−Gm/G f23))
(2.1d)

ν12 =Vf .ν f12 +(1−Vf ).νm (2.1e)

ν23 = (
E22

2.G23
)−1 (2.1f)
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Fig. 2.3 illustrates the effect of the local fiber volume fraction on the in-plane stiffness
and strength components (using Eq. 2.1, Eq. 2.2), and on the in-plane failure strain
components (obtained by dividing the corresponding strength component with the cor-
responding stiffness components) for a unidirectional lamina. The local fiber volume
fractions were varied from 0.50 to 0.90 as being typical a range of values present in
fiber-reinforced composites [35, 99, 189, 190]. The stiffness and strength components
for the different fiber volume fractions were further normalised by the values of the
parameters corresponding to a Vf equal to 0.50. The following can be observed (for
increasing values of Vf ): first, all in-plane stiffness components are increased, where the
shear stiffness is increased the most (see Fig. 2.3a); secondly, the longitudinal strength
X11 is increased while the transversal and shear strength (X22 and X12 respectively) are
decreased (see Fig. 2.3b); thirdly, the failure strain in longitudinal direction ε

f
11 is al-

most constant while a much larger decrease is present in the transversal and the shear
direction (ε f

22 and ε
f

12 respectively) (see Fig. 2.3c). Regions with a higher local fiber
volume fraction are thus susceptible to early damage initiation in transverse and shear
direction due to both an increased stiffness (which increase the stress concentrations)
and a reduced strength (causing early damage initiation). Both effects should then be ac-
counted for in the assessment of the criticality of local fiber volume fraction on damage
initiation. Other contributions stating the effect of local fiber volume fractions in fiber-
reinforced composites on local stress concentrations and damage initiation mechanisms
can be found in [77, 78, 133, 191–193].
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Fig. 2.3: An illustration on the effect of the local fiber volume fraction Vf on the local
normalised stiffness, the strength and the failure strain in uni-directional fiber-reinforced
regions (having used hereby the Chamis-formulae [186]).
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2.3.3 Local fiber misalignment

Local fiber misalignment which affects the in-plane mechanical behaviour can be defined
as the angle between the local fiber direction and the in-plane loading direction. In
unidirectional lamina, the local fiber direction can be determined from the main fiber
direction and variations of a local fiber direction to this main fiber direction. In textile
composites, the local fiber direction in a fiber-bundle can be determined from the local
tangent to the fiber-bundle centerline and local variations to this tangent. The number of
crimp regions (defined as the regions with the most inclined segment of the fiber-bundle,
see Fig. 2.1b) can further be used in 2D woven composites to represent the level of fiber
misalignment inherent to the weave pattern (for in-plane loading).

Effect on the stiffness

Fig. 2.4 illustrates the effect of the main fiber misalignment in a unidirectional lamina
on the stiffness. The graph was obtained using Eq. 2.3a ( [194]) in which the stiffness of
each lamina was further normalised by the stiffness of the lamina with fibers aligned in
the load direction. It can be seen that the stiffness is drastically reduced for small fiber
misalignments, while the further reduction in stiffness is much smaller for even larger
fiber misalignments. For undirectional laminae with non-uniform fiber misalignment
distributions, the stiffness can be determined from the weighted mean of the stiffness
components corresponding to certain fiber misalignments (see Eq. 2.3a).

Ep(θ) = [
cos4 θ

E0(x)
+

sin4
θ

E0(y)
+(

1
G0(xy)

−
2v0((xy)

E0(x)
)sin2

θ cos2
θ ]−1 (2.3a)

Ep(x) =Vp.Ep(θ)+(1−Vp).E0(x)) (2.3b)

where Vp is the volume fraction of the lamina with fibers aligned in the direction defined
by θ and Ep is the stiffness of the lamina in the horizontal direction (being the x-direction
in Fig. 2.4). E0(x), E0(y) and G0(xy), and ν0(xy), are the in-plane stiffness components and
Poisson coefficient of the lamina with fibers aligned in the load direction respectively.
The formulae will be used to help explaining qualitatively the effect of reinforcement
distortions on the stiffness in the 3D reinforced composites (see corresponding chapters).

In 2D woven composites, the crimped regions are responsible for a reduction in the in-
plane stiffness [195] and this reduction enlarges for more crimped regions [196]. For
example, plain weaves have a larger reduction in stiffness compared to twill or satin
weaves, while non-crimp fabric composites, in which no crimped regions are present,
have a higher stiffness compared to woven composites. Cross-section variations in fiber-
bundle, and their corresponding in-plane and out-of-plane fiber misalignment, can also
cause a reduction in the stiffness. For example, the binder yarn in 3D woven non-
crimp fabric composites causes cross-section distortions and corresponding fiber mis-
alignments which have been shown to affect the stiffness.
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Fig. 2.4: An illustration on the effect of the local fiber misalignment θmis on the local
stiffness E (having used hereby Eq. 2.3a).

Effect on local stress concentrations

Locally misaligned fibers cause local stress concentrations on the neighbouring matrix
and on the interface between the fiber and the matrix. The level of the stress concentra-
tions depends on fiber misalignment distribution characteristics.

For a undirectional lamina, the maximum fiber misalignment is often considered as the
geometrical feature determining the strength of the lamina [197]. The size, the position
in the lamina and the fiber waviness distribution characteristics (uniform, gradual, ran-
dom) of the region with fiber-misalignment can also affect the strength [131, 198–203].
The local fiber misalignment can further change the damage initiation mechanisms in
fiber-reinforced regions that are transversally loaded from transverse cracking to shear
cracking and longitudinal splitting [23].

For textile composites, the crimped regions have been observed to act as critical stress
concentrations region [204–207], which is directly explained from their correlation with
the observed maximum fiber misalignment. Transverse cracking in fiber-bundles neigh-
bouring crimped regions, longitudinal splitting and local kinking have been observed in
fiber-bundles [25, 90, 205, 206, 208, 209] (indicating further the presence of fiber mis-
alignments in the fiber-bundles).

2.3.4 Composite thickness

Physically, the composite thickness can be affected during the transverse compaction.
A reduced thickness correlates with an increase in global fiber volume fraction (which
then correlates with a potential increase in stiffness). Local variations of the laminate
thickness can also be present (in fiber-reinforced composites which are manufactured
out-of-clave using vaccuum bag), in which the local variations have been shown to af-
fect the stress and strain distributions in the surface lamina of the laminates [210, 211].
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Numerically, differences in thickness between models of fiber-reinforced composites can
be caused due to modelling simplifications. For example, a (simplified) constant cross-
section for the surface weft yarn and binder yarn in 3D woven models can results in
different model thickness compared to more realistic model which include cross-section
variations of the surface weft and binder yarn, with the matrix assumed to fully surround
the reinforcement. The differences in thickness results in a decrease of stiffness.

2.3.5 Neighbouring fiber-reinforced regions
The stress distribution in a fiber-reinforced region also depends on its surrounding. A
lamina in multi-directional laminates experiences a different stress distribution depen-
dent on its position in the lamina stack (inner or surface), and on the main fiber direction
in the neighbouring laminae [212–216]. A fiber-bundle in a textile composites expe-
riences a different stress distributions depending on the position (inner or surface) of
the lamina to which it belongs, and on the fabric layer shifts in a multi-layers woven
composites which can happen during nesting (see Fig. 2.1b) [133, 162, 217–219]. The
(undesired) effect of isolating a lamina depends on the reinforcement architecture inside
the lamina, which is different for unidirectional and 2D woven lamina [217].

2.4 Reflection on the use of geometrical experimental
data

The geometrical data of the reinforcement architecture relies mostly on the use of ex-
perimental data, as mechanical modelling simulations of the manufacturing processing
are still in their infancy (and not yet fully predictive). Cross-sections can hereby be
taken and analysed by optical or scanning electron microscope, or micro-CT scans can
be performed to obtain a 3D representation of the reinforcement architecture in a non-
destructive way [33,35,94,220–226]. Other non-image based techniques, which exploits
for example the electrical properties of carbon fibers to investigate fiber waviness in a
lamina [227–229], can be adopted as well, but their use remains limited. However, the
extraction of realistic geometrical features using experimental techniques is expensive
and time-consuming (especially looking at the wide range of composites specimens to
be examined). This has resulted in a limited availability of experimental data on more
complex geometrical features and the need to make assumptions on these features in
modelling approaches.

Parametric studies can then be used to provide a first insight on the effect of geometri-
cal features due to which the mechanical properties may vary. These studies will then
provide information on which geometrical features are important to incorporate in real-
istic models and for which experimental geometrical data is needed. Unit-cell models
that include the main features and in which the presence of features and their dimen-
sions are parameterised, are then advantageous. Such models can further be used in
stochastic simulations [74, 220, 230–232] to understand partly the scatter in mechanical
results (caused by geometrical variations), and so to reduce the large safety factors being
applied [233, 234].

20



2.5. Conclusion

2.5 Conclusion
A brief overview has been presented on the main aspects important to understand meso-
scopic geometrical model generation in fiber-reinforced composites. The following main
conclusions can be drawn:

1. Differences in topology between fiber-bundles and lamina with openings resulted
in the introduction of different types of mesoscopic geometrical modelling ap-
proaches adopted in different types of reinforced composites.

2. Analytical modelling approaches have been adopted for all composite types but
are time-consuming and the need to assume certain shapes of features a priori
which often results in simplified models. Computational approaches have been
proposed to obtain automatically and to even predict certain geometrical features
of reinforcement architecture for fiber-bundles, but no unified computational ap-
proach exist for lamina distortions or interaction of lamina with fiber-bundles

3. The global fiber volume fraction is the main driver for the stiffness. Variations
in the local fiber volume fraction increase the stress concentrations and reduces
the strength in transverse and shear direction, making regions with increased fiber
volume fraction susceptible for early damage initiation. Fiber misalignment dis-
tribution characteristics affects the stiffness and local stress concentrations. Local
thickness variations and neighbourhood characteristics of fiber-reinforced regions
should be properly accounted for.

A unified computational framework to generate unit-cell models for all types of fiber-
reinforced composites is desired. To do so, the gap between the different topologies
of fiber-bundles and lamina with openings during geometrical model generation should
first be bridged, and tools should be proposed to allow an automatic transformation of
geometrical models into finite element models for all types of topologies present in the
geometrical models.
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This chapter presents the tools that are used to transform the geometrical models into fi-
nite element models for use in mechanical simulations. These tools are presented here as
they are common to all subsequent chapters. During the transformation, discretised lines,
which represent the fiber-bundles and laminae in the geometrical model, are first con-
toured into closed triangulated surfaces. Interpenetrations between the fiber-reinforced
regions are then suppressed while a gap is generated simultaneously. A conforming
tetrahedral mesh with in-plane periodic surface meshes and local mesh refinement is
further generated from the closed surface representations of the fiber-reinforced regions
using the free mesh generation software GMSH. A first-order computational homogeni-
sation framework is finally adopted to define a boundary value problem on the unit-cell
during mechanical simulations. A brief introduction and the implementation details on
each described post-processing steps on the generated geometry are presented in the
following.

3.1 Introduction

The geometrical model generation approach uses discretised lines to represent the ge-
ometrical features of lamina and fiber-bundles in unit-cell models (Fig. 3.1a). Lamina
can be represented by discretised lines which are positioned near potential opening lo-
cations and out-of-plane undulations or at its interior to represent its fibrous nature (as
will defined in chapter 4,5 and 7) (Fig. 3.1b) while fiber-bundles can be represented by
either a single line and cross-sections defined on this line, or by lines positioned at their
boundaries or at their interior (as will defined in chapter 6) (Fig. 3.1c). The discretised
lines, representing a fiber-bundle or a lamina, need to be transformed, after geometrical
model generation, in cross-sections (on which the local fiber volume fraction and fiber
direction are modelled); and subsequently in finite element models for use in mechani-
cal simulations. Different approaches have been adopted in fiber-reinforced composite
literature to transform geometrical models into finite element models [235–244].

In a mesh sweep approach [245], fiber-reinforced regions are assumed to be represented
by a cross-section and a centerline. A 2D mesh is then generated on the cross-section
and swept along the centerline to form a hexahedral mesh. Fiber-bundles and laminae
are often meshed using such an approach [95,246], but the matrix region (which is often
complex-shaped) requires more advanced approaches.

In a voxel-based meshing, the domain of the geometrical unit-cell model is divided into
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a grid of cuboids [143, 166, 247, 248]. For fiber-reinforced composites, a cuboid be-
longs either to the fiber-reinforced regions or the matrix, to which corresponding mate-
rial properties can be attributed after assignment. A voxel-based representation is then
obtained for fiber-reinforced region and the matrix. The staircase like discretisation
border of the fiber-reinforced regions in such a voxel-based representation was shown,
however, to cause artificial stress concentrations which do not converge upon mesh re-
finement [141, 166]. Complex geometrical models can easily be transformed into such
voxel-based models, but the staircase discretisation border of the fiber-reinforced regions
should first be smoothened for models intending to predict local stress concentrations or
to model damage development.

In a tetrahedral mesh approach, a closed surface representation of the region is re-
quired. Mesh nodes are then positioned in the region and connected by tetrahedral el-
ements [249]. Optimisation techniques are furter adopted to increase the quality of the
tetrahedral mesh, conform the requirements on the shape and the size of the elements im-
posed by the finite element method [250–258]. The approach is able to mesh complex
shaped fiber-reinforced and matrix regions and, assuming smooth borders of the fiber-
reinforced regions at meso-scale, the approach is also able to represent these smooth
boundaries while voxel-based geometries would anyway not be physically meaningful
for damage initiation. However, some further adaptations are still needed to combine the
fiber-reinforced regions and matrix meshes into a solid finite element model. First, the
meshes of the fiber-reinforced and matrix region should be conforming at their interface.
This can be done in an approximate way by connecting the mesh nodes of separately
meshed regions with connector elements (non-conforming meshes) [133,259]; or by di-
rectly generating volumetric meshes of both regions sharing the same mesh nodes at the
boundaries (to form a conforming mesh) [243,244]. Second, contacting fiber-reinforced
regions should share the same mesh nodes on contacting surfaces (to form a consistent
mesh) [260]; or a gap should be inserted between fiber-reinforced regions before mesh-
ing in order to allow a high-quality matrix mesh in these contacting regions. Potential
interpenetrations between fiber-reinforced regions should further be suppressed a priori
to well-define the matrix region.

Mesh superposition techniques, or embedded element techniques, can be used to facili-
tate the meshing process [97, 261–264]. The meshes of the fiber-reinforced region, and
of the matrix which is considered as an effective medium (filling the entire unit-cell), are
generated separately and connected afterwards to obtain a solid model. Matrix meshing
is simplified, and interpenetration suppression and gap insertion are not required, but the
approach does not allow modelling explicitly the boundary between the fiber-reinforced
region and the matrix, while this can be desired to account for interface debonding dur-
ing mechanical simulations.

In an extended finite element aproach, a regular grid of finite elements is considered
whereby the geometry is accounted for by enriching the finite element discretisation
itself [179, 265, 266]. Complex shapes of geometries can be accounted for, but the ap-
proach does not allow the use of commercially available finite element simulation soft-
ware.
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Boundary conditions are further imposed on the finite element model to account for the
effect of neighbouring material and to subject the unit-cell model to certain macroscopic
or average load conditions during finite element simulations. Uniform displacement,
uniform traction and periodic boundary conditions at the boundary of the unit-cell are
used in literature to account for the presence of neighbouring material. Periodic bound-
ary conditions have been illustrated to provide the best estimate of stiffness and local
stresses for the smallest unit-cell size. [67, 71, 267–269]. The periodic boundary con-
ditions can be directly applied on matching mesh nodes located on opposite unit-cell
boundaries (which requires periodic surface meshes) or by means of more advanced
interpolation schemes [270, 271] (which do not require periodic surface meshes). The
global strain (or stress) can then, for periodic boundary conditions, be applied using
the displacement or the reaction force components of the corner controlling nodes only,
from which, after the simulation, the stiffness and global stress (or strain) can be de-
duced [55]. The expressions which relate the displacement or reaction forces at the
control nodes to the global stress or strain applied on the unit-cell further depend on
the type of applied loading (first-order, shell-behaviour or general second-order loading,
etc.) [51–53, 55, 272–276].

In this work, conforming tetrahedral meshes with in-plane periodic surfaces will be gen-
erated for unit-cell models. First, the discretised lines representing a lamina or fiber-
bundle have to be transformed into closed surface representations. Second, potential
interpenetrations are suppressed and a gap is inserted between the fiber-reinforced re-
gions. Third, the closed triangular surface representations are transformed into conform-
ing meshes using the meshing software GMSH [277]. Periodic boundary conditions can
then be applied on the in-plane periodic surface meshes in a first-order computational
homogenisation setting. The tools to transform the discretised line models into finite
element models for use in mechanical simulations are introduced in the following.

a) b) c)

i)

ii)

iii)

Fig. 3.1: Different line-configurations of lamina and fiber-bundles as adopted by the
generation approach: (a) line representation of lamina and fiber-bundles in an unit-cell
model (the green lines represent the binder yarn), (b) lines positioned at the interior or at
the boundaries of the lamina, (c) a single-line (i) and multi-line configuration with lines
positioned at either the boundaries (ii) or at the interior (iii) of a fiber-bundle.
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3.2 Elementary tools

The distance to and normal onto a discretised line or triangulated surface starting from
a point are often used during the unit-cell model generation process. Coordinate system
transformations are also used to transform the coordinates of a point between the global
coordinate system of the unit-cell to the local coordinate system of a cross-section of
a fiber-reinforced region. The determination of the distance and normal direction for
discretised lines and triangulated surfaces is not as uniquely defined as is the case for
analytically-defined lines or surfaces, for which the distance and the normal direction(s)
can easily be obtained from the gradient of the analytical function. The implementation
details for computing such quantities on discretised lines and triangulated surfaces and
the coordinate system transformations are therefore described in the following.
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Fig. 3.2: Basic tools: (a) the distance of a point P to a discretised line or triangulated
surface, (b) coordinate system transformation between a global coordinate axis system
(x,y,z) and a local coordinate axis system (u,v,w).

3.2.1 Distances and normals

The distance from a point to a discretised line or triangulated surface (see Fig. 3.2a) can
be defined as the minimum of the distances between the point and all the vertices, line
segments or triangular surface patches belonging to the discretised line or triangulated
surface [278, 279]. The distance of a point to a line segment or triangular surface path
is defined as the length of the orthogonal projection on the line segment or triangular
surface patch.

The normal from a point onto a discretised line is defined separately on the line seg-
ments and in the vertices of the discretised line. On a line segment, the normal is defined
from the analytical expression of the line segment and the plane passing through the
line segment and the considered point. In a vertex, the normal can be defined from the
average of the normals on its neighbouring line segments. It can further be weighted by
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the length of the corresponding line segments.

The normal on a triangulated surface is defined separately on the triangular facets, on the
line segments and in the vertices of the triangulated surface. On a triangular facet, the
normal is defined from its analytical expression. On a line segment, the normal can be
obtained from the mean of the normals on neighbouring facets. In a vertex, the normal
can be obtained from the average of the normals on its adjacant triangular facets which
should further be weighted by the angle in each corresponding triangle neighbouring the
vertix [54, 278].

Signed distances can be computed for closed triangulated surfaces by combining the
unsigned distance calculations with the local normal on the surface [54, 280].

3.2.2 Coordinate system transformations

Consider a global coordinate system with orthogonal unit vectors (ēx, ēy, ēz) and origin
O(0,0,0), and a local coordinate system with orthogonal unit vectors (ēu, ēv, ēz) and
origin C with global coordinates ~Cxyz (see Fig. 3.2b). The global coordinates of a point
P ( ~Pxyz) can be transformed into local coordinates ( ~Puvw), and conversely, by:

P̄uvw = (P̄xyz−C̄xyz). ¯̄Mt
rot (3.1a)

P̄xyz = (P̄uvw.
¯̄Mrot)+C̄xyz (3.1b)

where Mrot is the transformation matrix defined by:

¯̄Mrot =

(ēu.ēx) (ēu.ēy) (ēu.ēz)
(ēv.ēx) (ēv.ēy) (ēv.ēz)
(ēw.ēx) (ēw.ēy) (ēw.ēz)

 (3.2)

Note that the considered orthogonality of the unit vectors is a prerequisite for such coor-
dinate system transformations.

3.3 Contouring

Cross-sections and closed surface representations need to be generated from the discre-
tised lines. The discretised lines, representing a fiber-bundle or a lamina, are hereby
intersected by planes perpendicular to a local main fiber direction. The intersection
points on each plane are then contoured, after which the generated contour lines un-
dergo an offset to account for the line radius. The cross-sections are then transformed
into closed triangulated surfaces representing the fiber-reinforced regions. In the follow-
ing, the approaches adopted to generate a contour around points in 2D and to transform
the obtained cross-sections into closed triangulated surfaces are presented.
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3.3.1 Contouring a 2D point set

The problem of contouring points in 2D or 3D by a line or a surface respectively is
well known in research fields related to object recognition [281–284] and surface recon-
struction [285–297]. In these fields, points, which represent the surface of an object,
are obtained from imaging techniques or simulations results. These points can be char-
acterised by the level of scatter, their density, the availability of extra information on
geometrical features of the object represented by the points, etc. Techniques to recon-
struct the surface starting from the points then differ whether the point set represents
the surface approximately (for point sets with scatter) or whether the points should be
embedded in the surface (for point sets with no scatter). The points in this work, which
are intersections of the lines that are shaped during the generation process, should be
embedded in the contour.

The contour of a convex-shaped set of points can easily be obtained from a Delaunay
triangulation (Fig. 3.3a) [298–300], while the contour of a concave-shaped set of points
requires other strategies (as a delaunay triangulation would result in undesired elements,
see Fig. 3.3b). In [166, 167, 301, 302], concave sets of points are contoured starting
from a circle attached to one of the points. The circle is rotated around the point until it
touches another point whereafter a line connecting both points is generated. The circle is
then positioned at the obtained point and the approach is repeated until a closed contour
is obtained. In [303], an adapted Delaunay-based approach is used to generate contours
around concave-shaped sets of points. A Delaunay triangulation is first constructed from
the points. Tetrahedral elements with an circumsphere radius larger than 1/α are then
removed. Different α-shapes (or concave geometries) of the points can be generated by
adopting different α’s. In [290, 304–306], additional auxialiry points are added to the
points, and a Delaunay triangulation is then applied on all points. Tetrahedral elements
connecting one of the auxiliary added points are subsequently suppressed. In [298],
Voronoi vertices, which are the vertices of the Voronoi diagram constructed from the
initial points, were considered as additional points. A similar approach is adopted in this
work, but where the additional points are simply positioned on a rectangle surrounding
the initial set of points to be contoured. Such an approach is chosen as it allows to obtain
in a straight-forward way contours around convex and concave shaped set of points.

Fig. 3.3c illustrates the approach used in this work to generate a contour around sets of
points of arbitrary convexity. First, additional auxiliary points are added to the problem,
with these points being positioned on a rectangle surrounding the initial set of points.
Second, a Delaunay triangulation is performed on all points whereafter the triangles that
connect at least one auxliary point are removed. Third, the free-boundary of the trian-
gular mesh is extracted and the vertices of the free-boundary are moved along a local
normal with a distance equal to the line radius used in the generation procedure (see
subsequent chapters). The parameter a (see Fig. 3.3c), which controls the position of
the rectangle on which the points are added, is set to 0.10µm. Examples of generated
contours around convex- and concave-shaped points sets using this parameters are illus-
trated in Fig. 3.3d.
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a)

b)

a

c)

d)

undesired

a

a

a

Fig. 3.3: Contouring a 2D point set: (a) the convex hull of the point set, (b) undesired
elements which arise in a default delaunay triangulation of a concave-shaped point set,
(c) points added before triangulation on rectangle surrounded to the point set to suppress
the undesired elements (distance a regulates the position of the rectangle and is added
extra to the dimension of the point set), (d) examples of generated contours around line
intersections.

3.3.2 An automated approach to connect cross-sections

Two approaches can be used to transform (discretised or parametrised) cross-sections
into closed surface representations. In one approach, the cross-sections are parametrised
and interpolated between each other, hereby creating a parameterised surface (as adopted
in TexGen [130]). In another approach, the cross-sections are discretised and connected
by triangles (either manually or automatically) [307, 308]. Here an automated approach
is used to generate triangles between discretised cross-sections of both fiber-bundles and
laminae with openings, as it will allow to seamlessly connect cross-sections of different
shapes.

Fig. 3.4 illustrates the approach used to connect cross-sections of fiber-bundles, consid-
ering the cross-sections of a fiber-bundle as presented in Fig. 3.4a. First, each cross-
section is replaced (see Fig. 3.4b) by a set of points representing the cross-section (blue
points) and additional points that are added in the cross-section plane (green points). The
additional points are positioned in each cross-section plane along a local normal with a
distance a. The cross-sections are hereby reused from previous contouring operations
(see section 3.3.1), which will be used to model the fiber volume fraction in the fiber-
reinforced regions. Second, a delaunay triangulation is applied on all the points. Finally,
the tetrahedral elements connecting at least one of the added points are removed and the
free boundary of the triangular mesh, representing the contour, is extracted. The dis-
tance a should be chosen to avoid cuts and the presence of undesired elements in locally
curved regions and will be in function of the local curvatures of the fiber-bundle. The
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resulting triangulated surface around the fiber-reinforced regions is depicted in Fig. 3.4c.

Fig. 3.5 illustrates the approach used to connect the cross-sections of a lamina with
openings. The cross-sections of the lamina (as presented in Fig. 3.5a) should hereby be
merged at places where the lines which represent the boundaries of resin-rich regions
(see Chapter 4, section 4.2.3) are locally not moved during the model generation pro-
cess. First, each cross-section is replaced (see Fig. 3.5b) by points (blue points) and
additional auxiliary points to be suppressed after a triangulation (green points). The ad-
ditional points are positioned in each cross-section plane along a local normal, and are
removed at places where the distance between cross-sections (see plane 2 in Fig. 3.5b)
are less than a tolerance distance. Second, a Delaunay triangulation is applied on all the
points. Third, the tetrahedral elements connecting one of the added points are removed
and the free boundary of the triangular mesh, representing the contour, is extracted.
The distance on which the additional points are positioned in each cross-section plane
should be small enough to avoid interpenetrations of the additional points in neighbour-
ing cross-sections. The approach allows then generating automatically closed triangu-
lated surfaces of complex-shaped lamina with openings (Fig. 3.5c).

0.1

cuts connect connect

a

a

a) b)

c)

a(um)
0.75 2 10

Ok

Fig. 3.4: An automated approach to connect cross-sections representing a fiber-bundle:
(a) cross-sections of a fiber-bundle, (b) points representing the cross-sections (blue
points) and auxiliary points to suppress undesired elements (green points)(a indicates
the distance between an auxilary point and the cross-section), (c) triangulated surfaces
controlled by parameter a.
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removed

Fig. 3.5: An automated approach to connect cross-sections representing a lamina (with
openings): (a) cross-sections of the lamina, (b) points representing the cross-sections
(blue points) and auxiliary points to suppress undesired elements (green points), (c) the
generated triangulated surface.

3.4 Interpenetration suppression and gap generation

Interpenetrations between fiber-reinforced regions can arise in analytical modelling ap-
proaches due to simplified modelling and in computational modelling approaches due
to discretisation errors (allowance on the maximum residual interpenetration distance,
limitation on the maximum iteration number, etc.) Interpenetrations are here defined as
occurring when representations of fiber-reinforced regions occupy locally the same posi-
tion. The interpenetrations can partly be avoided by considering more advanced shapes
of the presented geometrial features [132, 133] (for analytical modelling approaches)
or by adopting a multi-line configuration for fiber-bundles [103, 169, 173], smaller dis-
cretisation, an increased number of maximum iterations, a zero tolerance on residual
interpenetrations, etc. (for computational approaches). Residual interpenetrations are
however often still present in models of more complex-shaped fiber-reinforced regions,
which then need to be suppressed in a post-processing stage before meshing. At the
same time, a gap is often introduced between fiber-reinforced regions at their contacting
regions to allow and facilitate matrix meshing

The simplest approach to suppress potential interpenetration and to insert a gap between
fiber-bundles is by decreasing the dimensions of the cross-section dimension of the fiber-
bundles [309]. The decrease in cross-section dimensions then correlates, however, with
an increase in local fiber volume fraction and corresponding artificial stress concentra-
tions which should be avoided in models aiming at local stress level predictions. Cross-
sections can be rotated to preserve the cross-section area while suppressing the interpen-
etrations [105, 310], but such cross-section rotations are rather difficult to perform and
not always possible, for example in textile composites with high fiber-bundle volume
fractions.

31



Chapter 3. Tools

Another approach relies on the local modification of cross-section shapes by means of
the finite element method, as performed in [44,163,164] to suppress interpenetrations be-
tween fiber-bundles in 2D and 3D woven composites. In [44], the part of the composite
with interpenetrating fiber-bundles is first extracted out of the model. The interpenetrated
fiber-bundles are then separated from each other and transformed into a continuum finite
element representation. The fiber-bundles are brought back to their original positions
during a finite element simulation, while contact elements between the fiber-bundles are
used to account for fiber-bundle interaction and subsequent local cross-section shape
modifications which suppresses the initial interpenetrations. In [163, 164], the initial
model was assumed to consist of interpenetrating fiber-bundles which are represented
by their centerline and a circular cross-section. The fiber-bundles boundaries are then
transformed into a shell elements representation with the shell elements positioned along
the contour of the fiber-bundle. A hydrostatic pressure is then gradually applied inside of
the fiber-bundle to inflate them, while contact elements are introduced. This allows gen-
erating locally deformed shapes of cross-sections, which are more compacted in contact
regions and gradually smoothed along the bundle, but the computational cost complexity
of such methods is high.

Local modifications of cross-section shapes could also be obtained using a geometrical-
based framework. Sonon introduced a level-set based approach to suppress interpenen-
trations [179], while in Texgen [130,311], the interpenetrations are suppressed by simply
moving the points of triangulated surfaces. The level-set based approach allows to easily
suppress interpenetration by means of analytical expressions applied on a distance field
representation of each fiber-reinforced region, but requires additional implementation
to preserve automatically sharp features of triangulated surfaces upon their transforma-
tion into distance field representations. The point-movement-approach can be applied
directly on the generated triangulated surfaces of the fiber-reinforced regions after the
contouring operation, and preserves automatically sharp features of the triangulated sur-
faces as no transformation into distance field is needed.

Both approaches have been implemented in the model generation framework from which,
in the end, the moving point approach was adopted for interpenetration suppression and
gap generation because of its simplicity and lower computational cost compared to the
level-set based approach. The implementation details of both approaches are presented
in the following.

3.4.1 Level-set based approach

The approach starts from a distance field representation DSi of each fiber-bundle (see
Fig. 3.6a), the zero level-set of which represents the surface of the fiber-bundle:

DSi(x̄) = 0 (3.3)

The representation of each fiber-bundle can be further modified (Oi) by means of ana-
lytical expressions [105, 179], to suppress interpenetration and to simultaneously insert
a gap g between the fiber-bundles (see Fig. 3.6b). This can be achieved by taking the
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zero level of the function Oi(x̄) defined by

Oi(x̄) = max(DSi(x̄)− e,(DSi(x̄)−DOi(x̄))+g) (3.4)

with DOi(x̄) = min(DS j(x̄))(i 6= j). An inflation e of the cross-section area opposite
to the interpenetration can be calculated to preserve the cross-section area of the fiber-
bundles (see Fig. 3.6c). The modified level set function Oi for each fiber-bundle can then
be transformed (back) into a triangulated surface representation using marching cubes
algorithms ( [312, 313]) (where the triagulated surface can be input in default meshing
software) or directly be used in more advanced meshing approaches [314, 315].
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Fig. 3.6: The level-set based approach to suppress interpenetration and to insert a gap:
(a) 2D representation of the function DSi(x̄)−DOi(x̄), (b) modified distance field repre-
sentations of the inclusions with interpentrations being suppressed and a gap g generated
simultaneously (e = 0), (c) an inflation e added to the cross-section shape to preserve the
cross-section area (the images were taken from [179]).

3.4.2 Moving points of triangulated surfaces
The approach starts from a triangulated surface representation of each fiber-bundle. In-
terpenetrations between the triangulated surfaces can be detected locally in the points
of the triangulated surface using the point-to-surface distance calculations presented in
section 2. A point of a triangulated surface which interpenetrates another triangulated
surface is then moved along a local normal ~DP (from point P on the triangulated surface)
(see Fig. 3.7a) with a distance that combines both a fraction q of the interpenetration dis-
tance dint and a desired gap g (see Eq. 3.5).

~xP = q.(dint +g).~DP (3.5)

The movement of points located on the in-plane unit-cell borders is controlled by con-
straining equations on corresponding points on opposite unit-cell borders to preserve
the periodicity of the unit-cell. The fiber volume fraction in each cross-section is further
modified to account for potential changes in the cross-section area. The fraction q can be
further used to control the type of fiber-reinforced region in which the distortions during
this interpenetration suppression are taking place. Note hereby that the fraction q does
not have any physical meaning and is merely be used to control the artificial distortions
taking place in the fiber-reinforced regions during interpenetration suppression.
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Fig. 3.7: The point movement approach to suppress interpenetration and to insert a gap:
(a) before interpenetration suppression and gap insertion, (b) after interpenetration sup-
pression and gap insertion (note that most of the interpenetration in this example have
been avoided by enlarging and reducing the cross-section dimensions of the stitching
yarn prior and after simulation respectively and that the point movement approach was
still needed to effectively introduce a gap between the regions for matrix meshing pur-
poses).

3.5 Tetrahedral mesh generation

The closed triangulated surface representation of the fiber-reinforced regions are trans-
formed into a conforming tetrahedral mesh model using GMSH [277]. The transforma-
tion is taking place in the following four steps (which will further be elaborated upon
in the following sub sections): first, the triangulated surface representation of the matrix
is obtained from the triangulated surface representations of the fiber-reinforced regions
(Fig. 3.8a); second, the triangulated surfaces are partitioned in surface patches on which
parametrisation techniques will be applied, during the mesh generation, to obtain high
quality surface meshes (Fig. 3.8b); third, to reduce the number of degrees of freedom,
the mesh size is refined near narrow and sharp features which allows a coarser mesh
size away from these features; fourth, periodic surface patches (on which periodic sur-
face meshes will be generated) are assigned on opposite unit-cell borders. The soft-
ware GMSH was chosen as it is free to use and is able to generate straightforwardly
conforming tetrahedral meshes of complex-shaped composite geometries in reasonable
computational time. An illustration of a generated mesh can be found in Fig. 3.8c.
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3.5. Tetrahedral mesh generation

a) b) c)

Fig. 3.8: Meshing approach: (a) triangulated surface representations of fiber-reinforced
regions and matrix (obtained from the contouring operations), (b) the triangulated sur-
faces partitioned in patches (each patch given different color), (c) conforming meshes
with local mesh refinements near geometrical features.

3.5.1 Matrix representation

The matrix is defined as the space in the unit-cell which lies outside the fiber-reinforced
regions. The triangulated surface of the matrix can be defined by the triangles of the
fiber-reinforced region lying inside the unit-cell, added with triangles constructed on the
unit-cell borders to close the matrix region. A problem arises when fiber-reinforced re-
gions crosses the unit-cell borders (see chapter 5, the stitching yarn), as the triangulated
surfaces obtained from the Delaunay-based contouring operations for these regions are
not automatically conform with the unit-cell borders, and conformity is required to allow
the separation of triangles of the fiber-reinforced region in inner and outer triangles to
define the matrix.

One approach to have triangles conforming with the boundaries consists in intersecting
the triangles at the unit-cell boundaries and in retriangulating the surface afterwards.
Another approach consists in transforming the triangulated surface representation in a
level-set based geometry whereby the grid is chosen to be aligned with the unit-cell
borders. The latter approach is adopted in this work for stitched composite models in
which the stitching yarn extended the unit-cell boundaries (see chapter 5), while in the
Z-pinned and 3D woven composites models the pin and the binder yarn, respectively,
are assumed to be fully located in the unit-cell boundaries.
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Chapter 3. Tools

3.5.2 Parametrised surface partitions
Badly-shaped or badly-sized triangles are often present in the Delaunay-based or level-
set based triangulated surfaces of the fiber-reinforced regions. Parametrisation tech-
niques can then be applied on the triangulated surfaces to generate high-quality surface
meshes. The triangulated surfaces should therefore be partitioned first in surface patches.
The partitions should hereby meet the geometrical requirements that are imposed on the
surface patches by the build-in parametrisation techniques in GMSH (see [316, 317]).

Fig. 3.9 illustrates the generated partitions of a lamina, and a fiber-bundle with its tri-
angulated surface obtained (1) from the Delaunay-based contouring operations (section
3.3.2) and (2) from a level-set based geometry (the edges of triangles are not depicted
in Fig. 3.9). For a lamina (Fig. 3.9a), sharp edges of the triangulated surfaces (indi-
cated by the black lines in Fig. 3.9a) are detected first and the triangulated surface is
partioned with the sharp edges as the boundaries of the partitions. For a Delaunay-based
fiber-bundle (Fig. 3.9b), triangles connecting identical cross-sections are grouped into
a partition, whereafter each partition can further be split to account for sharp features
in the fiber-bundle geometry. For a level-set based fiber-bundle (Fig. 3.9c), the trian-
gles were grouped using horizontal and vertical cuts inbetween the unit-cell borders (see
Fig. 3.9c). The level-set based geometries are used hereby to facilitate the seperation of
triangles of fiber-bundles, but not to suppress the interpenetrations (as indicated in the
previous section). For the matrix (see previous Fig. 3.8b), the triangles of its surface rep-
resentation which are located on the unit-cell border can further be grouped individually
on each side and into patches of connected triangles.

sharp feature

a) b) c)

sharp edges unit-cell border

Fig. 3.9: Partioned triangulated surfaces for: (a) lamina (inner and surface), (b)
Delaunay-based triangulated fiber-bundle respecting sharp features, (c) level set-based
triangulated fiber-bundle conform with the out-of-plane unit-cell borders.

3.5.3 Local mesh refinement
A local mesh size field around a geometrical feature can be defined by:

mi(d) =


m1 for d < d1

( d−d1
d2−d1

).(m2−m1)+m1 for d1 < d < d2

m2 for d2 < d

(3.6)
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where d is the distance to the geometrical feature (represented by vertices, lines or sur-
face patches). m1 and m2 are the mesh sizes which are adopted in the region that is
closer than d1 or further than d2, respectively, around a geometrical feature. Hereby, m1
can be determined by the characteristics of the geometrical feature (local curvature, gap)
and m2 can be a desired coarse mesh size away from critical geometrical features, the
parameters being evaluated by a mesh comparison study in Chapter 4. d1 and d2 are set
in this work to 75µm and 150µm, respectively, as a certain multiplication factor of the
gap 30µm which will be introduced between fiber-reinforced regions for facilitating the
matrix meshing. The global mesh size field is then calculated as the minimum of the
local mesh size fields.

3.6 Computational homogenisation
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Fig. 3.10: A schematic illustration of a unit-cell with an indication of the dimensions and
control nodes used by the computational homogenisation framework (the z-axis being
the thickness direction).

3.6.1 Averaging relations

The computational homogenisation framework is build around the strain, stress and en-
ergy averaging theorems applied on the unit-cell model (this work uses the classical
infinitesimal strain setting):

The strain averaging states that the average of the local microscopic infinitesimal strain
tensor ε in the volume of the unit-cell equals the macroscopic strain tensor E (see Eq.
3.7). By assuming periodicity of the unit-cell boundaries, the macroscopic strain tensor
can be enforced on the unit-cell by the displacement components of controlling nodes of
the unit-cell (being nodes 1,2,3 and 5 in Fig. 3.10) only.

E =
1
V

∫
V

εdV (3.7)
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where V is the volume of the unit-cell.

The energy averaging (also known as the Hill-Mandel relation) states that the macro-
scopic mechanical work equals the average of the local microscopic work components
(see Eq. 3.8):

Σ : E =
1
V

∫
V

σ : εdV (3.8)

where Σ and σ are the macroscopic and microscopic stress tensor, respectively.

The stress averaging, which enforces the macroscopic stress tensor to be the average
of the microscopic stress tensor, can then be automatically obtained from the strain and
energy theorems (for more details, see [55]).

3.6.2 Periodic boundary conditions

Periodic boundary conditions can be applied on the unit-cell boundaries to account for
the presence of neighbouring unit-cells. These conditions indicate that the displacement
components on opposite unit-cell boundaries/faces are allowed to periodically fluctuate
with respect to a displacement corresponding to a uniform homogeneous local strain
level ( ¯̄E.x̄):

ū(x̄) = ¯̄E.x̄+ ūp(x̄) (3.9a)
ūp(x̄) = ūp(x̄+V̄ ) (3.9b)

where V̄ are the periodicity vectors of the unit-cell and ūp is the periodic fluctuation
field. The position of nodes on opposite unit-cell boundaries/faces can further be related
to the position of the controlling nodes of the unit-cell (which are node 1,2,4 and 5 in
the illustration presented in Fig. 3.10).

x̄R = x̄L +(x̄2− x̄1) (3.10a)
x̄B = x̄F +(x̄4− x̄1) (3.10b)

where L,R,F,B indicates the left, right, front and back side of the unit-cell respectively.
The bottom and top will not be considered periodic in this work. Eq. 3.10a and Eq.
3.10b are then used to prescribe periodic boundary conditions on corresponding mesh
nodes located on the opposite unit-cell boundaries.
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3.7. Conclusion

3.6.3 Loading conditions
The displacement components ui of the units cell control nodes are used to apply the
global strain components Ei j and to prevent rigid body motions of the unit-cell model:

u1
x = u1

y = u1
z = u2

z = u4
x = u5

1 = 0 (3.11a)

u1
x = Exx.L (3.11b)

u4
y = Eyy.W (3.11c)

u1
y = Exy.L (3.11d)

Node 5 is allowed to move freely. Only in-plane loading conditions are considered in
this work, but the set of equations can be easily extended to consider out-of-plane load-
ing conditions (for future work).

The reaction forces component fi of the units cell control nodes are then used to extract
the global stress components Σi j:

Σxx = f 1
x /(LH) (3.12a)

Σyy = f 3
y /(WH) (3.12b)

Σxy = f 1
y /(LH) (3.12c)

In the subsequent chapters, the simulations will be performed by imposing Ei j on the
unit-cell. The stiffness components can further be calculated from the global strain and
stress components.

3.7 Conclusion

Tools are here presented to transform the geometrical models consisting of discretised
lines representing fiber-bundles and lamina (with openings) into conforming tetrahedral
meshes with in-plane periodic surfaces and local mesh refinement for use in mechanical
simulations:

1. An approach has been introduced to contour convex and concave-shaped 2D point
sets and to connect automatically discretised cross-sections of fiber-bundles and
lamina (with openings) into triangulated surfaces.

2. The implementation details of a (geometrical) level-set based and point movement
approach to suppress interpentration have been given.

3. An approach is presented to generate conforming tetrahedral meshes of fiber-
reinforced composites using the free meshing software GMSH. The triangulated
surface representations of the fiber-reinforced region and matrix are partitioned in
patches which are transformed in parametrical surfaces during mesh generation to
allow high quality surface meshes by GMSH. Periodic surface meshes on opposite
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in-plane unit-cell faces and local mesh size fields around geometrical features are
adopted.

4. The implementation details of the first-order computational homogenisation are
described.

The tools do not pose any restriction on geometrical model input type and can therefore
be directly used to transform automatically the geometrical unit-cell models of pinned,
stitched and 3D woven composites generated in subsequent chapters into finite element
models.
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Chapter 4

Z-pinned laminates

This chapter presents a computational approach to generate unit-cell models of Z-pinned
laminates 1. The unit-cell models intend to embed the main mechanisms responsible for
a potential reduction of in-plane mechanical properties, being a local change in fiber
content, fiber distortions, and the inclusion of resin-rich regions near the Z-pin. The
shape of these geometrical features strongly depends strongly on the laminate stacking
sequence and on pin parameters such as pin diameter, pin content (defined in glossary),
and initial pin inclination angle. In the approach, resin-rich regions are modelled by
initially straight discretized lines which are gradually shaped by a set of geometrical
operations mimicking pin insertion, pin rotation and fiber deflection. Fiber distortion is
modelled in a post-processing stage in cross-sections accounting for the preservation of
the amount of fibers. These models are then transformed into finite element mechanical
models in order to investigate how local fiber volume fraction changes, fiber misalign-
ment, or distortions in reinforcement due to pin rotation, affect the global stiffness and
local stress concentrations.

Contributions:

1. A novel approach to generate unit-cell models of Z-pinned laminates, in
which discretised lines are shaped by geometrical operations and for which
different shapes of resin-rich regions corresponding to different pin content,
diameter can automatically be generated.

2. The presentation of unit-cell models which include the effects of pin rotation
and variations in local fiber volume fractions.

Novelty:

1. Straightening operation to shape the lines representing the resin-rich regions.

2. Fiber-reinforced distorted zone model for rectangular cross-sections.

3. Local failure indicators for transverse and shear failure initiation in fiber-
reinforced region and matrix failure.

1This chapter is inspired on: G Pierreux, L Wu, D Van Hemelrijck, and TJ Massart. Evaluation of mi-
crodamage initiation in z-pinned laminates by means of automated rve computations. Composite Structures,
2018.
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Chapter 4. Z-pinned laminates

4.1 Introduction

Z-pins are used in the through-thickness direction of laminates to increase their delam-
ination resistance [84–86, 123, 124, 318, 319]. Various methods have been proposed for
inserting such pins. The most widespread technique, used both in industry and research,
consists of pushing the pins from a foam bed into the laminate by applying a pressure
combined with ultrasonic vibration [121,320]. The part of the pins not embedded in the
laminate is removed afterwards by chamfering, followed by a further consolidation and
curing process in an autoclave (see Fig.4.1a). Apart from the intended increase in delam-
ination resistance, experimental results have shown a reduction of the in-plane mechan-
ical properties, with an extent dependent on pin parameters such as their spacing, diam-
eter and insertion pattern [80, 106, 228, 321, 322]. The reduction is caused by reinforce-
ment distortions, which take place during pin insertion and further processing, and can
be characterized by resin-rich regions and fiber distortions near the pin [228, 323–325].
The effect of these geometrical features on the in-plane mechanical properties needs to
be understood in order to optimize the design. A computational homogenization ap-
proach that uses a periodic mesoscopic unit-cell model has shown positive results in
understanding and even predicting the mechanical behavior of fiber-reinforced compos-
ites with other geometrical arrangements [44, 95, 133, 162, 166, 208, 326–328]. Such an
approach requires however the generation of mesoscopic geometrical models that in-
clude the main geometrical features affecting the in-plane mechanical behavior.

Resin-rich regions and fiber distortions or reorientations around the pin are gradually
shaped during pin-insertion (during which the fibers are pushed aside) and further pro-
cessing (during which the pin rotates), as illustrated in Fig. 4.1a. A small pin content
results in eyelet-shaped regions, Fig. 4.1b, while larger pin contents result in channel-
shaped resin-rich regions that form due to distortions from neighboring pins. Upon
further processing, pin rotation can take place during the pin chamfering process and
laminate consolidation, whereby the fibers are pushed more to one side of the resin-rich
region, which results in distortion of its symmetrical shape (see Fig. 4.1c). The extent of
these asymmetrical distortions in a lamina depends on the vertical position of the lamina
relative to the pin rotation center, and on the main fiber direction in the lamina rela-
tive to the direction of pin rotation. The fiber-reinforced distorted zone around a pin is
mostly assumed to be rectangular with a width related to the pin-diameter. Coupled with
these issues, an out-of-plane component, known as fiber crimp, can also arise during
pin-insertion and pin-rotation. Furthermore, swelling of the laminate, fiber-breakage,
and fiber-weaving in irregular pin patterns (see Fig. 4.1d), upon pin insertion, and in-
terfacial cracking between the pins and composites caused by thermal shrinkage of the
pin after curing, can also be present. Experimental observations of the different features
are presented in Fig. 4.2, while experimental data on variations in local fiber volume
fraction and local fiber direction inside this region are, to the best knowledge of the
author, rather scarce in the literature. All these geometrical features can alter the local
stress distribution and consequently need to be included in the RVE geometries used in
simulations.

In the literature, an analytical approach was developed to include these geometrical fea-
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4.2. Geometrical model generation

tures in a mesoscopic geometrical model [91–93]. In these contributions, symmetrical
eyelet-shaped resin-rich regions are represented either by a cosine shape, an orthorhom-
bic shape, or a diamond-shape, whereas for channel-shaped regions a rectangular shape
is used. The fiber distorted zone is mostly represented as a rectangular area around the
pin. Local fiber misalignment reduces linearly from a maximum at the resin-rich region
boundary to zero outside the fiber distorted area (see Fig. 4.1e). The local fiber volume
fraction is mostly assumed constant in each lamina. However, no existing model can
provide the asymmetrical shape of a resin-rich region due to pin rotation or can ensure a
seamless transition between eyelet- and channel shaped resin-rich regions.

Therefore, in the present contribution, a computational approach capable of generating
geometries for all of these geometrical features in laminates is presented. Resin-rich re-
gions are represented by discretized lines, which are initially straight and are then grad-
ually shaped using a set of geometrical operations (see Fig. 4.3), with concepts similar
to [105,179]. The pin is assumed rigid with constant cross-section. The fiber-reinforced
distorted zone is obtained in a post- processing step from these deformed discretized
lines and is modelled in cross-sections perpendicular to the main fiber direction of the
considered lamina. Preservation of the amount of fibers in a cross-section is used to cal-
culate the model parameters. The generated RVE geometrical model is then transformed
into a finite element model in order to investigate to what extent geometrical features af-
fect the global stiffness and local stress distributions within laminates given a prescribed
stacking sequence.

small pin contentx

y

a)

pin

foam

device

x

z

b)

e)

c)

d)

larger pin content

Fig. 4.1: Z-pinned laminates: (a) pin insertion and pin chamfering, (b) eyelet- and
channel-shaped resin-rich regions for small and large pin content, (c) asymmetrical-
shaped resin-rich region and fiber-reinforced distorted zone (due to pin rotation), (d)
fiber weaving (due pin pattern imperfections) and (e) local fiber-reinforced distorted
zones near the pin.

4.2 Geometrical model generation

Unit-cell models with a single pin can be inserted vertically or initially inclined are gen-
erated. A regular pin pattern, a mesoscopic initially homogeneous fiber volume fraction
(before pin insertion) and fiber direction in each undistorted lamina, and a straight and
rigid pin are hereby assumed. Fiber-breakage, localised through-thickness crimping of
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Fig. 4.2: Experimentally observed geometrical features in Z-pinned laminates: (a)
eyelet- and channel-shaped resin-rich regions (images taken from [324]), (b) fiber-
weaving between pins (image taken from [121]), (c) pin rotation (image taken from
[324])

the in-plane fibers, and interfacial cracking between pins composite are not considered
in the modelling.
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Fig. 4.3: Step-wise generation process: (1) initial model, (2) pin inflation, (3) pin ro-
tation, (4) lamina straightening, (5) fiber volume fraction (Vf ) and fiber misalignment
(θmis) distributions in a post-processing step.
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4.2.1 Initial model
The initial model accounts for potential resin-rich regions, which are caused by pin in-
sertion, and the presence of an initially inclined pin. Lines are used to represent these
geometrical features. They are discretized and a line radius is assigned to enable the
shaping of the fibers and the detection of interpenetrations between the inserted pin and
the reinforcement. The line configuration can be regarded as a boundary-line configu-
ration of the lamina (see Chapter 3), as the fibers at the interior of the lamina are not
modelled.

The pin is positioned at the center of the unit-cell and can be initially inclined. A single
line is used to represent the pin. Its position is determined by a rotation center, an angle
of inclination plane and an initial pin inclination angle, as illustrated in Fig. 4.4. The line
radius is taken as the pin radius and the line representing the pin is not further discretized.

The resin-rich regions in a lamina are aligned with the main fiber direction ~flam. They
originate either from the insertion of a pin within the unit-cell or from neighboring pins
for larger pin contents in lamina with fibers which are not aligned with one of the pin
pattern directions (which are the x- and y-direction in Fig. 4.1). Straight lines are used
to represent the boundaries of resin-rich regions. These lines are aligned to the main
fiber direction of the considered lamina and are positioned through its thickness at the
bottom and the of the lamina and at both sides of potential opening locations. The
position of the lines for both a 0◦-lamina and 30◦-lamina is illustrated in Fig. 4.4. For
the 30◦-lamina, the presence of potential resin-rich regions caused by pins belonging
to neighboring unit-cells is accounted for. The positioning of lines (see Fig. 4.4b) can
easily be achieved by considering a cross-section that is perpendicular to the main fiber
direction. For inclined pins, the lines at the top and bottom of a lamina are displaced. The
lines are uniformly discretized into line segments described by nodes (not to be confused
with FE discretisation nodes). The line segment length equals one third of a standard pin
diameter (280µm) as having shown a good compromise between the obtained shape of
the resin-rich regions and the computational cost of the geometrical model generation.

4.2.2 Geometrical shaping operations
The discretized lines of the initial model are next shaped by a set of geometrical opera-
tions that are applied sequentially and mimic the pin and fiber kinematics taking place
during the manufacturing process (see Fig. 4.3), while no mechanics are incorporated
in the generation process. For instance, the pin insertion is mimicked geometrical by
an inflation operation applied on an embedded pin. The chamfering process applied in
order to remove the excess length of the pins after insertion and the transverse com-
paction during laminate consolidation as part of the cure process causes the pin rotation
which is represented geometrically by a rotation operation. The locally deformed shape
of the lines near the pin are smoothed by a straightening operation. Upon inflation,
the interaction between the fibers and the pin is accounted for by a geometrical contact
treatment. Furthermore, the inflation and rotation operations are applied incrementally
to prevent lines from crossing over each other before interpenetration is detected by the
contact treatment. The nodes used in the line description can then be constrained to the
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Fig. 4.4: Initial model: (a) pin, (b) lamina with fiber aligned and not aligned with a pin
pattern direction (left and right respectively).

lamina boundaries for an easier control of the final geometrical model. The geometrical
operations are governed by the following equations.

Inflation operation

The inflation operation incrementally increases a line radius Rline from zero to a final
radius:

Rn
line = Rn−1

line +
Rline

nin f l
(4.1)

R0
line = 0 and n : 1→ nin f l

where nin f l is the number of inflation increments. nin f l is calculated (in this chapter) by
dividing Rpin with Rline (the radius of the lines representing the resin-rich regions).

Rotation operation

The rotation operation rotates a line in a certain inclination plane, around a rotation
center, and with an inclination angle αn that is incrementally increased from αi to a final
value α f :

α
n = α

n−1 +

(
(α f −αi)

nrot

)
(4.2)

α
0 = α

i and n : 1→ nrot

where nrot is the number of rotation increments. nrot is calculated (in this chapter) by
guarantying that the horizontal displacement of the point near the unit-cell boundaries
does not exceed the radius of the lines representing the resin-rich regions.
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4.2. Geometrical model generation

Straightening operation

The straightening operation repositions the nodes of a line after local displacements
induced by inflation or a rotation of the pin. Each node i of a line is moved to the middle
of the segment connecting the neighboring nodes (see Eq. 5.2 and Fig. 4.5a). This
operation mimics the fact that a fiber under tension moves transversally with the largest
movement taking place in regions with the highest curvature (so a purely geometrical
operation).

~xi = (1/2).(~xi−1 +~xi+1) (4.3)

This operation is applied to shape the lines near the pin of the unit-cell and is extended
to account for the effect of potential resin-rich regions from neighboring unit-cells on
the geometry of the considered unit-cell. Before applying the straightening operation,
the lines near the unit-cell pin (master lines) are extended, as illustrated in Fig. 4.5b
for both channel-shaped (0◦-lamina) and eyelet-shaped (30◦-lamina) resin-rich regions.
After straightening, the extended part can be removed (0◦-lamina) or used to shape the
additional eyelet-shaped regions (30◦-lamina). By applying this operation a number of
times (defining parameter s) (typically in between 1 to 100 times, dependent on the
length of the resin-rich region), a desired length of a resin-rich region can be generated.
Note that no convergence of the geometry for an increased number of straightening
operations is achieved as no mechanics are involved in the generation approach.
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transfered back
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straightened line
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extended
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x
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Fig. 4.5: Straightening operation: (a) concept inspired from [179], (b) periodic line
straightening.

Contact treatment

The contact treatment detects interpenetrations locally between two discretized lines,
based on their attributed radius and by evaluating the distance between a node on a line
and all other lines. When interpenetration is detected, the concerned nodes are moved in
the opposite direction as illustrated by Fig. 4.6:
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Chapter 4. Z-pinned laminates

dP
int = min[(dP− (R1 +R2)),0] (4.4a)

~xP
mov = q.dP

int.~DP (4.4b)

where dP
int is the distance between lines at node P, and R1 and R2 are the line radii. The

control of the movement of node P, ~xP
mov, is defined by Eq. 4.4b in an interpenetration

resolving step that uses the normal from the node on the pin, ~DP, multiplied by a frac-
tion, q, and the local interpenetration distance or the overlap between both lines. q is
a numerical parameter which controls the movement of lines upon contact. As the pin
is not discretized and is considered to be rigid, only the nodes belonging to the bound-
aries of the resin-rich region are moved (by setting q equal to 1 for the resin-rich region
boundaries and to 0 for the pin) such that dissimilar lines are not interpenetrated.

P

D

x

y
pin

resin-rich region boundary

R1

R2P

Fig. 4.6: Contact treatment.

Boundary conditions

The position of nodes can be constrained during generation by simply moving the nodes
back to their desired location after each contact treatment. This procedure is imple-
mented to constrain the nodes on the unit-cell border during generation, and to have a
control over the bottom and top surface of a lamina in the final geometrical model.

4.2.3 Fiber-reinforced distorted zone modelling

Discretised lines into cross-sections

The deformed lines, which represent the boundary of potential resin-rich regions, are
used to create cross-sections representing the fiber-reinforced region. Additional lines
are added to represent the in-plane borders of the lamina (or unit-cell) which are posi-
tioned on the in-plane borders and through-the-thickness (see Fig. 4.7a). All the lines
are then intersected by planes perpendicular to the main fiber direction that are defined
at regular intervals along a diagonal of the unit-cell (see Fig. 4.7a). On each plane, a
contour-line is generated around each set of intersection points that belong to a certain
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part (see Fig. 4.7b). Adjacent contour-lines for which the opening between them is less
than an opening distance are then merged.
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Fig. 4.7: Contouring the discretised lines of a lamina with openings into cross-sections:
(a) additional lines added on the in-plane lamina borders, (b) cross-sections generated
around individual point set, (c) a 3D representation of the generated cross-sections.

Fiber volume fraction and fiber direction

Fig. 4.8a depicts an arbitrary cross-section at position u, with the origin of the local
coordinate axis system positioned at the center of the pin and the u-axis aligned with the
main fiber direction. The area within the considered cross-section, next to the resin-rich
zone, is the area where the fibers are distorted due to pin insertion. The cross-section is
deformed only at the sides adjacent to the resin-rich region and the shape of the cross-
section can be considered to be rectangular or trapezoidal, for a vertical or inclined pin
respectively. A distorted zone with a width that is constant along the lamina thickness
is assumed and is assumed to consist of two regions with differing fiber volume fraction
and fiber direction profiles, as illustrated in Fig. 4.8b. The first region, which is the
closest to the resin-rich region, is characterized in our model by a constant but increased
fiber volume fraction Vf ,c(u) and a constant fiber direction ~floc(u) that is identical to
the local tangent at the boundary of the resin-rich region ~fbound(u). The second region,
which is located between the first region and the undistorted zone, is characterized in our
model by a fiber volume fraction and fiber direction that are linearly varying between the
values in these two regions. The supposed linear interpolation in fiber volume fraction
and fiber direction is similar to experimental observations [78] and to assumed fiber-
reinforced distorted zone models in unit-cell models of Z-pinned and stitched laminates
presented in [93, 95]. The width of each region is represented respectively by d1(u) and
d2(u). The fiber-reinforced distorted model in a cross-section at position u is then de-
fined by the parameters d1(u), d2(u) and Vf ,c(u).
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The value of these parameters is obtained by considering the preservation of the amount
of fibers in the cross-section during the model generation. An amount of fibers equivalent
to the area Ad f (u) multiplied by the volume fraction, Vf ,lam, is redistributed locally in
a distorted zone of the cross-section according to the assumed fiber volume fraction
profile, which gives rise to the following relation:

Adf(u).Vf ,lam = (Ad1(u)+
Ad2(u)

2
).(Vf ,c(u)−Vf ,lam) (4.5)

where the areas Ad f (u), Ad1(u) and Ad2(u) are illustrated in Fig. 4.8a. Since these areas
can be considered rectangular or trapezoidal, Eq. (4.5) can be altered to define:

v0(u).Vf ,lam = d1(u)+d2(u).(Vf ,c(u)−Vf ,lam) (4.6)

where v0(u) is the local position of the resin-rich region boundary.

For the parameters d1(u), d2(u) and Vf ,c(u) additional assumptions are required to fully
describe the fiber distribution in each cross-section. First, the distorted zone parame-
ters d1(u) and d2(u) are assumed to be constant in each cross-section. Secondly, d2 is
considered a multiplication of d1:

d2 = k.d1 (4.7)

where k is further called the distorted zone parameter and can be chosen to have models
with a distorted zone width conform experimental observations (hereby using Fig. 4.11).
Thirdly, a value of Vf ,c(0) near the pin is assumed, which takes into account a maximum
threshold and corresponds to the maximum fiber volume fraction Vf ,max present in the
fiber-reinforced region. These assumptions then allow the subsequent calculation of d1
in the cross-section near the pin, d2 as a multiplication of d1, and finally Vf ,c(u) in each
other cross-section, such as to determine the model parameters for both the assumed
fiber volume fraction and fiber direction models.

The assumed fiber volume fraction Vf (u,v) and fiber direction ~floc(u,v) in a cross-
sections are thus defined as follows for the generation of geometrical features:

Vf (u,v) =


Vf ,lam for d2 ≤ v
Vf ,lam +( v−d1

d2−d1
).(Vf ,c(u)−Vf ,lam) for d1 ≤ v≤ d2

Vf ,c(u) for v≤ d1

(4.8)

~floc(u,v) =


~flam for d2 ≤ v
~flam +( v−d1

d2−d1
).(~fbound(u)−~flam) for d1 ≤ v≤ d2

~fbound(u) for vo ≤ v≤ d1

(4.9)

The local fiber volume fraction and fiber direction are assigned to grid points positioned
in the cross-sections. The values assigned to the grid points are then linearly interpolated
and used to assign the local fiber volume and fiber direction to the Gauss points of the
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finite elements and subsequently the material properties.

The fiber misalignment θmis(u,v) with respect to ~flam is often used to represent the local
fiber direction in a lamina and is defined as the angle between ~floc(u,v) and ~flam.
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Fig. 4.8: Fiber-reinforced distorted zone model: (a) a cross-section indicating the model
parameters, (b) the assumed fiber volume fraction and fiber direction distribution in the
cross-section.

4.3 Generated geometrical features

4.3.1 Shapes
In Fig. 4.9, the computational approach proposed here is compared with the analytical
approaches that use orthorhombic and cosine functions [93,95], for a pin diameter equal
to 280µm and a resin-rich region length of 2000µm considering an opening distance
of 4µm. As can be observed in Fig. 4.9, the model parameters used in the generation
process resulted in a resin-rich region shape that has a smaller area and a larger max-
imum misalignment at the boundaries (Fig. 4.9b) compared to the analytical models.
By increasing the number of straightening operations, and by allowing a larger opening
distance, both the area and maximum misalignment can be satisfactorily recovered as
from the functional representations. It can be concluded that the straightening opera-
tion, applied on locally deformed lines, is able to generate realistic shapes of resin-rich
regions in comparison to the analytical modelling approach based on experimental ob-
servations [323, 324].

An illustration of the possibility of the modelling approach to generate different shapes
of resin-rich regions and fiber-reinforced distorted zones in a flexible manner for differ-
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cosinus shape
orthorhomib  shape

our model

a)

b)

c)

opening distance

x

y

Fig. 4.9: Setting the tolerance opening distance and comparing the shaped of generated
resin-rich regions with functional representations, hereby having used in the generation:
(a) a tolerance opening distance of 4µm, (b) an increased number of straightening oper-
ations, (c) and an increased tolerance opening distance.

ent pin parameters and stacking sequences is presented in Fig. 4.10. Pins with diameter
280µm are considered in the models. Different pin contents are obtained by changing
the in-plane dimensions of the unit-cell models while keeping the pin diameter constant.
The models are constructed using the generation process described in Table 4.1. As can
be seen in Fig. 4.10, the modeling approach can account for the transition from eyelet to
channel shapes for increasing pin content (Fig. 4.10a), the fiber weaving shape for irreg-
ularly positioned pins in a 0◦-lamina (Fig. 4.10b), the symmetrical shapes for initially
inclined pins and asymmetrical shapes for a pin inclined due to pin rotation in different
lamina orientations (Fig. 4.10c), and the possibility to control the out-of-plane position
of the top boundary of a lamina that accounts for fiber crimp due to pin rotation (Fig.
4.10d).

step operations id line parameter value introduced geometrical feature
1 inflation pin - - width of resin-rich region
2 rotation pin α f 0◦ - 15◦ pin inclination
3 straighening lamina s 17 length of resin-rich region
4 post-processing - k 1 distorted zone width

Table 4.1: Different steps during the generation, represented by the applied geometrical
operation, a corresponding parameter and its value for the generated models, the type of
line on which the operation is applied, and the geometrical feature which can be used
from experimental observations to set the corresponding parameter.
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Fig. 4.10: Shapes of resin-rich regions and corresponding fiber volume fraction Vf and
fiber misalignment θmis distributions: (a) eyelet- and channel-shaped resin-rich regions
corresponding to a pin content 0.5− 4% (pin diameter 280µm), (b) fiber weaving for
an irregular pin pattern, (c) symmetrical- and asymmetrical- resin-rich regions for an
inclined pin configuration upon pin insertion or due to pin rotation respectively, (d) out-
of-plane fiber misalignment θ out

mis or fiber-crimp due to pin rotation.

4.3.2 Dimensions

The resin-rich region can be characterized by its width and length. The width is simi-
lar to the pin diameter, which is automatically obtained during generation. The length
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(which controls the addition of the eyelet shape or channel shape) can be regulated by
the number of straightening operations.

The fiber-reinforced distorted zone can be characterized by its width, length, maximum
fiber volume fraction, and out-of- plane fiber waviness. Its width is obtained automati-
cally in the model by considering the amount of fibers contained in a cross-section and
can be further regulated by adapting the distorted zone parameter k (see Eq. 4.7). As
can be seen in Fig. 4.11, the smallest distorted zone width is obtained for k = 0, while
for k = 20+ larger distorted zone widths are obtained, representing a step-wise constant
and linear varying fiber volume fraction or fiber misalignment profile respectively. Its
length is equal to the resin-rich region length, as local distortions start emerging as soon
as lines are moved locally. A value of 1 for the parameter k is adopted in subsequent sim-
ulations and can easily be modified to generate models with a distorted zone width equal
to experimental observation. The maximum fiber volume fraction near the pin is a direct
input parameter in the fiber-reinforced distorted zone model and was assumed equal to
0.900 which represents near the pin a fully compacted fiber-reinforced zone [94]. The
out-of-plane fiber waviness that can be present due to pin chamfering can be controlled
by constraining or un-constraining the positions of nodes on the bottom and top of lam-
ina during generation which is directly related to presence of fiber crimping.

k=0 k=1 k=2 k=20

0.6

0.9

0

11

x

y

width V
f

misθ

Fig. 4.11: The effect of the distorted zone parameter k on the fiber volume fraction Vf
and fiber misalignment distribution θmis in lamina.

4.3.3 Comparing geometries with experimental observations

The results from Fig. 4.10 can be compared with the experimental observations pre-
sented in Fig. 4.2. Qualitatively, it can be seen that geometrical models represent sat-
isfactory the eyelet- and the smooth channel- shaped resin-rich regions, as well as the
fiber-weaving between imperfectly positioned pins. Quantitatively, the dimensions of
the resin-rich region, fiber-reinforced distorted width and pin inclination angle can be
compared between experiments and simulations, but are implicitly an input of the model
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via the geometrical parameters. Indeed, the resin-rich region length can be controlled by
the parameter s while the distorted zone width can be controlled by the parameter k. It
suffices then to map out a relation which links the values of geometrical operation pa-
rameters with the geometrical characteristics in order generate explicitly unit-cell model
with certain dimensions of geometrical features.

4.4 Mechanical simulations

Using the computationally built geometrical models developed here, finite element mod-
els can be generated automatically, hereby using the free 3D finite element mesh gener-
ation procedure GMSH [277, 316, 317]. A small matrix layer was inserted between the
laminae to ease meshing (see Fig. 4.12). Tetrahedral elements were adopted because of
the free-form shape of the fiber-reinforced regions and matrix for which a high-quality
hexahedral mesh would be difficult to construct. Linear elastic simulations with periodic
boundary conditions are performed for the purpose of analysing the effect of the detailed
geometrical features associated with pinning. The effect of the stacking sequence on the
reduction in global stiffness and the presence of stress concentrations that can explain
early damage initiation for different pin contents [99, 329] are investigated on a lamina-
level, by considering a single lamina with different fiber orientations and pin contents.
The effect of the local fiber volume fraction as well as local fiber direction in a lamina,
and the effect of the reinforcement distortions caused by pin rotation in a laminate are
also investigated. Such effects are finally investigated at the scale of a laminate. The
anisotropy of the fiber-reinforced regions is taken into account by means of analytical
mechanical models, while the mechanical simulations are performed using Abaqus.

a) b)

x

y
z

x

y
z

Fig. 4.12: Generated mesh: (a) without matrix, (b) with matrix.

4.4.1 Models
Pinned lamina models are now generated with fibers in lamina oriented 0◦, 30◦ and 90◦

from the tensile direction and different pin diameters (a horizontal tensile direction is
assumed in the sequel). For each lamina configuration, the pin content, pin radius and
fiber-reinforced region representation are varied as presented in Table 4.2. The intend of
this study is to evaluate the effect of different lamina orientations by means of a para-
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metric study, irrespective of available experimental data.

model description V max
f θ max

mis Vdistzone/Vlam pin content(%) Rpin(um)

1 equivalent 0.60 0 0 - -
2 const Vf / const ~floc 0.66 0 0.00 2 140
3 var Vf / const ~floc 0.90 0 0.48 2 140
4 const Vf / var ~floc 0.66 10 0.48 2 140
5 var Vf / var ~floc 0.90 10 0.48 2 140
6 pin content 0.50 0.76 6 0.27 0.50 70
7 pin content 4 0.90 14 0.80 4 200

Table 4.2: The lamina models with their geometrical characteristsics (Vdistzone/Vlam indi-
cates the percentage of waviness region inside the lamina). V max

f ,θ max
mis and Vdistzone/Vlam

are obtained/calculated from the models, while Rpin and pin content (via the unit-cell
dimensions) are input of the models.

Pinned laminate models with a stacking sequence [0◦/90◦/90◦/0◦] and a pin diameter
280µm are then generated. The pin is considered to be vertical, or inclined due to pin
rotation in the x-direction (x-direction is clarified in Fig. 4.12), for which an inclined
pin angle of 15 degrees is used (conform experimental observations [323]). The model
parameters that describe the position of the vertical and inclined pin, are given in Table
4.3. The results of these models are compared with experimental observations.

αi α f αxy
vertical pin 0 0 0
inclined pin 0 15 0

Table 4.3: The pin parameters for the pinned laminate models.

For each configuration, equivalent lamina/laminate models are also generated. The same
lamina dimensions are then considered in the equivalent configuration, hereby not ac-
counting for laminate swelling that may be present upon pin insertion.

4.4.2 Boundary conditions and mechanical analysis methodology
The unit-cell model is constrained on its in-plane borders by periodic boundary con-
ditions with the bottom and top surfaces of the unit-cell left free. Displacements are
applied on the corner nodes to control the equivalent strain value [55]. A strain of 0.5%
is applied on the unit-cell, which would cause local failure to take place inside the dis-
torted zone but not outside the distorted zone [99, 329].

The materials used in this analyses consists of carbon fibers, an epoxy matrix, and a
metal pin, with properties as defined in Table 4.4. Material properties for the fiber-
reinforced region, as function of local fiber volume fraction, are calculated using the
analytical mechanical model of Chamis [186] (for stiffness) and the emperical formula
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presented in [187, 188] (for strength), using the previously defined properties; and are
assigned afterwards in the local material system that is prescribed by the local fiber di-
rection.

carbon fiber epoxy matrix metal pin carbon fiber epoxy matrix
E11(GPa) 231 3.45 200 X11,t(MPa) 3500 70
E22(GPa) 15 - - X11,c(MPa) 3000 130
E33(GPa) 15 - - X12(MPa) - 57

v12 0.20 0.35 0.30
v13 0.20 - -
v23 0.20 - -

G12(GPa) 15 1.28 143
G13(GPa) 7 - -
G23(GPa) 7 - -

Table 4.4: The stiffness and strength properties of carbon fiber (AS4 carbon [330]),
epoxy matrix (5260 epoxy [330]) and pin.

The mechanical models are analyzed in terms of global stiffness and local stresses. The
global stiffness of a pinned laminate is normalized by the global stiffness of its equiva-
lent unpinned laminate. Local stress levels are evaluated for the risk of local transverse
and shear failure in the fiber-reinforced region, and matrix failure in the resin-rich re-
gion. Maximum stress criteria are used to evaluate the potential damage initiation in the
elements in each region (see Eq. 4.10). The maximum stress criteria are used by means
of simplification to more elaborted models that takes into account the shear coupling, as
the shear coupling coefficient were not directly available. The results obtained would
therefore underestimate the presence of potential local failure initiated regions.

transverse failure: f22 =
σ22

X22(Vf )
≥ 1 (4.10a)

shear failure: f12 =
σ12

X12(Vf )
≥ 1 (4.10b)

matrix failure: fm =
σp

Xt
≥ 1 (4.10c)

were Xt is the matrix tensile strength, and X22 and X12 the local transverse strength and
local shear strength of the fiber-reinforced region respectively in function of the local
fiber volume fraction (see chapter 2). σp is the maximum principle stress, with fm and
fi j being defined as the local failure indicator for the different local damaging modes,
and that indicate damage initiation. The transverse and shear strength are calculated as
a function of local fiber volume fraction and were obtained by the emperical formulae
proposed in [187, 188].

Stress concentrations in a certain region are represented by a 97-percentile of the local
failure indicators in this region (see Eq. 4.11. The local failure indicator in an element
k ( fi j,k) is hereby weighted by the volume of the element k (Velem,k) to remove any mesh
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size dependency on f 97%
i j .

f 97%
i j = 97perc(wk. fi j,k) with wk =

Velem,k

ΣVelem,k
(4.11)

where the summation is taken over all finite elements of the considered region (the ma-
trix, the surface lamina, all laminae with fibers in a given direction). The 97 percentile
was taken to remove any artificial high values which can be due to small numbers of
badly-shaped elements. However, this default 97-percentile for the local failure indica-
tors has been observed to not converge during mesh comparison study that only modified
the mesh size near critical geometrical features while the coarse mesh size remained the
same (see next paragraph). This non-convergence could be related to the fact that the
number of elements near the critical regions are increased and that as such the aver-
age number of potential badly-shaped elements was increased, then increasing the 97-
percentile values. To counteract this effect, a weighted percentile has been taken for each
local failure indicator with the weights being the volume of each element over the total
volume of a considered region. By doing so, the increase of badly-shaped elements upon
mesh reduction would be counteracted by a reduced assigned weight (being the volume
of the element) which eventually would results (and has observed to be) a convergence
in the mesh comparison study.

Before analysis, a mesh refinement analysis was performed to analyze the effect of dis-
cretisation parameters on the global stiffness and local stresses. For a single lamina and
with different fiber directions, a coarse and finer mesh were analyzed, with the finer
mesh constructed by decreasing the mesh parameters belonging to the local mesh size
fields. The mesh size parameters for the coarse and fine mesh, according to the mesh
model definition presented in chapter 3, are given in Table 4.4.2 The results of the mesh
comparison study are presented in Table 4.6. It can be seen that the results for the fine
and coarse mesh are relatively similar with no large deviations, hereby having ensured
that mesh resolution is sufficient to represent local fiber direction variations. It was
concluded that the coarse mesh could be used in further mechanical analyses.

m1(µm) m2(µm)
fine mesh 15 100
coarse mesh 30 100

Table 4.5: The mesh size parameters of the coarse and fine mesh, hereby having used
the mesh model presented in chapter 3.

4.4.3 Results

Single lamina

The global stiffness of pinned laminae with different fiber orientations and pin contents
is presented in Table 4.4.3. It can be seen that the 0◦-lamina has a reduction in stiffness,
while for the 30◦- and 90◦-laminae an increase in stiffness is observed with the change
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0◦-lamina 30◦-lamina 90◦-lamina
Enorm

x f 97%
22 f 97%

12 Enorm
x f 97%

22 f 97%
12 Enorm

x f 97%
22 f 97%

12
fine mesh 0.97 0.59 1.70 1.05 0.88 1.41 1.02 1.61 0.16
coarse mesh 0.97 0.59 1.60 1.05 0.90 1.43 1.02 1.62 0.16

Table 4.6: The normalised stiffness and the 97-percentile of the transverse and shear
cracking failure indicators of the pinned lamina which is meshed by two different meshs
sizes.

in stiffness depending on the pin content. These trends can be explained, for example,
by considering the analytical mechanical model which relates the local fiber misalign-
ment with respect to a loading direction to the local stiffness (e.g. Piggott [194]) and by
accounting for the presence of the pin. As illustrated in Fig. 4.13, a fiber misalignment
in the distorted zone in a lamina for different lamina orientations can either decrease or
increase the local stiffness, dependent on whether the fiber misalignments tends to make
the fibers become more aligned or less aligned with the loading direction. For off-axis
laminae, the presence of a pin acts as a stiffness enhancing medium. The combined ef-
fect of fiber misalignment and pin inclusion can either decrease or increase the global
stiffness. These results can then help explaining the differences in reduction of global
stiffness of pinned laminates for different stacking sequences and pin contents [80].

model description 0o-lamina 30o-lamina 90o-lamina
5 pin content 0.5% 0.99 1.02 1.01
6 pin content 2.0% 0.97 1.05 1.02
7 pin content 4.0% 0.90 1.12 1.06

Table 4.7: The normalised stiffness of a pinned lamina for different orientations of the
main lamina’s fiber direction in the lamina (models 5-7 as presented in Table 4.2).

The local stresses are analyzed in terms of their location within the lamina, with the con-
tributing effects of local fiber volume fraction and fiber direction on these values being
assessed. From the contour plots of local failure indicators as presented in Fig. 4.14,
it can be seen that the stress concentrations are taking place in the fiber-reinforced dis-
torted zone and, that for the applied strain, local damage is initiated inside the distorted
zone but not in the undistorted zone. The stress components that are causing these stress
concentrations are either the shear stress for a 0◦-lamina and a 30◦-lamina, or the trans-
verse stress for a 90◦-lamina. The local failure indicator concentrations can be increased
by a factor 2 or 3 with respect to the values in an equivalent unpinned lamina (see Ta-
ble 4.8). This is further correlated with the pin content as depicted in Fig. 4.16. The
effect of local fiber volume fraction and fiber direction on the local failure indicators is
illustrated in Fig. 4.15 by plotting the results from the different models as described in
Table 4.2. It can be seen that the increase of fiber volume fraction in the distorted region
has the largest contribution to the local stress concentrations compared to fiber misalign-
ment. These results confirm that, for pinned laminates, earlier damage initiation may
indeed take place. The results also demonstrate the importance of a proper evaluation
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Fig. 4.13: A graph illustrating the effect of fiber misalignment θmis on the stiffness E
whereby the dashed lines show that the fiber misalignment θmis can either decrease or
increase the stiffness (having used hereby the analytical model presented in for example
[194]).

of the local fiber volume fraction for a relevant evaluation of local stress concentrations
in computational models, and their potential in partly explaining the observed scatter in
global strength [80].
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Fig. 4.14: Transverse, shear and matrix cracking local failure indicator distributions for
a lamina with fibers aligned in different directions: (a) 0◦-lamina, (b) 30◦-lamina, (c)
90◦-lamina.

60



4.4. Mechanical simulations

0o-lamina 30o-lamina 90o-lamina
f 97%
22 f 97%

12 f 97%
22 f 97%

12 f 97%
22 f 97%

12
equivalent 0.00 0.00 0.34 0.63 0.62 0.00

var Vf / var ~floc 0.59 1.60 0.90 1.43 1.62 0.16

Table 4.8: The 97-percentile of the transverse and shear failure indicators in an equiva-
lent and pinned lamina with different orientations of their main fiber direction.
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Fig. 4.15: Graphs showing the role of fiber volume fraction Vf and fiber misalignment
θmis on the 97-percentile of the transverse and shear cracking local failure indicators
(above 1 indicates local failure) for lamina with fibers aligned in different directions
(1-5 are the models presented in Table 4.2): (a) 0◦-lamina, (b) 30◦-lamina and (c) 90◦-
lamina.
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Fig. 4.16: Graphs indicating the effect of pin content on the 97-percentile of the trans-
verse and shear cracking local failure indicators in a lamina with fibers aligned in differ-
ent directions: (a) 0◦-lamina, (b) 30◦-lamina and (c) 90◦.

Laminate

The global stiffness of the [0◦/90◦/90◦/0◦] laminate for both a vertical and inclined pin
(see section 4.4.1) is presented in Table 4.9 for both x- and y-direction loading. It can
be seen that a reduction in global stiffness is present for all cases and that the reduction
is larger for the inclined pinned laminate when loaded transversally to the inclination
direction. This enlarged reduction for y-loading (see Fig. 4.17a) can be explained by
the larger fiber distortion region that are present in the main load-bearing lamina (90◦-
lamina), while in the case of x-loading, the main load-bearing lamina 0◦-lamina) are
only slightly distorted. These results indicate that the geometrical distortions due to pin
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rotations can affect the global stiffness, which can partly explain the scatter in global
stiffness as observed in experimental results and need to be included in geometrical
models.

Local stress distributions for values of fi j > 1 are illustrated by contour plots of the local
failure indicators in Fig. 4.17b. It can be seen that the stress concentration are corre-
lated with the fiber-reinforced distorted zone (see Fig. 4.17a) and that both transverse,
shear, matrix damage initiation may be present. Mechanisms accounting for these local
degradation should therefore be included for strength modelling of Z-pinned laminates.

Enorm
x Enorm

y
vertical pin 0.98 0.98
inclined pin 0.98 0.84

Table 4.9: The normalised stiffness of the pinned laminate models in both in-plane di-
rections.
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Fig. 4.17: Geometrical and mechanical features of the vertical and inclined pinned lam-
inate model: (a) fiber volume fraction Vf and fiber misalignment θmis distributions, (b)
regions with potential local failure initiation.

4.4.4 Comparison with experimental data
The simulations result are now compared with experimental data presented in [80] that
show the stiffness of unidirectional [0◦], cross-ply [0◦/90◦] and quasi-isotropic
0◦/45◦/−45◦/90◦] pinned laminates (normalised by the stiffness of an equivalent un-
pinned laminate) for different pin contents. The normalised stiffness of the unidirec-
tional, cross-ply and quasi-isotropic pinned laminates for pin contents of 2% is hereby
approximately 0.87, 0.94 and 1.00, respectively, while a linear trend is observed for
increasing pin content.
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Lamina

The experimental results indicate that distortions in the 0◦-lamina reduce the stiffness to
a larger degree compared to distortions in the 45◦- and 90◦-lamina, and that the distor-
tions in the 45◦-lamina reduce the stiffness the least and may even increase the stiffness.
Similar trends can be observed from the simulation results (presented in Table 4.4.3)
that show that the distortions in the 0◦-lamina, 90◦-lamina and 30◦-lamina are more
negatively affecting the stiffness in a successive order respectively. The larger stiffness
reduction in the experimental observations, compared to the simulation results, can be
explained by not having considered lamina swelling, pin inclination, secondary geomet-
rical features (broken fibers, fiber-crimp, interface cracking, etc.), which may further
reduce the stiffness in the lamina modelling.

Laminate

The normalised stiffness of the cross-ply laminates with a pin content of 2% from the
experimental observations (0.94) and the simulations (being 0.98 and 0.84 for an in-
clined pin laminate models with pin inclination due to pin insertion and pin rotation
respectively, see Table 4.9) can be compared. The difference between the physical and
numerical model values can be explained by differences in geometrical features similar
to as presented in section 4.4.4 including some further remarks on pin inclination angle
and loading direction:

1. Physically, the pin inclination angle is characterised by a Gaussian distribution
with a mean for pin diameters of 280µm which gradually evolves from 2◦ on
average after pin insertion to approximately 15◦ on average after consolidation
[323]. Numerically, the pin inclination angle was considered as 15◦ and either
obtained from pin insertion or from pin rotation (see Table 4.3). The considered
0◦-value for the pin inclination angle upon pin insertion can then be considered as
a worst case scenario whereby variations in pin inclination angles (which can be
up to 20◦) can further affect the results.

2. The stiffness component of Z-pin inclined laminate in a in-plane direction (x-
or y- direction) can dependent on the angle between this direction and the pin
inclination direction (see Table 4.9), but experimental observations do not make a
distinction between the in-plane direction and consequently average out the effect
of different pin inclination directions. Averaging the simulation results (0.98 and
0.84) would then lead to a closer estimate compared the experimentally observed
value 0.94.

A parametric study including variations in pin inclination angle and direction, and lam-
inate swelling, should then be performed to understand in a quantitative manner the
differences between the experimental data and simulations results.
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4.5 Discussion

The computation of fiber-reinforced distorted zone model parameters vs. experi-
mental observations

Fiber-reinforced distorted zone model characteristics vs. experimental observations:

1. d1 and d2 are computed based on (1) assuming their values to be constant in
each cross-section, (2) considering d1 as a multiplication of d2 (d1 = k.d2) and (3)
using the preservation of the amount of fibers in a cross-section before and after
the shaping process by geometrical operations. The fiber-reinforced distorted zone
model then depends only on the parameter k which further regulates the distorted
zone width. The parameter k can be set by comparing the distorted zone width
for different parameters k (see Fig. 4.11) with experimentally observed distorted
zone widths. By lack of experimental data, this parameter k is set equal to 1 in all
simulations, which means that the width of the constant but increased fiber volume
fraction region (determined by d1) is equal to the width of the linear interpolated
region (determined by d2).

2. The supposed linear interpolation between the constant but increased and the
undistorted region is consistent with the linear variation of fiber volume frac-
tion distribution in other fiber-reinforced composites near compacted regions [78].
Moreover, a supposed linear interpolation for the fiber direction distribution was
also considered in analytical models of Z-pinned and stitched laminates presented
in the works [93,95] to which our models (with k =+20) may be compared with.

Fiber-reinforced distorted zone model characteristics vs. multi-fiber model:

1. The multi-fiber model presented in Chapter 7 has predicted rather two regions
with constant fiber volume fraction and fiber direction, and with a negligible lin-
ear interpolation in between the regions. It is believed the assumptions made in
the multi-fiber model (no mechanics involved, no matrix, no friction, no physical
fiber radius for the lines) are too rough and therefore make a comparison in terms
of supposed linear interpolation with the analytical models not worthwhile. An
overview of the different aspects which may limit the predictability of the multi-
fiber approach are discussed in the manuscript (see section 7.1.5).

Implications of the periodic boundary condition assumption

Single Z-pin unit-cell models have been constructed whereby (1) the periodicity of the
mesoscopic geometrical features (being the resin-rich regions) have been taken into ac-
count (via the periodic straightening operation) and (2) the fiber-reinforced distorted
zones are modelled separately around each resin-rich region (not taking potential inter-
actions). The models assume thus the fiber-reinforced distorted zone around resin-rich
regions to not interact with each other and the pin inclination to be equal in all neigh-
bouring unit-cells. These assumptions are indeed not always valid:

1. Fiber-reinforced distorted zones can interact with neigbouring fiber-reinforced
distorted zone for higher pin content and inclination angles
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2. The pin inclination angle can be different in neighbouring unit-cells following a
certain distribution.

Moreover, applying periodic boundary conditions on microscopic non-periodic unit-cell
may have certain implications. The potential implications for each assumption are as
follows:

1. For the non-periodic fiber-reinforced distorted zone: Ideally, the model (de-
picted in Fig. 3.17a at bottom) should have yellow regions at both sides of the
unit-cell. This would indicate stiff regions near the unit-cell boundaries on both
sides and relative small deformations locally in the fiber-reinforced regions near
the unit-cell borders. For the non-periodic model, yellow regions are not present
at both sides. The deformations locally in the fiber-reinforced regions at both sides
are therefore probably be larger (due to the less stiff blue region and applied peri-
odic boundary conditions). This would result in a larger load applied on the yellow
and blue region, and corresponding higher stress concentrations and earlier local
damage near the unit-cell boundaries for the non-periodic model. Additionally, as
the distorted zone is not translated to the other side, the non-periodic model may
slightly over predict the stiffness and under predict the presence of regions with
potential local failure initiation. Still a few remarks should be mentioned:

(a) The non-periodicity is only present for larger pin content and inclination
angles, while in the other cases the fiber-reinforced distorted regions are not
interacting with each other and periodicity of the model is preserved.

(b) While the stress concentrations near the unit-cell boundaries may increase,
the main stress concentrations are situated near the pin location and no addi-
tional damage locations has been observed near the unit-cell boundaries.

(c) The difference in relative displacements at the opposite unit-cell boundaries
caused by the periodicity assumption might be small as the fibers are aligned
with these boundaries.

2. For the single Z-pin unit-cell model:

(a) For Z-pins positioned in a perfect Z-pin pattern (no fiber-weaving), the effect
of the single Z-pin assumption (compared with double Z-pin unit-cell mod-
els with different Z-pin inclination angles) is considered to be small as the
fiber-reinforced distorted zones characteristics for slight differences in Z-pin
inclination angle would only cause very slight difference in fiber-reinforced
distorted zones.

(b) For Z-pins that are not perfectly positioned (so fiber-weaving is present,
see Fig. 4.2 b), the effects of the single Z-pin model assumption may be
much larger. Indeed, (1) the single Z-pin models cannot represent fiber-
weaving and (2) as the fiber-weaving itself is characaterised by maximum
fiber-misalignment, the fact of not including fiber-weaving may affect the
stiffness and local failure initiation levels. The single Z-pin models may un-
derestimate the maximum of the local failure indicators and overestimate the
stiffness. A comparison between the single Z-pin model and a double Z-pin
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unit-cell model that can include fiber-weaving (illustrated in Fig. 4.10 b)
should be performed quantitatively to investigate the effect.

Future work consists in:

1. Extending the fiber-reinforced distorted zone model by accounting for periodicity
in the local fiber volume fraction and fiber misalignment distributions for higher
pin content and inclination angles. It would suffice to translate the fiber-reinforced
distorted zone that extends the unit-cell borders to the opposite side of the unit-
cell.

2. Assessing the effect of the applied periodic BC assumption for current models
with larger pin content and inclination angle on the stress concentrations and stiff-
ness by comparing the current and extended models in mechanical simulations.

3. Assessing the effect of different pin inclination angles in neighbouring unit-cell
models (as well as fiber-weaving) by using the double Z-pin unit-cell models and
comparing the results from the single and double Z-pinned models.

The maximum fiber volume fraction

The maximum local fiber volume fraction in the fiber-reinforced distorted zone model
was taken as 0.900. The value represent the fiber volume fraction for a closed-packed
hexagonal fiber configuration. Such stacking may indeed be difficult to achieve in prac-
tice, as such that the assumed maximum fiber volume fraction may be indeed too high.
Potential implications of a too-high maximum fiber volume fraction on the modelling
results are the following:

1. The stress concentrations may be overestimated while the distorted zone width,
which is obtained by the preservation of the amount of fibers, is underestimated.
The underestimation of the distorted zone width can further cause an underesti-
mation of both the stiffness and the extent of regions with potential local failure
initiation.

2. The closed-form expressions that relate the stiffness and strength components of
unidirectional laminates may not be valid for such high fiber volume fractions.
A verification of the adopted closed-form expression for the considered range of
fiber-volume fraction [0.50− 0.90] was already performed in [44]. It was shown
that most of the stiffness components (except G12) matches well with FE models
predictions (even for higher fiber volume fraction) and mentioned that a verifica-
tion for the strength components was limited by lack of experimental data. In the
reference work [44], closed-form expressions for the strength components were
taken by lack of better for the range of fiber volume fractions considered.

In future work, more realistic unit-cell models should be generated by lowering the maxi-
mum fiber volume fraction. A potential maximum fiber volume fraction can lie in a range
0.75−0.80 (which are potential maximum fiber volume fraction as observed in a woven
composite), but should ideally be determined by an in-depth experimental investigation
for Z-pinned and stitched composites individually.
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The use of linear elasticity for estimating regions with potential local failure initia-
tion

In our approach, linear elastic computations have been used to evaluate both the stiff-
ness and regions where potential damage initiation are to be expected. A global strain of
0.50% is hereby applied. The finite elements in which a local failure indicator exceeded
unity are then marked as positions in the RVE were damage initiation is likely to oc-
cur. In reality, the behaviour up to 0.50% can be not linear elastic as for example early
damage initiation has observed to taken place near 0.30% in 3D reinforced composites.
The linear computations were performed because of simplicity, but do have indeed some
implications on the estimation of these potential locally damage initiated regions for the
globally applied strain compared to full nonlinear simulations.

A non-linear simulation would ideally include local failure initiation mechanisms, dam-
age constitutive laws and damage propagation mechanisms, and be performed with
incremental-iterative procedures. Stiffness degradation and/or crack propagation mech-
anisms, which cause a redistribution of stress, can then take place before the global ap-
plied load level, altering hereby the final estimation of the local failure initiated regions.
The locally failure initiated regions should therefore simply be seen as an indication of
the most critical regions where local failure can take place.

Maximum stress criteria

The maximum stress criteria were used by simplification due to lack of clear data on the
coefficient that couples the transverse and shear behaviour in function of the local fiber
volume fraction (in for example the Hashin formula). Such an approach was used in
the recent contribution [190]. By not accounting for the shear contribution, the obtained
results underestimate or overestimate the local failure initiation levels, depending on the
ratio of the normal to shear component stress. More elaborated models as Hashin [331],
Puck [332] should be used in future work to predict local failure initiation, especially
for strength model prediction where an accurate prediction of the local failure initiation
may significantly affect the outcome.

4.6 Conclusion

A computational approach was presented for a fully automated generation of mesoscopic
geometrical unit-cell models of pinned laminates. The resin-rich regions are modelled
by initial straight discretized lines that are gradually shaped using geometrical opera-
tions mimicking pin-insertion, pin rotation, and fiber deflections. The fiber-reinforced
distorted zone is modelled in a post-processing stage in cross-sections perpendicular to
the main fiber direction and on which a certain fiber volume fraction is assumed based
on the preservation of the amount of fibers in the cross-section during generation. The
shapes of the geometrical features are obtained computationally and in an automated
way without the need to be set a priori as for analytical modelling approaches. The
ability of the defined approach to obtain shapes computationally and to generate shapes
of the main geometrical features belonging to a range of pin parameters and stacking
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sequences was also presented.

The geometrical models can be automatically transformed into FE mechanical models,
based on which the effect of distortions on global stiffness and local stress distribution
can be investigated. The following was observed:

1. The global stiffness of a pinned lamina can both be decreased and increased, de-
pending on the main fiber direction with respect to the tensile direction.

2. The geometrical distortions caused by pin rotation can have a large effect on the
global stiffness when loaded transversally to the inclination direction.

3. The fiber-reinforced distorted zone is acting as a stress concentration regions and
both transverse, shear, and matrix damage initiation can be present at early strain
values.

4. The fiber volume fraction is the main geometrical feature affecting the stress con-
centration. The results can help explaining the effect of the stacking sequence and
the experimentally observed scatter on global stiffness and strength of Z-pinned
laminates.

These results emphasize the importance of properly incorporating geometrical features
of reinforcement distortions caused by pin rotations and variations in fiber volume frac-
tion in mesoscopic models for Z-pinned laminates. These features have been only partly
accounted for by past geometrical models [91–93] and have clearly been shown to affect
the material properties of the laminates modelled here.

In the next chapter, the presented computational approach for geometrical model gener-
ation will be adopted and extended to generate geometrical unit-cell models for stitched
composites, in which geometrical features of local distortions of the reinforcement caused
by the stitching yarn need to be accounted for.
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Chapter 5

Stitched non-crimp fabric composites

This chapter presents an approach to generate unit-cell models of stitched non-crimp fab-
ric composites. Resin-rich regions and out-of-plane undulations caused by the stitching
yarn are represented by initially straight discretised lines, while the stitching yarn is rep-
resented initially by a single discretised line which can be transformed into a multi-line
configuration to model stitch cross-section variations. The discretised lines are shaped
by geometrical operations while a contact treatment and boundary conditions can be
used to account for line interactions and to control the bottom and top surface of each
lamina respectively. A fiber-reinforced distorted zone with local variations in fiber vol-
ume fraction and fiber direction is modelled in cross-sections in a post-processing step.
Different shapes of the geometrical features, dependent on the stacking sequences and
stitch parameters (stitch diameter, content, tensioning), can be automatically generated.
The models are further transformed into finite element based mechanical models to as-
sess how stitching, local fiber volume fraction and fiber misalignment changes, and sim-
plifications made in current geometrical models, affect the global stiffness and damage
initiation stress levels.

Contributions:

1. A novel approach to generate unit-cell models of stitched laminates, includ-
ing an inner-line configuration for fiber-bundles to account for cross-section
deformations.

2. The generation of unit-cell models including out-of-plane undulations in sur-
face lamina, variations of local fiber-reinforcement distortions near the stitch-
ing yarn and a deformable stitching yarn which is conform with the neigh-
bouring lamina.

Novelty:

1. Deformable stitching yarn.

2. A fiber-reinforced distorted zone model for generally shaped cross-sections.

3. Analysis of out-of-plane undulations, the presence of the stitching yarn and
matrix boundary layer.
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5.1 Introduction

Stitching is a technique by which a high-strength stitching yarn can be inserted through-
the-thickness of non-crimp fabric laminate to increase their out-of-plane properties [87–
89]. The out-of-plane properties can be tailored by stitch parameters as stitch content,
diameter, pattern and tensioning [333–336]. However, the insertion of the stitching yarn
distorts the in-plane fiber-reinforced regions. Experimental investigations have been
ambiguous on whether the in-plane mechanical properties are increased, decreased, or
remain unchanged by these distortions [34, 80, 89, 99, 337–339]. On the other hand, it is
generally accepted that stitching sites are acting as stress concentrations regions which
causes early damage initation. [34,99,329,340–343]. Unit-cell models have been shown
a valuable approach to help understanding trends from experimental observations as a
function of the underlying reinforcement geometry [44, 55]. The main geometrical fea-
tures of the reinforcement architecture should then be characterised and be included in
these models [181, 344].

Resin-rich regions, local fiber-reinforced distorted zones, out-of-plane undulations in the
surface lamina and a deformable stitching yarn are the main features present in stitched
non-crimp fabrics composites. Their shape and size depend further on the stitch param-
eters and on the main fiber direction in each lamina, with respect to the stitch direction
(Fig. 5.1a) [94, 181, 344, 345]. Eyelet shaped resin-rich regions arise for small stitch
content and can evolve into channel-shaped resin-rich regions for larger stitch content
in laminae whereby its fibers are aligned in one of the stitch pattern directions (Fig.
5.1b). The width of the resin-rich region in a lamina depends on the angle between
the main fiber direction in the lamina and the stitch direction (Fig. 5.1b) and is larger
in a surface lamina compared to an inner lamina (Fig. 5.1c). Asymmetrically shaped
resin-rich regions are present in laminae with fibers not aligned in one of the stitch
pattern directions [34]. Local variations in fiber volume fraction and fiber misalign-
ment are present in the fiber-reinforced distortions zone [346]. Centerline deflections
and cross-section shape variations of the stitching yarn should be conform with the
neighbouring lamina distortions and are further affected by stitching yarn tensioning,
transverse compaction processes. Non-crimp fabric composites have further compara-
ble (but smaller) geometrical features [119,129,212,347,348] while stitching imperfec-
tions can also results in certain geometrical features of the reinforcement architecture
(as fiber-weaving [349–351], an inclined through-the-thickness segment of the stitch-
ing yarn [94], crimp of the through-the-thickness segment [344], or fiber breakage due
to stitch insertion [80]. The main geometrical features of the resin-rich regions and
deformable stitching yarn as taken experimental observations are illustrated in Fig. 5.2,
while more rigorous data on distorted zones in the fiber-reinforced regions remains state-
of-the art.

Analytical modelling approaches have been adopted in the literature to include the pre-
sented features in geometrical unit-cell models whereby the laminae were often assumed
straight [94–99]. The resin-rich regions are then represented by a cosine-, orthorhombic-
or rectangular shape. The fiber-reinforced distorted zone has been modelled by a rectan-
gular region in which the fiber direction [95, 96] and the fiber volume fraction [346] are
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assumed to linearly evolve between the resin-rich region boundaries and the undistorted
zone. The out-of-plane undulations (in non-crimp fabrics), which are present due to
the small binder yarn, have been modelled by either introducing a locally curved region
at the corresponding locations underneath the binder yarn in [352], or by considering
a straight lamina with changes in the local material axis system representing the fiber
waviness as in [353, 354]. The stitching yarn is modelled in [94, 97–99] by straight and
circular segments with a circular cross-section in the through-the-thickness segment and
an elliptical cross-section in the top segment, and a full fiber compacted state for each
cross-section. The simplified modelling for both stitching yarn and lamina resulted in
interpenetrations, which were resolved in the finite element model construction by the
adoption of a mesh superposition techniques. An example of a stitching yarn geome-
try obtained from a micro-CT scan can be found in [355]. The models presented here
can only partially account for the main geometrical features which further highlights
the difficulty of using an analytical modelling approach for describing the geometry of
deformable stitching yarns incorporating the lamina distortions and the complex shapes
of the reins-rich regions that arise for different stitch parameters and stacking sequences.

A computational approach has been presented in Chapter 4 to generate unit-cell mod-
els of Z-pinned laminates [356]. The resin-rich regions and the pin were represented
by initially straight discretised lines. The discretised lines were shaped by geometrical
inflation, rotation and straightening operations while a contact treatment and boundary
conditions accounted for line interactions and control of the bottom and top surface of
the lamina respectively. The fiber-reinforced distorted zone was modelled on cross-
sections of the laminae in a post-processing step, accounting for local variations in the
fiber volume fraction and the fiber direction on the cross-sections.

Here, this computational approach [356] is adopted and further extended for the gen-
eration of stitched non-crimp fabric composite unit-cell models. An inner-line config-
uration is hereby introduced to account for stitching yarn cross-sections (similar to the
multi-chain digital element configuration adopted in [165,166,169,171,173,176] for the
generation of 3D woven models) as well as a multi-line inflation and flattening operation
to introduce the multi-line configuration in a unit-cell model and to mimic transverse
compaction respectively. Extensions to the fiber-reinforced distorted zone model pre-
sented in [356] are proposed to account for local variations of the distorted zone width
in the surface lamina where both in-plane and out-of-plane undulations are present. The
framework is illustrated by the generation of unit-cell models for different values of
the geometrical operations parameters. The effect of geometrical features on stiffness
and damage initiation levels in unit-cell models is afterwards assessed using FE-based
mechanical simulations.

5.2 Geometrical model geneneration

A unit-cell model of a stitched non-crimp fabric laminate is generated. A modified
lock stitch pattern, consisting of a continuous fiber-bundle located on bottom and top
of the laminate, and a stitch direction along the x-direction (as illustrated in Fig. 5.1a)
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Fig. 5.1: Stitched non-crimp fabric composites: (a) stitching yarn insertion, locking,
and tensioning, (b) resin-rich regions in a lamina for small and large stitch content and
different fiber orientations, (c) widening of resin-rich regions, out-of-plane undulations
in the surface lamina and the modified lock stitch pattern.
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Fig. 5.2: Experimentally observed geometrical features in stitched non-crimp fabric
composites: (a) (i) out-of-plane undulations, (ii) widening of resin-rich regions and (iii)
the knot structure of a modified lock stitch pattern (image taken from [89]), (b) asymmet-
rically shaped resin-rich regions (image taken from [34], (c) a post-processed micro-CT
obtained modified lock stitch (image taken from [355].

are considered. The modified lock stitch pattern is simplified by two unconnected U-
shaped fiber-bundles (see Fig. 5.3a). This assumption, in what respect it may affect
the results presented, and to what extent the approach can be modified to accout for
it, will be discussed in section 6.5. The non-crimp fabric laminae are further assumed
to be initially straight and homogeneous in fiber volume fraction and fiber direction.
The minor geometrical features of the binder yarn distortions in the non-crimp fabric
laminate, crimping and inclination of the through-thickness segment of the stitching
yarn, fiber-weaving for irregular stitch patterns and broken fibers are not considered in
the modelling.

5.2.1 Initial model
The stitching yarn (corresponding to a modified lock stitch pattern) is represented by
two U-shaped lines and an initial constant circular cross-section (see Fig. 5.3a). The
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U-shaped lines are aligned in the stitch direction (x-direction). Their through-thickness
segments are positioned near the unit cell center PC on a very small distance xsmall from
each other and their horizontal parts are positioned at a distance z1 from the bottom or
top of the unit cell. The lines are further discretised in segments with a length equal to
one third of a typical stitching yarn diameter (120µm) [94].

Laminae are represented by initially straight lines that are aligned in their main fiber
direction ~flam (see Fig. 5.3b-c). The lines are positioned near the through-thickness
segment of the stitching yarn to represent potential resin-rich regions that arise upon the
insertion of the stitching yarn belonging to the unit-cell itself. For inner laminae with
fibers not aligned to the main stitch pattern directions, lines are additionally introduced
to account for potential resin-rich regions caused by neighbouring stitching yarns (see
Fig. 5.3b). The length of the potential resin-rich regions is hereby limited to the length
of the lines that are currently employed to represent the resin-rich regions, where this
length can easily be enlarged by adding more lines at corresponding opening locations.
For the surface laminae (see Fig. 5.3c), lines are additionally positioned near the out-
of-plane borders of the lamina to account for potential out-of-plane undulations caused
by stitching yarn tensioning. A small line-radius is further attributed to each line (for
contact treatment) and the lines are discretised in line segments with a length of 120µm
(similar to the length of the stitching yarn line segments).
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Fig. 5.3: Initial model: (a) stitching yarn model, (b) inner lamina model (lines represent-
ing potential resin-rich regions), (c) surface lamina model (lines representing potential
resin-rich regions and out-of-plane undulations).

5.2.2 Geometrical tools
The discretised lines are shaped by geometrical operations in subsequent steps while a
contact treatment accounts for line interactions (see Fig. 5.4). A straightening, a single-
line inflation, a multi-line inflation and a flattening operations are considered here as ge-
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ometrical operations. Each step intends to introduce a geometrical features in the model
or simply transforms the single-line configuration of the stitching yarn into a multi-line
configuration (see Table 5.1). The parameter qsl , which controls the interaction between
the stitch lines and lamina lines (see section 5.2.2), is adopted in each step to constrain
either the shape of the stitch lines or the lamina lines (qsl = 0 and qsl = 1 respectively.
The constraining allows to preserve the geometry of previously generated features, as
such to have a larger control over the introduced features. The step-wise generation
process is described in the sequel, followed by a description of the adopted geometrical
operation.

Step 1, the stitch lines are inflated by the single-line inflation operation, hereby moving
down potentially the lamina lines to account for out-of-plane undulations of the surface
lamina in the generated unit-cell model (the out-of-plane undulations are controlled by
parameter z1 in Fig. 5.3a). The initial circular cross-sections of partially inflated stitch-
ing yarns can be transformed into elliptical cross-sections to account for deformable
stitching yarns. During the stitch cross-section transformation, interpenetrations can
arise between the stitching yarn and laminae with fibers not aligned transverse on the
stitch direction (see Fig. 5.5). The interpenetrations will further be resolved in step
4 by transforming the single line representation of the stitching yarns into a multi-line
representation and by introducing the multi-line representation gradually in the inter-
prenetrated configuration using a multi-line inflation operation.

Step 2, the stitch lines are shaped by the straightening operation to account for different
shapes of the stitching yarn centerline due to stitching yarn tensioning

Step 3, the lamina lines are straightened by the same straightening operation to locally
smoothen their deformed shapes near the stitching yarn (hereby having constrained the
stitch lines ).

Step 4, the single-line configuration of the stitching yarn is transformed into a multi-
line configuration (see section 5.2.2) to account for further cross-section variations of
the stitching yarn. The multi-line configuration is further introduced in the model by
a multi-line inflation operation to account for the potential interpenetration arising in
step 1 and to generate shapes of the stitching yarn conforming with the resin-rich region
boundaries (hereby having constrained the lamina lines).

Step 5, a flattening operation is applied on the unit-cell model to mimic the effect of
transverse compaction on the cross-section shapes of the stitching yarn. The lamina-
lines are hereby constrained as their geometries were shaped during the previous gener-
ation steps.

Step 6, the multi-line configuration of the stitching yarn is tensioned by the straightening
operation to account for different cross-section shapes due to stitching yarn tensioning
(hereby having constrained the lamina lines).

Step 7, the bottom and top surface of the unit-cell can be adjusted to generate models
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with a stitching yarn that is fully embedded in the matrix rather than floating on top of
the unit-cell.

Step 8, the local fiber volume fraction and fiber direction inside the laminae and the
stitching yarn are obtained in a post-processing step.

initial model inflation straightening straightening discretisation

Fig. 5.4: Step-wise generation process: (1) initial model, (2) stitch inflation, (3) stitch
straightening, (4) lamina straightening, (5) transformation stitch into multi-line config-
uration, (6) flattening, (7) stitch straightening, (8) adjusting bottom and top surface of
unit-cell box, (9) fiber volume fraction Vf and fiber misalignment θmis distributions in a
post-processing step.
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Fig. 5.5: Inflation operation: (a) initial cross-sections transformed into elliptical cross-
section for partially inflated stitching yarns, (b) residual interpenetrations in laminae
with fibers not aligned in the direction transversal on the stitch direction.
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step operations id line qsl parameter introduced geometrical feature
1 single-line inflation stitch 0 f width of resin-rich region
2 straightening stitch 0 s1 centerline of stitching yarn
3 straighening lamina 1 s2 length of resin-rich region
4a multi-line representation stitch 0 c deformablility of stitching yarn
4b multi-line inflation stitch 0 - cross-sections of stitching yarn
5 flattening - 0 z f inal

limit cross-sections of stitching yarn
6 straightening stitch 0 s3 cross-sections of stitching yarn
7 adjust box - - no-yes matrix

Table 5.1: Different steps during the generation, represented by the applied geomet-
rical operation, a corresponding parameter, the type of line on which the operation is
applied, the contact parameter qsl and the geometrical feature which can be used from
experimental observations to set the corresponding parameter.

Contact treatment

The distance of a line node P to all other lines is evaluated (see Fig. 5.6). When local
interpenetration is detected, the line node P is moved along a direction ~DP by a fraction
q of the interpenetrated distance dint (Eq. 5.1b). The direction ~DP in which the node
P is moved is the normal from node P onto the other interpenetrated line. The full
interpenetration is suppressed by the movement of line node Q which belongs to the
other line (see Eq. 5.1c)). The position of all nodes is updated once all the movements
are computed. This procedure is applied iteratively until the maximum interpenetration
is below an allowable residual interpenetration distance.

di
int = di− (R1 +R2) (5.1a)

~xP
mov = q.dP

int .~DP (5.1b)

~xQ
mov = (1−q).dQ

int .
~DQ (5.1c)

where R1 and R2 are the radii of the interacting lines, di is the distance of point i to the
other line, and~xQ

mov and~xP
mov are the movements of point P and point Q respectively.

The fraction q, which determines how lines are moved upon interpenetration, is set to be
dependent on the type of the interacting lines (see Table 5.2). Two stitch lines are con-
sidered to interact symmetrically with each other (q = 0.50). Lamina lines are allowed
to remain interpenetrated (q= 0). The interaction between the stitch and the lamina lines
is regulated by the fraction qsl which can be set during each generation step to constrain
the position of certain types of lines.

stitch lamina
stitch 0.50 qsl
lamina (1-qsl) 0

Table 5.2: Different contact parameters q dependent on the types of interaction lines.
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Fig. 5.6: Contact treatment.

Straightening operation

Lines are straightened by redefining the position of each of their nodes~xi according to:

~xi =
1
2
(~xi−1 +~xi+1) (5.2)

The operation mimicks the kinematics of a fiber upon tensioning [105,357]. Small exten-
sions to its implementation are needed to account potentially for the effect of distortions
in neighbouring unit-cells on the geometry of the lamina and stitch lines. The lines on
which the straightening operation will be applied (indicated by master in Fig. 5.7) are
herefore, before straightening, extended at both sides by a corresponding part (indicated
by slave) as illustrated in Fig. 5.7. After straightening, the extended part is used to up-
date the geometry of slave-lines (see Fig. 5.7a-b) or simply removed from the unit-cell
model (see Fig. 5.7c).

Inflation operation

The inflation operation incrementally increases a line radius Rline from 0 to a final radius
R f inal

line (Eq. 5.3a). The final radius is considered as a fraction f of an initial stitching yarn
radius Rinit

line (Eq. 5.3b).

Rn
line = Rn−1

line +
Rinit

line
nin f l

(5.3a)

R f inal
line = f .Rinit

line (5.3b)

where nin f l is the number of increments which is needed to prevent the stitch lines from
jumping over the lamina-lines during the inflation operation. The initial circular cross-
sections of partially inflated stitching yarns are subsequently transformed into elliptical
cross-sections by extending their transversal dimension on the stitch direction, and by
preserving the cross-section area (as was indicated on Fig. 5.5a).
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Fig. 5.7: Accounting for the effect of neighbouring unit-cell: (a) the stitching yarn, (b) an
inner lamina with fibers not aligned with a stitch pattern direction, (c) a surface lamina.

Inner-line configuration

Fig. 5.8 illustrates the transformation of the single line configuration of the stitching
yarn into a multi-line configuration. The initial cross-sections of the stitching yarn are
discretised in circles which are defined by their center points and line radius. The center
points are considered as the nodes of a uniform 2D mesh, whereby the number of nodes
can be regulated by adjusting the uniform mesh size. The line radius Rline is determined
by the number of lines c and the initial fiber volume fraction Vf ,stitch of the stitching
yarn:

Rline =

√
Vf ,stitch.πab

πc
(5.4)

where a and b are the long and short axis dimensions of the elliptical cross-section (of
the stitching yarn) respectively. The cross-sections are then transformed from the 2D
plane configuration into their a local coordinate systems attached to the stitching yarn
centerline (see Fig. 5.8a), whereafter the center nodes of the circles between adjacent
cross-sections are connected to obtain the multi-line configuration (see Fig. 5.8b).

Multi-line inflation

The multi-line inflation gradually inflates the cross-sections of a multi-line configuration
from a reduced size to its original dimensions. It hereby gradually moves the position
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Fig. 5.8: The construction of an inner-line configuration for the stiching yarn: (a) the ini-
tial single-line configuration, (b) the multi-line configuration, (c) different cross-section
discretisations (c indicates the number of lines.

of the center nodes in each cross-section away from the stitching yarn centerline and
adjusts the radii of the lines. The distance dnode of a center node in each cross-section
to the cross-section center C, and the corresponding direction ~Dnode (see Fig. 5.9a), are
first determined:

dnode = ||~xnode−~xC|| (5.5a)
~Dnode = (~xnode−~xC)/dnode (5.5b)

The position of each center node ~xnode and the radius Rline of each lines can then be
incrementally updated according to:

~xi
node =~xC +

(
i
n

)
.dnode.~Dnode (5.6a)

Ri
line =

(
i
n

)
.Rline (5.6b)

where i is the increment number. The number of increments n should be large enough
to prevent the crossing of the stitch lines over the lamina lines during the multi-line
inflation operation: (

max(dnode)

n

)
< (Rlam

line +Rstitch
line ) (5.7)

where Rlam
line and Rstitch

line are the radius of the lamina lines and stitch lines, respectively. An
example of the stitching yarn and its cross-section at different stages during the multi-
line inflation operation are illustrated in Fig. 5.9b.

Flattening operation

A top boundary vertical position is gradually decreased from zinit
limit to z f inal

limit while lines
coming into contact with this border are moved downwards (see Fig. 5.10). The self-
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Fig. 5.9: Multi-line inflation operation: (a) a discretised cross-section indicating the
operation parameters (b) an illustration of progressively inflated stitching yarns, during
which the contact between the stitch lines, as well as with neighbouring lamina lines, is
controlled by the parameter qsl .

contact between the lines is processed by the contact treatment.
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Fig. 5.10: Flattening operation whereby a vertical limit zlimit is gradually lowered.

Boundary conditions

In-plane periodicity of the unit-cell borders is enforced by tying constraints between
initially periodic line nodes located on the in-plane unit-cell borders (see Fig. 5.11a).
The bottom and top surface of laminae can be forced to remain straight by moving
the line nodes back to corresponding locations (see Fig. 5.11b). The update of node
positions is performed during the contact treatment procedures.

5.2.3 Fiber-reinforced distorted zone model
The fiber-reinforced distorted zone and corresponding local fiber volume fraction and
fiber direction are modelled on cross-sections in the lamina (as illustrated in Fig. 5.12a).
The cross-sections are obtained from the discretised lines by intersections perpendicular
to the main fiber direction in the lamina and by accounting afterwards for the line radius
of the lamina lines. The fiber-reinforced distorted zone in each cross-sections is assumed
to take place only in a limited region near the deformed border of the cross-section. The
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Fig. 5.11: Boundary conditions: (a) applied on the in-plane borders of the surface lamina
for periodic model generation, (b) applied on the bottom or top surface of lamina to allow
the generation of a straight lamina surface.
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Fig. 5.12: Generated cross-sections for: (a) surface and inner laminae, (b) the stitching
yarn.

width of the fiber-reinforced distorted zone in each cross-section is further considered to
be dependent on the local movement of the border (see Fig. 5.13a). Local distorted zones
near each line in a cross-section will therefore first be constructed and then combined
into a global distorted zone.

Local distorted zone near a line in a cross-section

The local distorted zone near a line i in a cross-section at position u (see Fig. 5.13a)
can be characterised by two regions with different fiber volume fractions and fiber di-
rection distribution, similar to concepts presented in [356]. The first region, which is the
closest to the deformed border, is characterised by a constant but increased fiber volume
fraction Vf ,c,i(u) and a constant fiber direction ~floc(u, i) that is tangent to the boundary
of the resin-rich regions or at the top surface of the lamina. The second region, which
is located between the first region and the undistorted zone, is characterised by a fiber
volume fraction and a fiber direction linearly evolving between both regions. The width
of this first and second region in a cross-section at position u near a line i is represented
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Fig. 5.13: Local distorted zone model near a line in a cross-section: (a) an undeformed
and deformed cross-section (green and blue respectively) indicating the model param-
eters (the circles in the top cross-section represent the intersections of the discretised
lines at the cross-section location), (b) the assumed fiber volume fraction Vf and fiber
direction ~f distribution near a line in cross-section along a local axis vi.

by di,1(u) and di,2(u) respectively.

The parameters di,1(u),di,2(u) and Vf ,c(u, i) are computed based on the following as-
sumptions. First, an amount of fibers that is equivalent to vi(u).Vf ,lam is assumed to be
redistributed locally according to [356]:

vi(u).Vf ,lam = (di,1(u)+
di,2(u)

2
).(Vf ,c,i(u)−Vf ,lam) (5.8)

where vi(u) is the movement of the line i at position u and Vf ,lam is the initial fiber
volume fraction in the lamina. Secondly, di,1(u) and di,2(u) are assumed constant along
each line i. Thirdly, di,1 is considered a multiplication of di,2:

di,1 = k.di,2 (5.9)

where k is considered equal for each line.
The local fiber volume fraction in the lamina near the stitching yarn is assumed to depend
linearly on the local movement of the stitching yarn and is assumed to be equal to the
maximum fiber volume fraction Vf ,max for local movements of the stitching yarn larger
than dmax:

Vf ,i =Vf ,lam +
vi,max

dmax
.(Vf ,max−Vf ,lam) ≤Vf ,max (5.10)

where vi,max represents the local movement of the stitching yarn locally near a line i and
is determined from the maximum displacement v of the line i. The maximum local fiber
volume fraction Vf ,max is considered to be 0.900, representing the fiber volume fraction
of a fully packed hexagonal fiber-configuration [158]. The distance dmax is considered
100µm, being approximately 10 times a carbon fiber diameter. The system of equa-
tions is then solved by first computing the increased fiber volume fraction Vf ,c,i(u) in the
cross-section underneath the stitching yarn (using Eq. 5.10), followed by the calculation
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of di,1 and di,2 using Eq. 5.9-5.8, from which afterwards Vf ,c,i(u) can be computed for
each line i at each cross-section position u.

The values of the distorted zone parameters are then assigned to circular-shaped distorted
zones as illustrated in Fig. 5.14a. The fiber volume fraction Vf ,i and the fiber direction
~floc,i distributions near a line i in a cross-section at position u for such circular-shaped
distorted zones can be described as:

Vf ,i(r,u) =


Vf ,lam (d2,i ≤ r)

Vf ,lam +(
r−d1,i

d2,i−d1,i
)(Vf ,c,i(u)−Vf ,lam) (d1,i ≤ r ≤ d2,i)

Vf ,c,i(u) (r ≤ d1,i)

(5.11)

~floc,i(r,u) =


~flam (d2,i ≤ r)
~flam +(

r−d1,i
d2,i−d1,i

)(~fborder,i(u)−~flam) (d1,i ≤ r ≤ d2,i)

~fborder,i(u) (r ≤ d1,i)

(5.12)

where r is the distance from a point to the point center Ci corresponding to line i.

Global distorted zone in a cross-section

The global fiber volume fraction field Vf (u,v,z) is determined in each cross-section by
taking locally the maximum of the local fiber volume fraction fields Vf ,i:

Vf (u,v,z) = max(Vf ,i(r,u))

The global fiber direction field ~floc(u,v,w) is defined in each point of a cross-section as
the local fiber direction belonging to the line i from which the fiber volume fraction was
obtained:

~floc(u,v,z) = ~floc,i(u,v,z) with i satisfying Vf (u,v,z) =Vf ,i(u,v,z)

The fiber misalignment θmis, which is often used in the illustrations to represent the fiber
direction in a lamina, is defined by the angle between a local fiber direction and the main
fiber direction in the lamina. Examples of obtained fiber volume fraction, and in-plane,
out-of-plane and total fiber misalignment distribution in a cross-section are illustrated in
Fig. 5.14b.

Discussion

The circular field assumption near a line has been introduced as a tool to construct vary-
ing fiber volume fraction and fiber directions distributions in a cross-sections correlated
with the local movements of cross-section boundaries. The obtained results and the
models should ideally be further validated by experimental observations on the micro-
structure of the distorted fiber-reinforced regions which are currently not available in the
literature.
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Fig. 5.14: Global distorted zone model in a cross-section: (a) a circular-shaped local
distorted zone near each line, (b) the obtained fiber volume fraction Vf and fiber mis-
alignment θmis distribution, as well as the in-plane and out-of-plane fiber misalignment
distribution (θ in

mis and θ out
mis respectively).

5.2.4 The fiber volume fraction and fiber direction in the stitching
yarn

A constant fiber volume fraction and fiber direction are assumed in each cross-section
of the stitching yarn (which are illustrated in Fig. 5.12b). The constant fiber volume
fraction in a cross-section at position s along the stitching yarn is determined as:

Vf (s) =
Ainit

Ade f orm(s)
.Vf ,stitch (5.13)

where Ainit and Ade f orm are the initial and deformed area of the cross-section, respec-
tively, and Vf ,stitch is the initial local fiber volume fraction of the stitching yarn. The
constant fiber direction in each cross-section is taken as the local tangent to the center-
line at the cross-section position.

5.3 Generated geometrical features

Different shapes of certain geometrical features which can be generated by the approach
are illustrated in this section. The geometrical models are generated using the generation
strategy described in Table 5.1. The presented results can then be used to select the val-
ues of the parameters of the geometrical operations with the intent to match experimental
observations.

5.3.1 Centerline of the stitching yarn

Different shapes of the stitching yarn’s centerline can be obtained by varying the number
of straigthening operations s1 or the contact parameter qsl in generation step 3. In Fig.
5.15a, the parameter s1 is varied while having set qsl to 0. In Fig. 5.15b, the parameter
qsl is varied while having set s to 10. The parameter s1 increases the main deflections of
the centerline while the parameters qsl fine-tunes its shape in the highest curved region.
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Fig. 5.15: Different shapes of the stitching yarn centerline by varying: (a) the straight-
ening parameter s1 and (b) the contact parameter qsl .

5.3.2 Shapes of the resin-rich regions

The complexity in shapes of the resin-rich regions for different laminate stacking se-
quences and stitch content, which can automatically be generated in step 2, is illustrated
in the following (Fig. 5.16). A [90◦/0◦/30◦/90◦] stitched laminate with a stitching yarn
initial radius of 100µm is considered. The unit-cell size is taken as either 3550µm or
1770µm for a stitch content of 0.5% or 2% respectively. In Fig. 5.16, the transition from
eyelet-shaped into smooth channel shaped resin-rich region for increased stitch content
can seamlessly be obtained. The width of the resin-rich regions that depends on the an-
gle between the fiber direction in the lamina and the stitch direction is also captured; and
the assymmetrical shapes of the resin-rich region and fiber misalignment distributions in
lamina with fibers not aligned in stitch pattern direction are also obtained.

5.3.3 Cross-section shapes of the stitching yarn

First, the number of lines in the multi-line configuration (parameter c in Eq. 5.7) is
determined by a convergence study on the geometry of a stitching yarn on which a
certain number of straightening operations were applied. Afterwards, the cross-section
shapes of the stitching yarn for a different number of straightening operations applied on
the stitching yarn mimicking different stitching yarn tensioning stages, are illustrated.

Convergence study on the number of lines

Fig. 5.17 illustrates the effect of using a different number of lines c (in generation step 4)
on the geometry of a tensioned stitching yarn. Cross-section discretisations with 7, 14,
36, and 64 lines were hereby analysed and the effect of the number of lines was inves-
tigated on the deformed shapes and area of the cross-sections located at given positions
along the stitching yarn (see Fig. 5.17a). It can be seen that the shape and area of the
considered cross-sections converges and that this convergence is already taking place for
a number of lines equal to 14. So, c equal to 14 is used in further model generations (see
Table 5.1).
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Fig. 5.16: An illustration of the shapes of resin-rich regions and fiber misalignment
distributions θmis in stitched laminae for different orientations of the main fiber direction
(0◦, 30◦ and 90◦) in the lamina and different stitch content: (a) a stitch content of 0.50%,
(b) a stitch content of 2.00% (the stitching yarn is here simplifed represented by two
circular cross-sections).

Mimicking different binder yarn tensioning

Cross-section shape variations in the stitching yarn corresponding to different stitch-
ing yarn tensioning states can be generated in step 5 by setting a different number of
straightening operations s3, as illustrated in Fig. 5.18a. The cross-sections in the most
curved region (plane 2) are the most affected by increasing values of s3 whereby the
cross-sections are first widened and then flattened while being conform with the slight
out-of-plane undulations of the underlying surface lamina. The cross-sections in the
through-thickness (plane 4) are barely affected by s3, which is explained from the highly
compacted states of the multi-line configuration in the through-thickness segment of the
stitching yarn as caused by the multi-line inflation process (see Fig. 5.17). Note that a
fully compacted state in the through-the-thickness segment of the stitching yarn is also
considered in the analytical models presented in [158]. The cross-sections in the top
segment start flattening only for larger values of s3 and can further be straightened at
their top border by a subsequent flattening operation as performed in step 5. More com-
pacted states of the stitching yarn can further be observed from the fiber volume fraction
distribution contour plots presented in Fig. 5.18b for increasing values of s3.

5.3.4 Comparing with experimental observations
The shapes of the geometrical features illustrated in Fig. 5.15, Fig. 5.16) can be com-
pared with the experimental observations presented in Fig. 5.2. Qualitatively, it can be
seen that the modelling approach is able to account for asymmetrically shapes of resin-
rich regions, deformable stitching yarn and out-of-plane undulations, whereby the knot
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Fig. 5.17: Convergence study for the number of lines c on the geometry of a tensioned
stitching yarn: (a) the cross-section locations, (b) the initial cross-sections corresponding
to different lines, (c) the deformed cross-section shapes and local fiber volume fraction.
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Fig. 5.18: Shapes of a tensioned stitching yarn for varying straightening parameter s3:
(a) cross-section shapes and (b) fiber volume fraction Vf distribution.

structure of the stitching and the asymmetrical fiber-reinforced region distortions on the
bottom and top of the laminate could be accounted for by the simplified stitching yarn
model. Quantitatively, the parameters of the geometrical operations can be regulate to
potentially match exact dimensions and shape of geometrical features (which need to be
validated in future work).
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5.4 Mechanical simulations

The geometrical models can next be transformed into a conforming tetrahedral mesh
with in-plane periodic surface meshes for further use in mechanical simulations with
computational homogenisation (mechanical simulations are performed in Abaqus). First,
the cross-sections of the laminae and the stitching yarn are transformed into closed tri-
angular surfaces which are then used to define the triangulated surface of the matrix.
Secondly, potential interpentrations between the stitching yarn and the lamina are first
partly avoided by increasing the initial dimensions of the stitching yarn prior to geomet-
rical model generation and removing the offset after the generation process. Residual
interpenetrations are further resolved in a post-processing by simply moving the points
of the stitching yarn which interpenetrate the lamina to the outside, while a gap between
the regions can be inserted simultaneously. Thirdly, the resulting closed triangulated
surface representation of the laminate, the stitching yarn and the matrix are used as input
for the meshing software GMSH [316]. An example of a generated mesh of a geometri-
cal model for which the stitching yarn floats on top of the unit-cell is illustrated in Fig.
5.19.

laminate stacking sequence [0◦/90◦/90◦/0◦]
Vf ,lam 0.500
unit-cell dimensions 1750x1750x1200µm3

ply thickness 300µm
stitching yarn radius 100µm∗

Vf ,stitch 0.500
content 2%
spacing 1750µm

generation parameters f = 0.80, s1 = 7, s2 = 50, s3 = 7, k = 1, adjust box = no

Table 5.3: The initial model and generation parameters for the stitched laminate model.
The radius of the stitching yarn is calculated from the stitching yarn spacing, the stitch
content and an assumed initial circular cross-section of the stitching yarn.
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Fig. 5.19: Generated mesh of a stitched laminate model whereby the matrix is conform
with the initial unit-cell box dimensions: (a) with matrix, (b) without matrix.
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5.4.1 Models
The effect of stitching, the role of local fiber volume fraction distribution and fiber mis-
alignment, and the effect of simplifications made in geometrical models presented in the
literature on the stiffness and local stress concentrations is present in three following
cases.

Case 1, the effect of stitching is investigated by comparing a stitched laminate model
with an equivalent unstitched laminate model. The stitched laminate model is gener-
ated using the generation procedures and parameters as described in Table 5.1 and Table
5.3 respectively. The mesh size parameters are taken equal as for the Z-pinned lami-
nates (see chapter 4). A constant overall fiber volume fraction in the unit-cell is ensured
by considering the bottom and top of the unit-cell (which encloses the in-plane fiber-
reinforced region) to be independent of the stitching yarn (see Fig. 5.19). This causes
additional complexity in defining the matrix region (as explained in chapter 3). The
effects of adding a matrix boundary layer (which simplifies the model generation) are
analysed in case 3. The unstitched laminate model is taken as the initial model without
the stitching yarn and the corresponding distortions on the reinforcement architecture.

Case 2, the influence of fiber volume fraction and fiber direction variations is investigated
by means of the models presented in Table 5.4 in which a constant or variable fiber
volume fraction or fiber direction distributions can be considered for the laminae.

1. The constant fiber volume fraction V lam
f ,const in each lamina is obtained by:

V lam
f ,const =

Vf ,lam.H init
lam

Hde f orm
lam

where H init
lam and Hde f orm

lam are the volume of the undistorted and distorted lamina
respectively.

2. The constant fiber direction ~floc in each lamina is the main fiber direction ~flam in
the lamina.

3. The in-plane and out-of-plane fiber direction distribution (~floc,xy and ~f ,loc,z re-
spectively) are obtained from the variable fiber-direction by considering only the
in-plane or out-of-plane component of the fiber direction respectively.

Case 3, the effect of simplified features in geometrical models is investigated by compar-
ing the stitched laminate model with three simplified geometrical models. The stitched
laminate model itself (see Fig. 5.20a) considers both out-of-plane undulations in the
surface lamina, the stitching yarn and a matrix region which is conform with the lamina.
A simplified model 1 (the straight border model, see Fig. 5.20b) does not consider the
out-of-plane undulations and the presence of the stitching yarn. A simplified model 2
(the no stitch model, see Fig. 5.20c) does not consider the presence of the stitching yarn.
A simplified model 3 (the box around model, see Fig. 5.20d) considers a matrix region
which fully embeds the stitching yarn. The simplified models were generated using the
same generation procedures and parameters as for the generation of the stitched laminate
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model, in which the straight borders were obtained by constraining the top border of the
surface lamina.

The fiber volume fraction and fiber misalignment characteristics for each generated
model are further presented in Table 5.4.

model description V lam,xy
f V max

f ,sur f (θmis > 0)vol%
sur f θ max

mis,xy θ max
mis,z θ max

mis
model 1 equivalent 0.46 0.50 0.00 0 0 0
model 2 const Vf / const ~floc 0.46 0.72 0.00 0 0 0
model 3 var Vf / const ~floc 0.44 0.90 0.00 0 0 0
model 4 const Vf / var ~floc,xy 0.46 0.72 0.37 12 0 12
model 5 const Vf / var ~floc,z 0.46 0.72 0.57 0 6 6
model 6 var Vf / var~floc 0.44 0.90 0.64 12 6 13
model 7 no stitch 0.44 0.90 0.64 12 6 13
model 8 box around 0.36 0.90 0.65 12 6 13
model 9 straight border 0.46 0.90 0.37 12 0 12

Table 5.4: The in-plane fiber volume fraction Vf , and certain fiber volume fraction Vf and
fiber misalignment θmis characteristics in the surface lamina, for the models presented in
Table 1.
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Fig. 5.20: The models 6-9 (presented in section 5.4.1) illustrated by means of the fiber
volume fraction Vf and fiber misalignment θmis distribution, and the generated mesh: (a)
stitched laminate model (model 6), (b) straight border model (model 9), (c) no stitching
yarn model (model 7), (d) box around model (model 8).
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5.4. Mechanical simulations

5.4.2 Boundary conditions, material properties and mechanical anal-
ysis methodology

The unit-cell models are subjected to periodic boundary conditions on their in-plane bor-
ders while their bottom and top surfaces remain free. Carbon fibers and epoxy matrix are
considered as constitutive materials for which properties are presented in Table 5.5. The
properties of the fiber-reinforced region in function of the local fiber volume fraction
are obtained using the Chamis-formulae [186] (for stiffness) and emperical formulae
presented in [187, 188] (for strength) in which the local fiber direction is used to define
the local material axis-system in which these properties are assigned. A global strain
of 0.50% is then applied on the unit-cell model, a straining level that has been shown
experimentally to cause early damage initiation in stitched laminates [99, 329].

The stiffness of the unit-cell models is computed and normalised by the stiffness of
the equivalent unstitched laminate model. The local stress levels in each finite element
are evaluated based on their potential to initiate damage. Transverse cracking (via f22)
and shear cracking (via f12) in the fiber-reinforced regions, debonding at the interface
between the fiber-reinforced regions and the matrix (via fint ) and matrix cracking (via
fm) are experimentally observed [34, 182, 340, 342] as damage initiation mechanisms
in fiber-reinforced composites, and are therefore further considered in this work. Each
damage initiation mechanisms is evaluated by a local failure indicator fi j defined by:

f22 =
σ22

X22(Vf )
≥ 1

f12 =
σ12

X12(Vf )
≥ 1

fm =
σp

Xt
≥ 1

where σp is the maximum tensile principle stress, Xt is the tensile strength of the matrix,
and X22 and X12 are transerve and shear strength, respectively, of the fiber-reinforced
regions. The strength properties X22 and X12 in function of the fiber volume fraction
are computed using the Chamis formulae. Interface debonding is evaluated by Ye’s
criterion [358]:

fint =

√
(
< σnn >

Xnn
)2 +(

σnt

Xnt
)2 ≥ 1

where < . > is the MacAuley bracket defined as < x >= 1
2 (x+ |x|), σnn and σtn are

the normal and tangential stress component, respectively, and Xnn and Xtn are the corre-
sponding mode-1 and mode-2 interfacial strengths (see Table 5.5). A 97-percentile of
each failure indicator [356] will further be used to compare the local failure indicator
distribution between the different models.
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Stiffness carbon fiber epoxy matrix strength carbon fiber epoxy matrix interface
E11(GPa) 231 3.45 X11,t(MPa) 3500 70 -
E22(GPa) 15 - X11,c(MPa) 3000 130 -
E33(GPa) 15 - X12(MPa) - 57 -

v12 0.20 0.35 ε
f

11,t(%) 1.51 4.5 -
v13 0.20 - ε

f
11,c(%) 1.30 8 -

v23 0.20 - γ
f

12(%) - 5 -
G12(GPa) 15 1.28 Xnn(MPa) - - 80
G13(GPa) 7 - Xnt(MPa) - - 100
G23(GPa) 7 -

Table 5.5: The stiffness and strength properties of carbon fiber (type AS4 [330]) and
epoxy matrix (type 5260 [330]), and the strength properties of the interface between the
fiber-reinforced regions and the matrix [359].

5.4.3 Results

The effect of stitching (case 1)

Ex
norm 1.01

Ey
norm 0.85

Table 5.6: The normalised stiffness components of the stitched laminate model (the x-
and y-direction are clarified in Fig. 5.19).

The normalised stiffness of the stitched laminate model in the x- and y-direction is pre-
sented in Table 5.6. The stiffness in the x-direction is slightly increased, while the stiff-
ness in the y-direction is largely decreased. The decrease in stiffness can be attributed
to the fiber misalignments (similar to the discussion presented in chapter 4), that are
larger in the fiber-reinforced regions aligned in the y-direction, where the slight increase
in stiffness can be attributed to the presence of the stitching yarn. These results com-
pare with the experimental data presented in [80] which show the normalised stiffness to
vary in between 0.80 and 1.20. The effects of geometrical simplifications as fiber-crimp
fiber-breakage, and neglecting of the continuity of the stitching yarn are further assumed
to lie in this experimental range.

The local failure indicator distributions in the stitched laminate model for x- and y- load-
ing are illustrated in Fig. 5.21 and summarised by their 97-percentile value in Table 5.7.
The 97-percentile of the local failure indicators is increased by a factor 2 to 3 in the
lamina, indicating early damage initiation. Transverse cracking in the surface lamina
is present for the x-loading, and shear cracking in the surface lamina and transverse
cracking in the stitching yarn are present for the y-loading, whereby the regions with po-
tential for local failure initiation (see Fig. 5.22) are situated near the stitching yarn. The
stitching yarn experiences hereby damage for y-direction loading but not for x-direction
loading. Note that the damage initiation regions are symmetrically on bottom and top of
the laminate, while in physical models, the knot configuration of the stitching yarn may
cause increased levels of distortions and corresponding damage initiated regions at the
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bottom of the laminate. The role of local fiber volume fraction and fiber direction on the
failure indicator mechanisms is investigated in the next subsection.
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Fig. 5.21: Failure indicator distributions for the stitched laminate model for different
load direction: (a) in the stitch direction, (b) transverse on the stitch direction.

stitch surface lamina inner lamina interface matrix
f 97%
22 f 97%

12 f 97%
int f 97%

22 f 97%
12 f 97%

22 f 97%
12 f 97%

int f 97%
m

x-load equivalent - - - 0.49 0.00 0.12 0.00 0.00 0.28
var Vf /var ~floc 0.30 0.38 0.75 0.94 0.49 0.25 0.27 0.13 0.63

y-load equivalent - - - 0.12 0.00 0.49 0.00 0.00 0.28
var Vf /var ~floc 1.85 0.12 0.64 0.85 1.70 0.84 0.08 0.38 0.56

Table 5.7: A 97-percentile of the local failure indicator distributions in the stitching
yarn, the surface and inner lamina, the matrix and at the bottom interface of the surface
lamina, for the equivalent unstitched and stitched laminate model.
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Fig. 5.22: Regions with potential for local failure initiation in the stitched laminate
model for different load direction:(a) in the stitch direction, (b) transverse to the stitch
direction.
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The role of fiber volume fraction and fiber misalignment (case 2)

1

2

0
1 2 3 4 5 6

f
22,x

97%,surf

1 2 3 4 5 6 1 2 3 4 5 6

f
12,y

97%,surf
Enorm,y

Vf Vf
Vf
fin fout

fin

fin

fout

fout

Fig. 5.23: The role of local fiber volume fraction Vf , in-plane fiber misalignment fin
and out-of-plane fiber misalignment fout on the stiffness and the transverse and shear
cracking failure indicator in the surface lamina for different load directions, using hereby
the models presented in Table 5.4.

The influence of fiber volume fraction and fiber misalignment variations on the nor-
malised stiffness and damage initiation for the stitched laminate model is illustrated in
Fig. 5.23. The normalised stiffness in the y-direction Enorm,y, and the local failure indica-
tors f 97%

22 and f 97%
12 in the surface lamina for x- and y-loading respectively, are considered

in the analyses, as these parameters have been shown to be the most affected by stitching
(see case 1). The following can be observed (see Fig. 5.23): The normalised stiffness in
the y-direction is evenly affected by both fiber volume fraction and fiber misalignment
variations. Transverse cracking in the surface lamina f 97%

22 is mainly affected by the
fiber volume fraction (as similar to experimental observations reported in [342]). Shear
cracking in the surface lamina f 97%

12 is mainly affected by the (in-plane) fiber misalign-
ment. The local fiber volume fraction and the fiber misalignment are therefore shown to
be important to include in models aiming at damage initiation prediction.

The effect of geometrical simplifications (case 3)

The role of simplified geometrical features on the stiffness and local failure indicators
in the surface lamina of the simplified models for x- and y-loading is illustrated in Fig.
5.24. The stiffness and local failure indicators of the simplified models are here nor-
malised by corresponding parameters of the stitched laminate model. The following can
be observed (see Fig. 5.24). A model which does not include the stitching yarn (model 7
in Table 5.4) can provide a good estimate for the stiffness but underestimates or overesti-
mates the local failure indicators in the surface lamina (Fig. 5.24a). A model which does
neither include the stitching yarn or the out-of-plane undulations in the surface lamina
(model 8 in Table 5.4) overestimates the stiffness in the y-direction, and underestimate
and overestimate even more the local failure indicators compared to a model which does
not include the stitching yarn (Fig. 5.24b). A model which embeds fully the stitching
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Fig. 5.24: The effect of geometrical simplifications in the models (as presented in Table
5.4) on the stiffness and the transverse and shear cracking, and interface debonding,
failure indicators in the surface lamina, whereby the stiffness and the failure indicators
of each (simplified) model were normalised by the corresponding parameters of the full
stitched model (which are represented by parameter r): (a) no stitching yarn model, (b)
straight border model and (c) box around model.
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Fig. 5.25: Regions with potential for local failure initiation in the simplified models with
an indication of the main local damage initiation mechanisms, for a load applied both in
and transverse on the stitch direction: (a) no stitching yarn model, (b) straight borders
model and (c) box around model.

yarn (model 9 in Table 5.4) underestimates the stiffness (due to the added matrix bound-
ary layer) but can still provide a satisfactory estimation of the local failure indicator with
respect to the full laminate model (Fig. 5.24c). The regions undergoing damage initia-
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tion are further also affected by the geometrical features as can be observed in Fig. 5.25.
The out-of-plane undulations resulted in an enlargement of the regions with potential
local failure initiation in the surface lamina while the stitching yarn was responsible for
local regions of matrix cracking. Both stitching yarn, out-of-plane undulations and a
matrix region which surrounds only the in-plane fiber-reinforce regions should therefore
be considered in models aiming at an accurate prediction of both stiffness and damage
initiation stress levels.

5.5 Discussion

5.5.1 Simplified stitch yarn model
The modified lock stitch pattern was simplified represented by two unconnected U-
shaped line-bundles,. The continuity of the fiber-bundles at bottom and top of the lami-
nate and the knot structure of the stitching yarns are not considered.

1. By not considering the continuity of the stitching yarns, the generated models may
slightly underestimate the stiffness in the stitch direction. The underestimation of
the stiffness may however be limited due to the fact that (1) the stitching yarn is
only a small fraction of the in-plane fiber-volume fraction in the stitch direction
and (2) that it was shown that the presence of the stitching yarn affected barely the
stiffness (see Fig. 5.24a).

2. By not considering the knot in the stitch pattern, the generated models may under-
estimate the reinforcement distortions and the corresponding stress concentration
levels at the bottom of the laminate. It is assumed that the effect of such simplifi-
cations are in the same range as other simplifications assumed in the model (being
no fiber-breakage, asymmetry of stitching yarn, fiber-weaving between stitch po-
sitions).

The approach presented in this work can further be modified to account for these fea-
tures. The initial model of the stitching yarn should hereby be modified while the same
geometrical operations can be adopted, but it should still be investigated whether such
an approach would generate realistic geometries of the knot structures.

5.5.2 Comparison with experimental results
The results of the models can be qualitatively compared with experimental data present
in [80]. The data are a summary of a substantial amount of published data on the stiff-
ness of stitched laminates (normalised by an equivalent unstitched laminate) for different
stitch content. It is show that the normalised stiffness could vary in between 0.80 to 1.20
and that it remained ambiguous whether the normalised stiffness decreases or increases
for larger stitch content. Comparing these data with the simulation results presented in
Table 5.6, it can be seen that the generated models are able to predict a stiffness lying
in the same range. The geometrical simplifications in the models are then assumed to
have an effect on the stiffnes which lies in the experimental range. Note that the models
are not constructed based on quantitative geometrical data, but that such data, specially
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for complex features as binder yarn, are not available. The presented framework of-
fers a unique approach to assess the effect of geometrical features which are difficult to
measure experimentally.

5.6 Conclusion
An approach was presented for the automated generation of mesoscopic unit-cell models
for stitched non-crimp fabric composites. Potential resin-rich regions and out-of-plane
undulations in the lamina are represented initially by straight discretised lines, while the
stitching yarn is initially represented by a single discretised line. The disccretised lines
are shaped by geometrical operations while a contact treatment accounts for line inter-
actions. Boundary conditions can be imposed to control the out-of-plane undulations
of the surfaces of the lamina. The single-line configuration of the stitching yarn can be
transformed into a multi-line configuration to account for cross-section variations of the
stitching yarn during the generation process. The fiber volume fraction and fiber direc-
tion in the laminae are modelled based on cross-sections of these in a post-processing
stage, allowing to account for a local fiber-reinforced distorted zone in the lamina with
variations in fiber volume fraction and fiber misalignment. The shape of the centerline
and cross-section of the stitching yarn corresponding to different stitching yarn tension
states can be set by the parameters of geometrical operations, as well as the length of the
resin-rich regions and out-of-plane undulations, the shape of which are automatically
conform with the shape of the stitching yarn.

The effect of the reinforcement distortions caused by the stiching yarn insertion on the
stiffness and damage initiation levels of the stitched laminate unit-cell models is assessed
by means of elastic computations:

1. The stiffness is largely reduced transversal to the stitching direction, while the
stiffness is slightly increased in the stitching direction.

2. Early damage initiation is taking place in the stitched models in regions located
near the stitching sites.

3. Transverse and shear cracking in the surface lamina, and transverse cracking in the
stitching yarn are the main critical damage initiation mechanisms in a [0/90/90/0]
stitched laminate model.

4. Fiber volume fraction and fiber misalignment variations affect the prediction of
transverse and shear cracking.

5. Out-of-plane undulations and a matrix which surrounds the stitching yarn affect
the stiffness, while the presence of the stitching yarn and out-of-plane undulations
affect damage initiation levels. Unit-cell models including such geometrical fea-
tures can provide further insights in stiffness and damage initation results with
respect to earlier works [95, 96].

Fiber volume fraction and fiber misalignment variations in the lamina, the stitching yarn,
the out-of-plane undulations in the surface lamina and a matrix which surrounds only the
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in-plane fiber-reinforced regions should therefore be properly accounted for in models
aiming at a correct estimation of the stiffness and damage initiation levels. A compari-
son of the mechanical performance to the Z-pinned laminates is done in Chapter 7.

In the next chapter, 3D woven non-crimp fabric unit-cells models, including cross-
section variations in the surface weft yarns and binder yarns, could be generated using
the proposed framework for geometrical operations combined with the multi-line con-
figuration presented here to represent the binder yarn.
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Chapter 6
3D woven non-crimp fabric composites

This chapter presents an approach to generate unit-cell models of 3D woven non-crimp
fabric composites with the ability to incorporate cross-section variations in the weft and
binder yarns. The approach starts from an initial loose-state configuration of the fiber-
bundles, in which each fiber-bundle is represented by a discretised line. The discretised
lines are shaped in a step-wise generation process by geometrical operations, while the
single line configuration of the weft and binder yarns can be transformed into a multi-
line configuration to account for their cross-section variation in subsequent generation
steps. The fiber volume fraction and fiber direction are modelled on cross-sections in a
post-processing step. The shape of the surface weft yarn cross-section and binder yarn
cross-sections and centerline for different binder content, diameter and tensioning can
be automatically accounted for. The geometrical models are then transformed into finite
element models to investigate how the binder yarn, and cross-section variations in the
surface weft and binder yarns alter the stiffness and damage initiation levels.

Contributions:

1. An unified model generation approach for 3D reinforced composites (pinned,
stitched, 3D woven).

2. A boundary-line configuration to account for cross-section variations in fiber-
bundles.

Novelty:

1. Deformable weft and binder yarns.

6.1 Introduction
3D woven non-crimp fabric composites consist of in-plane fiber-bundles which are
straight and interwoven by a binder yarn (see Fig. 6.1) to increase their delamination
resistance [360–362]. The in-plane and out-of-plane mechanical properties of these
composites have shown to be larger than 2D woven composites [90, 363, 364], showing
their potential to replace the widely-adopted 2D woven composites. The properties of
the 3D woven composites can further be tailored by binder parameters as binder content,
diameter, length, tension, pattern, etc. [80, 126, 196, 365–367]. However, the insertion
of the binder yarn distorts the reinforcement architecture of the in-plane fiber-bundles.
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Experimental studies remain ambiguous whether the in-plane mechanical properties are
reduced, increased or left unchanged by the distortions [80, 122, 368, 369], but are clear
on the fact that binder locations are acting as stress concentration regions that cause
early damage initiation [24, 196, 363]. Unit-cell models have therefore shown to be a
valuable approach to help understanding experimental observations or to even predict
the mechanical behaviour of 3D woven composites. [44, 328, 370]. The main geomet-
rical features of the reinforcement architecture therefore need to be characterised and
included in the models.

Centerline deflection and cross-section variations in the surface weft yarn and the binder
yarn, as well as the warp yarn for larger binder yarn tensioning and transverse com-
paction, are the main geometrical characteristics that are present in 3D orthogonally
woven composites (see Fig. 6.2). Their shape and size further depend on the binder
parameters and manufacturing conditions [33, 35, 101]. The binder content affects the
cross-section variations and corresponding fiber waviness in the surface weft yarn [196].
The binder yarn tensioning can cause deflections of the surface weft yarn centerlines, and
corresponding distortions in the underlying warp yarns, and generates higher compacted
stages of the binder yarn itself. The cross-section in the top segment of the binder yarn
(Z-crown, indicated in Fig. 6.1a) are hereby more compacted than the cross-sections in
the through-the-thickness segment [35, 371]. Transverse compaction can further cause
the sinking of Z-crown into the surface weft yarn [182,372] and the flattening and widen-
ing of the warp and weft yarns. Assymmetrical shapes of the binder yarn [190], crimping
of the through-thickness segment of the binder yarn [373,374] and fiber-breakage during
3D weaving [375] can also arise.

Analytical modelling approaches have been adopted in [100–102] to include the main
features in geometrical models. In earlier models, the warp and weft yarns are con-
sidered straight with constant cross-sections along their centerline. In more advanced
models, centerline deflections and cross-section shape variations in the warp, weft and
binder yarn have been accounted for [100]. Energy-based approaches could then be used
on analytical models to predict the centerline position and the cross-section dimensions
of the fiber-bundles for different in-plane and compaction loading stages [158,159,376],
while elliptical-shaped cross-sections of the fiber-bundles were assumed.

Image-based approaches were adopted in [190, 372] to generate realistic geometrical
models of 3D woven composites. To this end, the images of micro-CT scans were trans-
formed into a voxel-based mesh representation [190] or into a tetrahedral mesh repre-
sentation [372].

A digital element approach was adopted in [103,104,165–168,170–172,176,177] to gen-
erate 3D woven composite models, in which the shape of centerlines and cross-sections
of the fiber-bundles are obtained computationally during a finite element simulation. Ini-
tially, a loose-state configuration of the binder yarn inbetween the warp and weft yarn
is assumed. The fiber-bundles can then be transformed into a single- or a multi-line
configuration of frictionless connected bar or rod elements. A thermal contraction is fur-
ther applied on the binder yarn, followed by a global compaction on the unit-cell model,
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while contact elements account for fiber-bundle interaction to generate the geometrical
model. Stig adopted also a finite element framework to generate 3D woven composite
models [163,164] in which the fiber-bundles are assumed to initially interpenetrate each
other. The fiber-bundles are then transformed into a shell element representation with the
shell elements being positioned along their contour resulting in a tube structure. A hy-
drodynamic pressure is further applied on the shell-element representation to gradually
inflate the fiber-bundles until a desired fiber-bundle volume fraction, while contact ele-
ments accounting for fiber-bundle interactions at initial intepenetrating locations causes
deformable cross-section shape variations of the fiber-bundles.

Recently, a geometry-based framework to generate 3D woven unit-cell models was used
in [105, 357]. The fiber-bundles are represented by a single discretised line and con-
stant cross-section. The discretised lines are shaped by straightening operations until
an equilibrium between fiber-bundle movements is obtained, with a contact treatment
accounting for the line interactions. The geometry-based framework was adopted later
on to generate Z-pinned and stitched laminate unit-cell models [356, 377]. Potential
resin-rich regions and out-of-plane undulations in the laminae are hereby represented by
initial straight discretised lines while the pin and stitching yarn are represented initially
by a single discretised line. The discretised lines are shaped in step-wise manner by
geometrical operations while the contact treatment accounts for line interactions. The
initial single-line configuration of the stitching yarn could hereby be transformed in a
generation step into a multi-line configuration to account in subsequent steps for its
cross-section variations.

Here, 3D orthogonally woven non-crimp fabric composites unit-cell models which in-
clude cross-sections variations in the weft and binder yarns are generated by the geometry-
based framework. The cross-section variations for the weft and binder yarns are ac-
counted for by a boundary- and inner-line procedure respectively (as defined in section
6.2.2). The originality of the approach is the ability to represent cross-section varia-
tions in a geometry-based framework (so no mechanics induced) and the presentation of
a unified approach to generate all morphologies of 3D reinforced composites (pinned,
stitched, 3D woven) with the same tool. The geometrical models are then transformed
into finite element models to investigate how the 3D weaving, cross-section variations
in the weft and binder yarn affect the stiffness and damage initiation stress levels.

6.2 Geometric model generation

Unit-cell models of a 3D orthogonally woven non-cimp fabric composites are generated.
The warp yarns are assumed (by means of simplification) to remain straight with con-
stant cross-section while the weft yarns are assumed to remain straight but with cross-
section that are allowed to deform upon binder insertion. The binder yarn is allowed
to vary in centerline and cross-section shapes correspond to different binder yarn ten-
sioning states. Fiber-breakage, asymmetrically-shaped binder yarn profile, crimping of
the through-thickness segment of the binder yarn are not considered in the modelling.
The simplified assumption of straight warp yarns with constant cross-sections is justi-
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Fig. 6.1: 3D orthogonally woven non-crimp fabric composite: (a) a schematic 3D view
(taken from [378]), (b) side view, (c) top view.
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Fig. 6.2: Experimentally observed main geometrical features in 3D woven non-crimp
fabric composites: (a) cross-section variations in binder yarn (image taken from [190]),
(b) center-line deflection of surface weft yarns (image taken from [190]), (c) cross-
section variations in surface weft yarn.

fied for small binder yarn tensioning and low transverse compaction levels, while larger
binder yarn tensioning and compaction levels may require additional implementation to
account for deformable warp yarns (see future work).

6.2.1 Initial model

Each yarn is initially represented by a single line and constant cross-section (see Fig.
6.3). The lines representing the warp and weft yarns are straight, while the line repre-
senting a binder yarn is S-shaped, mimicking a loose state configuration of the binder
yarn around the warp and weft yarns. Elliptical, power ellipse and rectangular cross-
sections are considered for the binder yarn, the inner weft and warp yarns, and the sur-
face weft yarns, respectively (as indicated in Fig. 6.3). The rectangular cross-section
shape of the surface weft yarns will subsequently be shaped during the generation pro-
cess. The lines are further discretised in line segments with a length eline of 100µm
(that has shown a good compromise between geometrical accuracy and computational
cost). The unit-cell dimensions itself (L,B,H in Fig. 6.3) depend on the dimensions of
the warp, weft and binder yarn, the number of fiber-reinforcement layers and the amount
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of transverse compaction during the manufacturing process.
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Fig. 6.3: Initial model with a fiber-bundle represented by a single line and constant
cross-section.

6.2.2 Boundary-line and inner-line configuration for fiber-bundles
A boundary-line and an inner-line configuration are used for the weft and binder yarns,
respectively, to account for their cross-section variations.

1. In a boundary-line configuration, the lines are positioned near the boundaries of
the fiber-bundles (see Fig. 6.4a). The cross-sections of an initial single-line config-
uration are discretised using circles. The circles can be positioned uniformly along
the cross-section boundary or can be positioned dependent on the local curvature
of the cross-section boundary. A radius is assigned to the circles to facilitate con-
tact treatment. However it can be chosen to vanish, as the boundary-lines do not
represent anything physically and contact treatment, between the boundary-lines
and the binder, can still be resolved by the binder yarn radius itself. The number
of circles defines the geometrical accuracy of the cross-section shape variations in
a post-processing at the expense of a higher computational cost.

2. In an inner-line configuration, lines are positioned at the interior of a fiber-bundles
(as introduced in the work [377]). The cross-sections of the initial single-line
configurations are discretised in circles positioned inside the cross-section. The
circles can be defined as the nodes of a 2D mesh generated on the cross-section.
The radius of circles is related to the number of circles and the initial fiber volume
fraction in the binder yarn. The number of circles (represented by parameter c)
is assessed by means of a convergence study on the cross-section variations of a
tensioned binder yarn (see section 6.3.3).

A boundary-line configuration is favored to account accurately for local cross-section
shape distortions at a reduced computation cost, but the centerline of the fiber-bundles
should remain straight. An inner-line configuration can then be used to account for cross-
section variations in fibers-bundles with centerlines that does not need to remain straight,
but at the expense of a reduced control over the final cross-section. Note that a special
attention needs to be given for a boundary-line configuration to not exceed locally the
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maximum fiber volume fraction, while this conditions is automatically satisfied for an
inner-line configuration.

weft(inner)

weft (surface)

binder

a) b)

Fig. 6.4: Different line configurations for a fiber-bundle: (a) a boundary-line configura-
tion for the weft yarns, (b) an inner-line configuration for the binder yarn.

6.2.3 Geometrical tools
The geometrical operations are applied on the discretised lines in a step-wise manner,
with a straightening operation as the only operation adopted in the presented generation
process. Each step intends to introduce a geometrical feature in the model or to transform
the single-line configuration of the weft or binder yarns into a multi-line configuration
(see Table 6.2). The contact parameter q, which regulates the relative movement be-
tween two lines upon contact, can be used to constrain certain types of lines during a
generation step (see section 6.2.3). Boundary conditions can be enforced on the bottom
and top of the surface weft yarns to keep them straight (as explained in chapter 4). The
generation stages are illustrated in Fig. 6.5 and described in the sequel, followed by a
short description of the adopted geometrical operations.

Step 1, the weft yarns are transformed in a boundary-line configuration.

Step 2, the binder lines (representing a single line configuration of the binders at this
stage) are first made conform with the shape of the surface weft yarns by an applied
straightening operation, in order to have a binder yarn shape independent of its initial
position (the weft lines are constrained during this operation).

Step 3, the binder lines are then further subjected the same straightening operation, but
whereby the weft lines are unconstrained this time. The center-line of the binder yarn,
and simultaneously the cross-sections of the surface weft yarns underneath the binder
yarn, can hereby be shaped to account for different binder yarn tensioning levels.

Step 4, the boundary-lines of the weft yarns are straightened to smooth their locally dis-
torted shape near the binder yarn (the binder lines are hereby constrained during this
operation).
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6.2. Geometric model generation

Step 5, the binder yarn is transformed into a multi-line configuration to account for its
cross-section variations in subsequent steps.

Step 6, the binder-lines are tensioned by the straightening operations to generate cross-
section variations of the binder yarn which can correspond to different binder-yarn ten-
sioning (the weft lines are hereby constrained).

Step 7, the bottom and the top of the unit-cell box, which surrounded initially only the
warp and weft yarns, can be adjusted to generate models wherein the binder yarn is fully
embedded in the matrix.

Step 8, the local fiber volume fraction and fiber direction in each fiber-bundle are ob-
tained in a post-processing step.

0) 1) 2) 3)

5) 6)

boundary-line straightened straightened

inner-line straightened

4)

straightened

adapt unit-cell box

7)

Vf

0.6

0.9

0

4

8)

misθ

x

y
z

x

y
z

Fig. 6.5: Step-wise generation process: (0) initial model, (1) transformation weft into
boundary-line configuration, (2) binder straightening, (3) binder straightening, (4) weft
straightening, (5) transformation binder into multi-line configuration, (6) binder straight-
ening, (7) adjusting bottom and top surface of unit-cell box, (8) calculating the fiber vol-
ume fraction Vf and fiber misalignment θmis in post-processing step with θmis corrected
from the local normal orientation for each fiber-bundle.

Straightening operation

The straightening operation repositions the nodes of a line according to [357]:

~xi = (1/2).(~xi−1 +~xi+1) (6.1)

To further account for the potential effect of neighbouring unit-cells on the shape of
the lines of the considered unit-cell, the lines of the unit-cell are extended first, before
straightening, at their sides by their replicates (actually generating the neighbouring unit-
cell models in this step), where, after straightening, the extended parts are removed (Fig.
6.6). The shape of the lines is hereby controlled by the number of applied straightening
operations (represented by parameter s) during the generation step .
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Fig. 6.6: Extending the lines prior to straightening for: (a) binder yarn and (b) weft
yarns.

Contact treatment

The contact treatment in this chapter is similar to the contact treatment presented in
chapter 5. A node P of a line i (see Fig. 6.7) which interpenetrates a line j is to be
moved along its normal ~DP on the line j to suppress the interpenetration [357,377]. The
movement~xP of the node P can further be regulated by a parameter q :

~xP = q.dint .~DP (6.2)

where dint is the interpenetration distance. The parameter q is set dependent on the
type of lines interacting with each other (see Table 6.1). A 0-value is considered for
interacting boundary-lines of the weft yarns. A 0.50-value is considered for interact-
ing binder-lines. The parameter qbw controls the interaction between a weft-line and a
binder-line, which can be set to 0 or 1 to constrain the position of either the weft lines or
the binder lines upon their interaction, respectively.

binder weft
binder 0.50 qbw
weft (1-qbw) 0

Table 6.1: Different contact parameter q dependent on the type of interacting lines.

6.2.4 Fiber volume fraction and fiber direction

A constant fiber volume fraction and linear fiber direction distributions are modelled on
the cross-section of the fiber-bundles. The cross-sections are obtained by intersecting the
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D
P

line j

Fig. 6.7: Contact treatment.

multi-line configuration perpendicular to a local tangent to the centerline, whereby the
centerline of the boundary-line configuration is a straight line positioned in the center
of the initial cross-section and the centerline of the inner-line configurations is the line
connecting the center point in the initial inner-line configuration. An example of gener-
ated cross-section for a binder yarn and a surface weft yarns are illustrated in Fig.6.8.

The uniform fiber volume fraction Vf (s) in each cross-section is obtained by:

Vf ,de f orm(s) =
Ainit

Ade f orm(s)
.Vf ,init (6.3)

where Ade f orm is the deformed cross-section area and Vf ,init is the initial fiber volume
fraction in the yarn. Ainit represents the initial cross-section area, except for the surface
weft yarns which have an enlarged cross-section due to their rectangular shape. For these
yarns, the initial cross-section area of the inner weft yarns is considered. An example
of obtained fiber volume fraction distribution for the binder and surface weft yarns is
illustrated in Fig. 6.8b.

The linear fiber direction in each cross-section can be obtained from a linear interpola-
tion between the local tangent of the lines which are positioned near the boundary of the
cross-sections. The fiber misalignment θmis, as often used to visualize the local fiber di-
rection inside yarns, is defined in each cross-section as the angle between the local fiber
direction and the local tangent of the centerline of the yarn. An example of the fiber
misalignment distribution obtained for the binder and surface weft yarns is illustrated in
Fig. 6.8c.

6.2.5 Interpenetration suppression and gap generation
Interpenetrations can take place between the binder and weft yarns. These interpenetra-
tions are first partly avoided by increasing the initial dimensions of the binder yarn prior
to geometrical model generation and removing the offset after the generation process, as
such that during the generation, lines upon contact with the binder yarn are moved aside
more than necessary. Residual interpenetration between the binder and weft yarns are
suppressed by moving points of a triangulated binder yarn surface that interpenterates
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Fig. 6.8: Surface weft and binder yarn after post-processing: (a) generated cross-
sections, (b) fiber volume fraction distribution (Vf ), (c) fiber misalignment distribution
(θmis).

the weft yarns along a local normal on the binder yarn surface external (see Fig. 6.9),
while a gap can be inserted simultaneously. The fiber volume fraction in each cross-
section of the binder yarn is afterwards systematically adapted to account for the (small)
cross-section area changes taking place during this post-processing treatment.

x

z

z

y

a) b)

flattened

Fig. 6.9: Interpenetration suppression and gap insertion methodology: (a) before post-
processsing, (b) after post-processing.

6.3 Generated geometrical features
First, the shape of introduced geometrical features in the surface weft and binder yarns
for different values of the geometrical operation parameters is illustrated. The geometri-
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cal models are hereby generated using the generation strategy and parameters presented
in Table 6.2 and Table 6.3, respectively. The cross-section shapes and dimensions of the
fiber-bundles are taken from the experimental geometrical data presented in [190]. The
illustration can then be used to generate the shape of geometrical features conform to
experimental observations. Second, models for different binder content are generated
and illustrated to showcase the generality of the approach.

step operations id line qbw parameter geometrical feature
1 boundary-line configuration weft - - -
2 straightening binder 0 - -
3 straightening binder 1 s1 centerline of binder yarn
4 straightening weft 1 s2 cross-sections of weft yarn
5 inner-line configuration binder 0 c -
6 straightening binder 0 s3 cross-sections of binder yarn
7 adjusting box - - (no-yes) matrix

Table 6.2: A description of the step-wise generation process in terms of geometrical
operations, corresponding parameters, the types of lines on which the geometrical op-
eration are applied in each step, the contact parameter in each step and the geometrical
features for which experimental observations can be used to set the corresponding pa-
rameters (s1,s2,s3 represent the straightening parameter s in step 3,4 and 6, respectively).

initial model yarn shape a(µm) b(µm) n V init
f Ainit(µm2)

weft surface rectangle 525 130 - 0.700 156.50
weft inner super ellipse 525 80 5 0.700 156.50
warp super ellipse 430 110 5 0.700 176.25
binder ellipse 280 150 - 0.500 136.00

generation s1 = 7, s2 = 50, c = 15, s3 = 5, adjust box = no

Table 6.3: Initial model and generation parameters for the 3D woven model.

6.3.1 Centerline of the binder yarn and corresponding cross-section
of the surface weft yarn underneath the binder yarn

The centerline of the binder yarn can be shaped in generation step 3 by the parameters s1
and qbw, while the cross-section of the surface weft yarns are shaped simultaneously (due
to the contact treatment). Shapes for different values of s1 and qbw are illustrated in Fig.
6.10a and Fig. 6.10b respectively. A wide range of possible positions of the centerline
of the binder yarn can be generated while the shape of cross-sections of the surface tends
towards lenticular shapes that is often used in analytical modelling approaches [190].

6.3.2 Cross-section variations in the surface weft yarns
The cross-sections variations in the surface weft yarns are controlled in generation step
4 by the parameter s2 (which is the number of straightening operations in step 4). The
shape of the surface weft yarns for different values of s3 are illustrated in Fig. 6.11 by

109



Chapter 6. 3D woven non-crimp fabric composites

lenticular shape

0

2

4

6

8

10

s

a)

b)

0

0.03

0.2

qbw

0

2

4

6

8

10

0

0.03

0.2

qbw

(q    =0)bw

(s =5)1

(q    =0)bw

1
s1

(s =5)1

x

z

x

z

Fig. 6.10: Different shapes of the binder yarn centerline and surface weft yarn cross-
section underneath the binder yarn for varying: (a) straightening parameter s1 and (b)
contact parameter qwb.

means of the fiber volume fraction and fiber misalignment distributions in the surface
weft yarns. The parameter s2 can then be set by comparing for example the maximum
in-plane fiber misalignment in the model with the maximum in-plane fiber mislaignment
in experimental observations which is dependent on the binder content and tensioning.
A fully straight configuration of the surface weft yarns can be obtained in the limit
(s2 =+100).
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2

Fig. 6.11: Cross-section variations in the surface weft yarn for varying straightening
parameter s2, illustrated by the fiber volume fraction Vf and fiber misalignment θmis
distribution.

110



6.3. Generated geometrical features

6.3.3 Cross-section variations in the binder yarn

Convergence study on the number of lines

The number of lines (c) present in the multi-line configuration of the binder yarn is set (in
generation step 5) to have converged tensioned binder yarn geometries. The effect of the
number of lines on the cross-section shapes and on the fiber volume fraction distributions
in the binder yarn is illustrated in Fig. 6.12. A convergence in cross-sections shapes and
corresponding fiber volume fraction distributions of the binder yarn is taking place and
this for a number of lines equal to 15 which will further be used in the generation process
(see Table 6.2).

c=8 c=15 c=30 c=48

x

z

c

0.60

0.90

Vf

4830158

8
15
30
48

c

a)

b) c)

Fig. 6.12: Convergence study on the number of lines c for a tensioned binder yarn:
(a) different cross-section discretisations, (b) cross-section shape variations, (c) fiber
volume fraction Vf distribution.

Mimicking different binder yarn tensioning

Cross-section shape variations in the binder yarn for different binder yarn tensioning
states can be regulated in generation step 6 by means of parameter s3 (which is the num-
ber of straightening operations in step 6). The cross-section shapes and corresponding
fiber volume fraction distributions for different values of s3 are illustrated in Fig. 6.13.
The cross-section shapes in the top segment are flattened first and then widened for
increasing values of s3, while the cross-section shapes in the middle of the through-the-
thickness segments of the binder yarn are barely changed. A binder yarn configuration
which is conform with a physical observation can then be generated by setting first
the initial cross-sections of the binder yarn to a cross-section located in the middle of
the through-the-thickness segment of the physical binder yarn, whereafter parameter s3
should be set by comparing for example the thickness of the cross-section at top seg-
ment. Typical cross-section thickness reductions in the top segment of the binder yarn
lie between 0.30 and 0.70 [33, 100, 101, 196, 376].

6.3.4 Geometerical models for different binder content
Models for different binder content are generated and illustrated in Fig. 6.14. The
binder content is varied from 0.5% to 4% by changing the unit-cell dimensions (which
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Fig. 6.13: Shapes of a tensioned binder yarn for varying parameter s3: (a) cross-section
shapes of the binder yarn, (b) fiber volume fraction Vf distribution in the binder yarn.

corresponds to changing the binder yarn spacing during manufacturing) while the binder
diameter remained constant. It can be seen that the approach accounts automatically for
different shapes of the surface weft yarns corresponding to the different binder content.
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Fig. 6.14: 3D woven models for different binder content (represented by their fiber vol-
ume fraction Vf and fiber misalignment θmis distribution): (a) binder content of 0.50%,
(b) binder content of 2%, (c) binder content of 4%.

6.4 Mechanical simulations

The geometrical models are transformed into finite element models using the meshing
software GMSH. The mesh size parameters m1 and m2, which are used in the mesh
model described in chapter 3, are 40µm and 100µm respectivelly. Periodic boundary
conditions are applied on the in-plane unit-cell borders while the bottom and top of the
unit-cell are left free. Carbon fibers and epoxy matrix are considered as constituent ma-
terials with mechanicals properties presented in Table 4 of [377]. The mechanical prop-
erties of the fiber-reinforced region are obtained, in function of the local fiber volume
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fraction, by means of the Chamis-formulae [186] (for stiffness) and emperical formulae
presented in [187,188] (for strength). A global strain of 0.50% is applied on the unit-cell
models in the warp-, weft- and bias(45◦)-direction, a straining level that has been shown
experimentally to cause early damage initiation in 3D woven composites [24, 363].

The stiffness of the unit-cell model is then computed and normalised by the stiffness of
an equivalent non 3D-woven composites (described in section 6.4.1). The local stress-
levels are evaluated based on their risk to locally initiate damage, using the local failure
indicators f22, f12, fm and fint as defined in chapter 5. Transverse and shear damage in
the fiber-bundles (via f22 and f12 respectively), interface debonding between the fiber-
bundles and the matrix (via fint ), and matrix damage (via fm) are considered in the
analysis, as being the ones which can potentially arise in 3D woven composites (stated
by the experimental observations presented in [24, 363]). The local failure indicators
( fi j, fint , fm) are calculated using similar criteria as presented in [377]. A 97-percentile
of the local failure indicators fi j is used to compare the failure distribution in a region
between different models.
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Fig. 6.15: Generated mesh models for: (a) the non 3D woven model, (b) the 3D woven
model.

6.4.1 Models
The effect of 3D weaving, cross-section variations in the surface weft yarns and cross-
section variations in the binder yarn on the stiffness and damage initiation is evaluated
by the following three cases:

Case 1, the effect of 3D weaving is investigated by comparing the results of a 3D wo-
ven model with an equivalent non 3D-woven composite model. The 3D woven model
is obtained using the generation procedures and parameters presented in Table 6.2 and
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Fig. 6.16: An illustration of the fiber volume fraction Vf and the fiber misalignment θmis
distribution present in: (a) the non 3D woven model and (b) the 3D woven model.

Table 6.3 respectively. The equivalent non 3D woven model is considered in this work
as the initial configuration of the 3D woven model but without the binder yarn and with
the cross-sections of the surface weft yarns been taken equal to the cross-sections of the
inner weft yarns. The mesh models, and the fiber volume fraction and fiber direction
distribution, for both configurations are illustrated in Fig. 6.15 in Fig. 6.16 respectively.

Case 2, the effect of cross-section variations in the surface weft yarn is investigated by
generating 3D woven models whereby the parameter s2 in generation step 4 is varied
(see Table 6.2). Surface weft yarn geometries for the different parameters s2 are similar
to the illustrations presented in Fig. 6.11.

Case 3, the effect of cross-section variations in the binder yarn is investigated by gener-
ating 3D woven models in which the parameter s3 in generation step 6 (see Table 6.2) is
varied. Binder yarn geometries for the different values of the parameter s3 are similar to
the illustrations presented in Fig. 6.13.

6.4.2 Results

The effect of 3D weaving (case 1)

The normalized stiffness components of the 3D woven model are presented in Table 6.4.
The stiffness in the warp direction is slightly increased (2%) while the stiffness in the
weft- and bias-direction are in larger proportion increased (12% and 14% respectively).
The stiffness in the bias-direction is approximately 10 times lower than the stiffness in
the warp and weft direction. The stiffness components fall in the range of experimental
observations which has shown to be between 0.80 and 1.20 (thus remained ambiguous
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whether 3D weaving increases or decrease the stiffness).

The failure indicator distributions in the 3D woven model for warp-, weft- and bias-
loading are presented in Fig. 6.17 and summarized by their 97-percentile in Table 6.5.
The 97-percentile of the local failure indicators in the fiber-reinforced regions and matrix
are increased, which indicate early damage initiation. Transverse damage in the surface
weft yarn, transverse damage in the binder yarn, and shear damage in the surface weft
and binder yarn are the main damage initiation mechanisms taking place for warp-, weft-
and bias-loading respectively. The warp- and bias- direction experience more damage
with respect the weft-direction, making them the most critical directions to be looked
after in the design of the 3D woven composites. The potential local failure initiated re-
gions (see Fig. 6.18) correlate hereby with the most distorted fiber-reinforced regions
(see Fig. 6.16) which are taking place near the binder locations.

The damage initiation characteristics from the simulations results substantiate further
be compared with experimental observation. Early damage initiation and stress con-
centrations near binder locations, as observed in the simulation results, have also been
observed experimentally in the works [24, 196, 363]. For warp-loading, the very small
damage appeared first near the middle section of the Z-crown crossover with the adja-
cent surface weft yarns, which is then followed by transverse damage in the weft yarns
under increasing load [363]. For weft-loading, the damage is initiated in the form of
transverse damage in the warp and binder yarns [363]. For the bias direction, the dam-
age starts at the Z-crowns (defined in Fig. 6.1) [363]. Similar trends can be observed in
the simulation results presented in Fig. 6.18.

Ewarp
norm 1.02

Ewe f t
norm 1.12

Eshear
norm 1.14

Table 6.4: The normalised stiffness components of the 3D woven model.

binder inner weft surface weft matrix
f 97%
22 f 97%

12 f 97%
int f 97%

22 f 97%
12 f 97%

22 f 97%
12 f 97%

int f 97%
m

warp-load equivalent - - - 0.52 0.01 0.51 0.01 0.30 0.36
3D woven 0.16 0.22 0.41 0.71 0.05 0.80 0.11 0.34 0.43

weft-load equivalent - - - 0.13 0.01 0.12 0.01 0.08 0.35
3D woven 1.82 0.18 0.45 0.16 0.02 0.41 0.21 0.17 0.39

shear-load equivalent - - - 0.04 0.75 0.03 0.69 0.26 0.33
3D woven 0.25 1.77 0.45 0.08 0.97 0.10 1.55 0.29 0.41

Table 6.5: The 97-percentile of the local failure indicators in the binder, the inner and
surface weft yarns, and the matrix.
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Fig. 6.17: An illustration of the transverse and shear damage, and interface debonding,
failure indicator distribution in the 3D woven model for different loading directions: (a)
warp-direction, (b) weft-direction and (c) shear-direction.

f   >122

f   >112

f   >1m

a) b) c)

load
load load

x

y
z

x

y
z

x

y
z

Fig. 6.18: An illustration of the potential local failure initiated regions in the 3D woven
model, with an indication of the main local damage initation mechanisms, for different
loading directions: (a) warp-direction, (b) weft-direction and (c) shear-direction.

The effect of cross-section variations in the surface weft yarns (case 2)

The effect of cross-sections variations in the surface weft yarns is investigated (Fig.
6.19a) on the stiffness of the 3D woven model and on transverse and shear failure indi-
cators in the surface weft yarns for warp- and bias-loading (as being the most critical,
see Table 6.5) respectively. The stiffness components of the 3D woven models are nor-
malised by the stiffness of the 3D woven model in which the surface weft yarns are
fully straight (setup corresponding to s2 = 100). The considered failure indicator are
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presented in the fiber-bundles by their average. An increased average would then indi-
cate an increased probability of early damage initation in regions with a failure indicator
lower than the maximum failure indicator as well as a faster propagation of cracks after
their initiation at the most critical location [342]. Cross-section variations in a fiber-
bundle that can be considered as realistic are the ones with a value of s2 being between
20 and 100, as these values corresponds to experimentally observed maximum in-plane
fiber misalignment that lie in between 0◦ and 10◦ [80].

It can be seen (in Fig. 6.19a) that a small s2-value (corresponding to a large maximum
in-plane fiber misalignment) can result in lower stiffness components and in a lower
average of the transverse and shear damage indicators than a large s2-value (correspond-
ing to a small maximum in-plane fiber misalignment). 3D woven models which adopt
straight weft yarn (as adopted in [57,379–381]) may then overestimate the risk for dam-
age initiation.
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Fig. 6.19: Graphs showing the effect of cross-section variations in surface weft yarn and
binder yarn: (a) the maximum in-plane fiber misalignment and the mean of the fiber
volume fraction in the surface weft yarns, the stiffness components, and the mean of
transverse damage failure indicators (for warp-loading) and shear damage failure indi-
cator (for shear-loading) in the surface weft yarns are presented for varying parameters s2
- (b) the normalised thickness of the cross-section in the top segment of the binder yarn
and the mean of the fiber volume fraction in the binder yarn, the stiffness components,
and the mean of the transverse damage failure indicators (for weft-loading) and the shear
damage failure indicators (for warp-loading) are presented for varying parameters s3.
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Fig. 6.20: The corresponding potential local failure initiated regions in the surface or
binder yarn for the different cross-section variations configurations analysed in section
6.3.2 and section 6.3.3: (a) transverse damage in surface weft yarn for warp-loading,
(b) transverse damage in binder yarn for weft-loading, (c) shear damage in surface weft
yarn for shear-loading, (d) shear damage in binder yarn for shear-loading

The effect cross-section variations in binder yarn (case 3)

The effect of cross-section variations in the binder yarn is investigated (Fig. 6.19b)
on the stiffness of the 3D woven model, and on the transverse and shear damage in-
dicators in the binder yarn for weft- and shear-loading respectively (as being the main
critical damage indicators in the binder yarn, see Table 6.5). The thickness of the cross-
section in the top segment of the binder yarn, normalised by the thickness of the initial
cross-section of the binder yarn, and the average of the fiber volume fraction distribution
in the binder yarns are presented as well. The stiffness components of the 3D woven
models are further normalised by the stiffness of the 3D woven model with constant
cross-sections for the binder yarn (s3 = 0) and the mean for the considered failure indi-
cators is considered. Realistic values of s3 would lie inbetween 4 and 12 (dependent on
binder content and tensioning), which corresponds to experimentally observed values of
the normalised thickness which typically lie inbetween 0.30− 0.70 (as can be deduced
from experimental figures presented in [33, 100, 101, 196, 376]).

It can be seen (in Fig. 6.19b) that a small s3 value (corresponding to small binder yarn
cross-section variations), results in a lower stiffness and a lower mean of the local failure
indicators than a large s3 value (corresponding to large binder yarn cross-section varia-
tions). 3D woven models with a constant assumed cross-section for the binder yarn and
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with a matrix which fully embeds the binder yarn (as adopted in [57, 379–381] would
then underestimate the stiffness and the mean of the local failure indicators with a level
of underestimation dependent on the binder content. The increase in stiffness of 3D
woven model embedding a binder yarn with large cross-section variations is related to
the fact that the matrix is defined around the binder yarn, which can easily be resolved
by considering a matrix that only surrounds in the in-plane fiber-reinforced regions (as
done in [377]).
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0.900.60
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Fig. 6.21: A reflection on some features of the geometrical model generation approach:
(a) smooth cross-section shape variations caused by binder insertion in the surface weft
can be generated by adopting a zero line-radius in the boundary-lines configuration,
(b) the constant assumed fiber volume fraction Vf in cross-section may not correctly
represent the Vf -distribution in a cross-section of the surface weft yarns for small binder
content.

6.5 Discussion

6.5.1 Comparing geometrical modelling approaches
The centerline and cross-sections of fiber-bundles in 3D woven models can be shaped
using analytical, digital element and geometrical-based modelling approaches.

1. Analytical modelling approaches shape the fiber-bundles in 3D woven composites
manually by means of functional representations. Different functional represen-
tations need to be adopted each time the shape of geometrical features changes,
as for example due to binder content and binder tensioning, making analytical
models not general to include the main geometrical for a wide range of binder
parameters, but a full control over the shape of geometrical features is present.

2. Digital element approaches shape the fiber-bundles in 3D woven composites by
means of an inner-line configuration for each fiber-bundle which are positioned
initially in a loose-state configuration, using a binder yarn tensioning and trans-
verse compaction during finite element simulations. The shape of fiber-bundles
which are conform with each other and correlated with a binder yarn tensioning
and transverse compaction loading can hereby be automatically generated, but the
approach is computationally expensive.

3. The geometrical-based approach as presented in this work shape the fiber-bundles
by means of a boundary-line and inner-line configuration (for weft and binder
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Chapter 6. 3D woven non-crimp fabric composites

yarn respectively), and geometrical operations. The boundary-line configuration
allows hereby to accurately model small changes in the cross-sections shapes in
fiber-bundle with straight centerlines, as illustrated in Fig. 6.8a). The inner-line
configuration allows to automatically account for cross-section variations in fiber-
bundle due to different stages of binder yarn tensioning (similar to the digital
element approach). The geometrical-based framework does not require expensive
finite element simulations, but the predictive behaviour is limited as no mecha-
nisms are induced during generation. The combination of an inner-line config-
uration and a geometrical-based framework to shape cross-section variations in
fiber-bundles for transverse compression loading should still be investigated.

The modelling approach adopted in the generation of 3D woven models can then depend
on a desired generality, simplicity, computational time, control over the obtained shape
of the geometrical features, etc.

6.5.2 The role of local fiber volume fraction
Local fiber volume fraction have already been shown in fiber-reinforced composites to
act as stress concentration and damage initiation regions [133, 191, 342, 356, 377]. A
similar trend can also be observed in this work, by comparing the contour plots of the
regions of stress concentrations in the surface weft and binder yarns illustrated in Fig.
6.20 with the corresponding fiber volume fraction distributions presented in Fig. 6.11
and Fig. 6.13 for the surface weft and binder yarn respectively. The location of the stress
concentration regions are observed to be correlated with the locations of increasesd fiber-
volume fraction. The positive correlation further indicates the importance to include the
local fiber volume fraction correctly in the models. Still, a uniform fiber volume fraction
in each cross-section of the fiber-bundles is assumed in this work, but may be unrealistic
in 3D woven models with a smaller binder content or tensioning (see Fig. 6.8b) whereby
the distortions should only take place near the borders. A locally distorted zone in the
surface weft yarns should then be adopted to account more properly for fiber volume
fraction variations. Local fiber-reinforced distorted zone models similar to [356, 377]
for Z-pinned and stitched laminates can therefore be adopted.

6.5.3 Comparison different software
Different software exist for the generation of 3D reinforced composites:

1. In WiseTex [382]: stitched models can be generated with orthorhomic-shapes
resin-rich region, straight lamina and a stitching yarn which consists of straight
and circular centerline segments and circular and elliptical cross-sections. 3D wo-
ven models can be generated with each fiber-bundle initially represented by a func-
tional representation and a circular initial cross-section, and an energy based ap-
proach to compute the position of nodes controlling the shape of the centerline and
cross-sections for different in-plane and out-of-plane loading conditions. A con-
stant fiber volume fraction and fiber direction in the laminae of the stitched models
are assumed while different fiber volume fraction distributions in the cross-section
of the fiber-bundles can be chosen for 3D woven models. Meshing techniques are
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further built in the software to transform the geometrical model into finite element
models, whereby a mesh sweep approach is adopted for fiber-bundles and straight
lamina and mesh superposition techniques are adopted for the stitched models
(hereby resolving the interpenerations which have been present between the lam-
ina and stitching yarn due to analytical model simplifications). Geometrical mod-
els corresponding to binder parameters (pattern, content, diameter, tensioning) can
automatically be generated, but the models remain simplified.

2. In TexGen [130, 311]: functional representation are used to generate the geo-
metrical model. Symmetrical and assymmetrical-shapes (as ellipse, power ellipse
and lenticular) can be used to represent cross-sections, while cosine- and B-spline
shapes can be used to represent the fiber-bundle centerline. [130]. Parametrised
and triangulated surface representations can be obtained from the analytical ex-
pression of the centerlines and cross-sections. Interpenetrations between fiber-
bundles can be suppressed by the point-movement-based approach applied on the
triangulated surfaces. Mesh sweep and voxel-based meshing approaches are fur-
ther build-in functionalities to transform the generated models into finite element
models. Models of any reinforcement architecture complexity can theoretically
be generated using such an analytical-based toolbox, but the geometrical features
of these models are often simplified.

3. In Wintibas model: the fiber-bundles are represented by single discretised lines
with constant elliptical cross-sections and using the geometrical straightening op-
eration to shape the discretised lines towards a tensioned equilibrated configura-
tion. The fiber-bundles are then transformed into level-set representation, and the
level-set representations are modified by analytical expression, to suppress inter-
penetration and to insert a gap simultaneously.

4. In our approach: discretised lines are used to shape both lamina (with openings)
and fiber-bundles by means of geometrical operations. Triangulated surfaces can
be generated from the distorted line models and further automatically be trans-
formed into tetrahedral based meshes. Local fiber-reinforced distorted zones can
be accounted for in cross-section of both laminae and fiber-bundles. The approach
allows to generate automatically different shapes of geometrical features in the
unit-cell models (discretised lines are used for both lamina and fiber-bundle, and
independent of the binder parameters), which may make the framework more gen-
eral and simpler to use compared to current software. The framework can easily be
used and further extended to generate unit-cell models for other fiber-reinforced
composite types, with more realistic geometrical features and for other loading
conditions (see Chapter 8). A comparison between the different framework boils
down to similar conclusions as presented in section 2.2.7.

6.5.4 The robustness, performance, advantages, disadvantages of
the framework

On the robustness:
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1. The approach is able to generate in most cases finite element models from the
initial unshaped line model by one push on the button. The finite element models
are hereby automatically translated into an .inp file as input for Abaqus. The .inp
file is loaded in Abaqus in which the mechanical simulations are performed. After
the simulations, data is automatically extracted from the .out file fro, Abaqus and
used in further post-processing in the Matlab environment.

2. The mesh generation in GMSH was observed to be the most crucial part. The
implementation adopted in this work sometimes failed to automatically generate
meshes of more complex geometrical models as the stitched laminate models. It
was observed to be related (in the current implementation) to the discretisation of
the triangulated surfaces, for which it sufficed to adjust the discretisation parame-
ters of the contouring operations by trial and error.

3. The contouring operation fully automatically connects cross-sections of fiber-
bundles and lamina with openings. However, sometimes it may happen, in the
contouring of lamina with out-of-plane undulations, that the auxiliary points sup-
press tetrahedral elements which are not allowed to be removed. In such cases, it
sufficed to adjust manually the discretisation parameters of the contouring opera-
tions.

On the performance: The generation time of the 3D reinforced unit-cell models and
the performed mechanical simulations are in the order of several minutes. The short
time, due to the use of the analytical fiber-reinforced distorted zone model compared to
the multi-fiber model, allows for an efficient evaluation of different binder parameters
via parametric studies.

Advantages of the approach:

1. It is general: shapes of geometrical features corresponding to different binder
parameters can automatically be obtained, while analytical modelling approaches
would need different models for each different shape.

2. It is fast: unit-cell models can be generated in order of several minutes, related to
fact that only geometrical operations are used to shape the lines. Such a geometrical-
based approach may be faster compared to the finite element method, as in the later
a system of equations should be solved by increment-iterative procedures, but a
quantitatively investigation should further be performed to test this statement.

3. It is simple: geometrical model generation approach can be implemented in any
programming language and easily be extended using other initial models or ge-
ometrical operations to generate unit-cell models including for example voids or
micro-vascular networks and their corresponding fiber-reinforced distorted zones.

4. It is automated and integrated with meshing and mechanical simulation frame-
works: with one push on the button, initial unshaped lines can be transformed in
finite element models for which an inp.file is created for input in Abaqus. With
a second push on the button, the mechanical simulations are run and an output
file is generated. With a third push on the button, relevant data is extracted from
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the output file and automatically post-processed for stiffness computation and the
generation of potential local failure initiated regions maps.

Disadvantages of the approach:

1. It is non-predictive: the shape of the features can automatically be obtained, but
the size of the geometrical features (controlled by the geometrical operations pa-
rameters) should ideally still rely on experimental input data.

2. It has been used to generate unit-cell models for local geometrical distortions but
not yet to generate unit-cell models including local effects of fabric compaction.

Capabilities: it is able to generate unit-cell models for in-plane and out-of-plane me-
chanical simulations.

6.6 Conclusion

An approach is presented to generate automatically mesoscopic unit-cell models of 3D
orthogonal woven non-crimp fabric composites which include cross-section variations
in the surface weft and the binder yarns. A boundary-line and inner-line configuration
are considered for the weft and binder yarns respectively to account for the cross-section
shapes variations. Geometrical operations are applied to shape the discretised lines.
Shapes of the binder and surface weft yarn corresponding to different binder contents
and tensioning can be automatically obtained.

The geometrical models are then transformed into FE mechanical models, based on
which the effect of distortions on the stiffness and damage initiation levels is investi-
gated. The following can be observed:

1. The stiffness in the warp direction is slightly increased (2%) while the stiffness in
the weft- and bias-direction are larger increased (12% and 14% respectively).

2. Early damage initiation is observed with the stress concentration regions located
near the binder locations.

3. Transverse cracking in the surface weft yarns, transverse cracking in the binder
yarn, and shear cracking in the binder and surface weft yarn, have been initiated
in 3D woven models subjected to a load applied in warp-, weft- and bias-direction
respectively (global strain of 0.50).

4. A constant cross-section for the surface weft yarn would overestimate the extent
of stress concentration region in the surface weft for warp and bias loading, while
a constant cross-section for the binder yarn in a 3D woven model would under-
estimate the stiffness and overstimate the extent of potential local failure initiated
regions in the binder yarn.

5. The local fiber volume fraction is a main driver of transverse and shear damage in
the weft, warp and binder yarns.
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The results emphasize the importance to account for cross-section variations in the weft
and binder yarns as well as a proper modelling of the fiber volume fraction distribution
in each cross-section.

In future works, geometrical models of 3D orthogonally woven composites including
centerline deflections of the warp yarns (by considering an inner-line configurations for
the warp yarns) and more elaborated fiber-reinforced distorted zones (see chapter 4 and
5), as well as geometrical models of other types of 3D woven composites, can be gener-
ated using the geometry-based framework. The geometry models for the different types
of composites can then further be compared with the in-house 3D woven model gener-
ator (presented in [105]) which uses also geometry-based framework but in which the
cross-sections of the fiber-bundles were assumed constant.
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This chapter presents two case studies with the intend to extend the use of the frame-
work. In a first case study, a lamina is modelled by an inner-line configuration and the
geometrical-based framework is used to model the effect of a pin-insertion on both the
resin-rich region geometry and the distortions inside the fiber-reinforced regions simul-
taneously. In a second case study, unit-cells models of both pinned, stitched and 3D
woven composites, and different binder content, are first generated. Then, the geomet-
rical and mechanical characteristics of the models are compared and related to trends in
binder type and content.

7.1 Fiber-reinforced distorted zone modelling

In a first stage of this research, an inner-line configuration of a lamina was adopted to
model the distortions of the fiber-reinforced regions upon pin insertion. The distorted
inner-line configuration was afterwards used to extract the local fiber volume fraction
and fiber distribution in each lamina. Later on, a boundary-line configuration of a lam-
ina was adopted and distance fields on generated cross-sections were used to model the
fiber volume fraction and fiber direction distribution in the lamina (see chapter 4). The
boundary-line configuration was introduced to drastically decrease the computational
cost of model generation (which is favored in parametrical studies) and to have a param-
eterised fiber-reinforced distorted zone model for which its distorted zone width can be
modified to match experimental observations (rather than being an outcome of the simu-
lation process itself). Nevertheless, the inner-line configuration has attempt to model the
fiber-reinforced distorted zones in the Z-pinned laminates in a novel way and can also
be seen as an extension of the analytical model which can be used but at a larger gener-
ation cost. The presented inner-line configuration can also potentially be used as lamina
representation in Z-pinned and stitched laminates to account for lamina interactions that
can take place for larger pin inclination angles and stitching yarn tensioning. Therefore,
the adopted inner-line configuration of a lamina and the results of the initially performed
investigation, to whether the inner-line configuration and the geometrical-based frame-
work is able to model satisfactory the fiber-reinforced distorted zone in a single pinned
lamina, are presented in the sequel.

7.1.1 Initial model
The pin is represented by a single line and a constant circular cross-section. The line is
positioned at the center of the lamina in the direction perpendicular to the lamina plane
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and is not further discretised in line segments.

The inner-line configuration of the lamina is constructed as follows: First, lines are po-
sitioned on a cross-section (see Fig. 7.1a) near the border (border-lines), near potential
opening location (opening-lines) and at the interior (inner-lines), respectively, (1) to ac-
count for smooth lamina surfaces in a post-processing, (2) to detect potential resin-rich
regions and (3) to represent the fibrous nature of the lamina. The radius of the lines is
determined from the number of lines and the initial fiber volume fraction in the lam-
ina, with the effect of the number of lines that will be assessed by a convergence study
on the generated distorted zone width (see section 7.1.4). A square, a hexagonal and
a random inner-line distribution can be considered initially, but their effect on the ob-
tained distortions will be assessed further in section 7.1.4. The random distribution of
the lines can hereby be obtained using the level-set based micro-RVE generator pre-
sented in [357]. Potential initial interpenetrations between the lines in the cross-section
are further suppressed by the contact treatment, in which the border and opening lines
are constrained and the movement of inner-lines accounts for the full interpenetration
suppression. Afterwards, the lines are extended in the main fiber direction to obtain the
inner-line configuration (see Fig. 7.1b).

border-lines opening-linesinner-lines

a) b)

z

x x

y
z

Fig. 7.1: An inner-line configuration of a lamina: (a) the cross-section with circles rep-
resenting line intersections, (b) 3D model.

7.1.2 Geometrical model generation
Geometrical operations are applied on the pin and lamina lines while the contact treat-
ment accounts for interaction between the lines (Fig. 7.2). The interaction between the
lamina lines is considered symmetrically (q = 0.50) while a lamina line is fully moved
upon contact with the pin. Boundary conditions can be enforced on the bottom and top
surface of the lamina to keep the borders straight.

Step 1: the pin is inflated from zero to its final radius using the inflation operation.

Step 2: the lamina lines are straightened using the straightening operation.

An optimisation for the contact search algorithm is further implemented, through which
only lines having the potential to interpenetrate other lines are considered. Initially, the
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Fig. 7.2: Step-wise generation proces: (1) initial model, (2) pin inflation, (3) lamina
straightening.

pin and the boundaries of the resin-rich regions (see Fig. 7.3a) are the only lines that are
included in the contact search. Upon pin inflation, other lines will be gradually intro-
duced in the contact search when one of their neighbours started to move in a previous
iteration. The neighbour for each line (Fig. 7.3b) can hereby be easily deduced from a
Delaunay triangulation applied on the initial cross-section. Finally, only a limited num-
ber of lines will have been included in the contact search (see Fig. 7.3c).
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Fig. 7.3: An optimisation of the contact treatment to reduce the computational time: (a)
lines which are present in the contact search initially (indicated in green), (b) neighbours
for certain lines detected by a Delaunay triangulation (indicated in green), (c) lines which
are present in the contact search after generation (green)

7.1.3 Fiber volume fraction and fiber direction in the lamina
The local fiber-volume fraction is evaluated on cross-sections which are obtained from
intersections of the distorted inner-line configuration (see Fig. 7.4a-b). The distorted
lines in each cross-section (red lines) (see Fig. 7.4b) are hereby distributed rather uni-
formly in a limited region near the pin. A distorted zone with rectangular shape and
constant fiber volume fraction (Vf ,c(u)) in each cross-section (see Fig. 7.4c) can then
be assumed. The constant fiber volume fraction Vf ,c(u) in the distorted zone of each
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cross-section is determined by:

Vf ,c(u) =
Ainit

cross(u)− (Ade f orm
cross (u)−Adist(u))
Adist(u)

.Vf ,lam (7.1)

where Vf ,lam is the initial fiber volume fraction in the lamina, and Adist , Ainit
cross and Ade f orm

cross
are the area of the distorted zone, the initial cross-section and the deformed cross-section,
respectively. The resulting fiber volume fraction Vf distribution is illustrated in Fig. 7.5a.

The fiber direction distribution in the lamina is directly obtained from the local tangents
to the inner-lines. The fiber misalignment fmis, often used to illustrate the local fiber
direction in a lamina, is defined as the angle between the main fiber direction in the
lamina and the local fiber direction. The resulting fiber misalignment fmis distribution is
illustrated in Fig. 7.5b.
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Fig. 7.4: Fiber volume fraction modelling: (a) the deformed inner-lines, (b) cross-section
of the deformed inner-lines, (c) the assumed fiber volume fraction Vf distribution in a
cross-section.
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Fig. 7.5: The resulting fiber volume fraction Vf and fiber misalignment fmis distribution
in the lamina.

7.1.4 Illustration on the effect of different model parameters
The next illustrations will be performed on 2D models representing approximately the
cross-section near the pin location in the 3D models. The initial cross-section of the
inner-line configuration (see Fig. 7.1a) is considered here, and a pin is positioned verti-
cally in the center of the cross-section. The pin is inflated, while the contact treatment
accounts for line interaction and, to keep the lamina borders straight, boundary condi-
tions are imposed on the bottom and top of the cross-section to keep the lamina borders
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straight. The cross-section models represent approximately what is happening in a cross-
section near the pin in 3D models, but with the main difference that compaction effects
due to line straightening in the 3D models are not considered.

Inner-line distribution

Fig. 7.6 illustrates the effect of the inner-line distribution on the distortions taking place
(indicated by the red lines) in the cross-section models. A square, a hexagonal and a
random inner-line distribution are considered. The line radius for each configuration is
approximately 4 times a carbon fiber radius R f iber(3.5µm) while the initial fiber volume
fraction in the cross-section is 0.5 (as typically observed in prepregs). It can be seen that
a square and hexagonal configuration for the inner-lines results in less compacted dis-
torted zones, and to a larger distorted zone width compared to the random configuration.

SEM-images were then taken (by the author) from cross-section cuts of a non-crimp fab-
ric composite to investigate the fiber-distribution in assumed undistorted and distorted
regions caused by the binder (Fig. 7.7). The undistorted region was considered at the
center of a fiber-reinforced region while the distorted region was considered near the
binder yarn (see Fig. 7.7a). The fibers are rather randomly positioned in the undistorted
region (see Fig. 7.7b) and have a closely-packed configuration in the distorted region
(see Fig. 7.7c), conform to other experimental observations [220, 224, 383]. A ran-
dom initial inner-line distribution should therefore probably be considered in the models,
rather than to a square or hexagonal initial inner-line distribution (and so will be adopted
in further simulations).

a)

b)

c) z

x

Fig. 7.6: Distorted inner-lines in a cross-section for different initial line distributions: (a)
a hexagonal distribution, (b) a square distribution, (c) a random distribution (note that a
line configuration can have a different numbers of lines and as such a different radii for
its lines).

Number of lines

Fig. 7.8 illustrates the effect of the number of lines on the distorted zone width with a
2D model. The number of lines is deduced from the line radius and initial fiber volume
fraction in the lamina, with a line radius chosen as the multiplication of a parameter
f and a default fiber radius R f iber = 3.5µm. The width of the distorted zone for each
cross-section is normalised by the radius of the pin. Three random-distributed inner-
line configurations have further been generated for each number of lines. The average
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Fig. 7.7: SEM-images made from a [0/90/90/0] non-crimp fabric composite: (a) 2D
view, (b) a zoom on the fiber-reinforced region away from the binder yarn (undistorted
zone), (c) a zoom on the fiber-reinforced region near the binder yarn (distorted zone)

of these results was considered in the graphs presenting the distorted zone width and
computational time in function of the number of lines. It can be seen that the distorted
zone width decreases for an increasing number of lines and that no convergence is tak-
ing place for the distorted zone width for decreasing line radii (see Fig. 7.8). The lack
of convergence can be explained from the presence of residual interpenetrations which
arise from a limit imposed on the maximum number of contact iterations to obtain re-
sults in reasonable time. The distorted zone width further depended on the pin inflation
increment as illustrated in Fig. 7.9. Both the lack of convergence and the distorted zone
width dependency on the pin inflation increment questions the predictability (and so the
benefits) of the approach (as disucssed in section 7.1.5).
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Fig. 7.8: Convergence study on the number of lines: (a) distorted inner-lines in a cross-
section, (b) the distorted zone width in function of the number of lines, (c) the generation
time in function of the number of lines. (Rpin = 140µm, R f iber = 3.50µm)

Boundary conditions on lamina surfaces

Fig. 7.10a illustrates the effect of boundary conditions that can be applied on the bottom
and top of the lamina (as described in chapter 4). For unconstrained lamina, lines can
locally move beyond the lamina borders. For constrained lamina, the lamina borders
remain straight and the width of the distorted zone is observed to be slightly larger com-
pared the unconstrained configuration. The application of boundary conditions would
then allow to account in an advantageous manner for lamina interactions in laminate
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Fig. 7.9: The dependency of a pin inflation increment a on the movement of lines during
contact treatment: (a) a = 0.10Rline, (b) a = 0.50Rline, (c) a = 0.90Rline. The small
inflation increment (a = 0.10Rline) gives the most realistic results, but the corresponding
increase in the number of inflation increments makes such small inflation increment
computationally expensive.

models, without the need to model explicitly lamina interactions (reducing hereby the
computational time).

Pin radius

Fig. 7.10b illustrates the effect of different pin radii on the distorted inner-line configu-
ration (red lines). It can be seen that the inner-line configuration is able to account for
distorted zone widths which increase with the pin radius, as experimentally observed
in [324].
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Fig. 7.10: Distorted inner-lines in cross-sections illustrating the effect of different model
parameters: (a) the boundary conditions which can be applied on the bottom and top
surface of the lamina, (b) the pin radius.
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Initial fiber volume fraction in the lamina

Fig. 7.11 illustrates the effect of different fiber volume fraction of the lamina Vf ,lam on
the final local fiber-volume fraction and fiber misalignment distributions in the lamina,
and on cross-sections of the distorted inner-line configuration. It can be seen that the
inner-line methodology indicates a correlation between the distorted zone width and the
initial fiber volume fraction in the lamina. The maximum fiber volume fraction in the
lamina is hereby lower than the theoretical maximum 0.90 that corresponds to a closely-
packed hexagonal fiber configuration.
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Fig. 7.11: Distorted inner-lines in cross-sections and the fiber volume fraction Vf and
fiber misalignment θmis distribution in the lamina for different initial fiber volume frac-
tion V init

f in the lamina: (a) V init
f = 0.40, (b) V init

f = 0.50, (c) V init
f = 0.60.

7.1.5 Reflection on the predictability of the approach

The predictive behaviour of the approach is challenged by following aspects:

1. Straight lines are considered in the inner-line configuration, while fibers in undis-
torted configuration are characteristed by microscopic waviness which can affect
transverse compaction [43, 384–386].

2. The line radius is taken larger than a fiber radius, as such that lines geometrically
do not represent fibers.

3. Initial interpenetration are allowed during the contact treatment, which are not
physical and causes the model outcome to be dependent on the pin inflation incre-
ment.
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4. The distorted zone width does not converge for a reduced number of lines (hereby
having set a maximum number of iterations to make the problem computationally
feasible).

5. No mechanics are involved in the contact treatment and straightening operation,
where, experimentally, friction between the fibers, fiber bending stiffness and the
presence of semi-cured matrix upon pin insertion may affect the outcome.

Model parameters should therefore be calibrated with experimental observation for use
in predictive mechanical simulations.

7.1.6 Conclusion
The framework developed previously was extended to model the fiber-reinforced dis-
torted zones in pinned lamina computationally. An inner-line configuration of the lam-
ina was adopted and geometrical operations were applied on the pin and the lamina
lines, while a contact treatment accounted for line interactions. The fiber volume frac-
tion distribution in the lamina was deduced from cross-section of the distorted inner-line
configuration in a post-processing stage, while the fiber direction distribution in the lam-
ina was obtained as the local tangent to the inner-lines.

The approach allows obtaining automatically correlations of the distorted zone width
with the initial fiber volume fraction in the lamina and the pin radius, but is computa-
tionally expensive. The approach is challenged in its predictability and in its ability to
fit geometrical features as distorted zone width, fiber-volume fraction and fiber direction
distributions to experimental data (contrary to the analytical fiber-reinforced distorted
zone model for which the distorted zone width can be regulated and the profile of fiber
volume fraction and fiber direction can theoretically be chosen). The analytical-based
fiber-reinforced distorted zone model (as presented in the pinned and stitched laminate
chapters) was therefore seen as a better and more efficient alternative for fiber-reinforced
distorted zone modelling the fiber volume fraction and the fiber-direction in pinned,
stitched and even 3D woven models.

7.2 Models with different binder content and binder type

The framework allows the generation of 3D reinforced composite unit-cell models cor-
responding to different binder type, content, diameter, tensioning, etc. The generation
process (summarised in Fig. 7.12) starts from an initial model on which geometrical
operations are applied. The shaped lines are transformed into cross-sections on which
fiber-reinforced models are afterwards assigned. The geometrical models are subse-
quently meshed and further used in mechanical simulations. The generation process for
each 3D reinforced composite differs in the initial model configuration, the applied ge-
ometrical operations (and corresponding parameters) and the selected fiber-reinforced
distorted zone model, while interpenetration suppression, meshing and mechanical sim-
ulations are general applicable among the 3D reinforced composite types. The differ-
ences in the adopted geometrical operations and their corresponding parameters can be
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found in Table 4.1, Table 5.1 and Table 6.2 for the Z-pin, stitched and 3D woven com-
posites respectively. An illustration of the framework, accompanied by the geometrical
and mechanical characteristics of generated models corresponding the different binder
types and binder content, are presented in this section.

initial model
geometrical

operations

fiber-reinforced

region model

meshing

(GMSH)

mechanical simulations

(Abaqus)

Fig. 7.12: Flowchart: generation process similar for each 3D reinforced composite.

7.2.1 Models

For illustration, pinned, stitched and 3D woven unit-cell models for binder content of
0.5, 2 and 4% are generated using the presented framework and subsequently compared.

Table 7.1 presents the initial model parameters for the different binder type models. A
stacking sequence of [0/90/90/0] is considered for the pinned and stitched laminates,
while the in-plane fiber-bundles of the 3D woven model are automatically aligned in
the 0 and 90-direction. The initial fiber volume fraction in the in-plane fiber-reinforced
regions is 0.6,0.5,0.6 for pinned, stitched and 3D woven composites respectively, com-
parable to experimental observations [35,99,189,190]. A circular and an elliptical cross-
sections are considered for the pin and stitching yarn, and the binder yarn, respectively.
Their dimensions are determined by considering a unit-cell model with sides 1750µm
and a binder content of 2%. The in-plane unit-cell dimensions are adapted to generate
unit-cell models for different binder content while the binder yarn dimensions remain
constant.

Table 7.2 presents the step-wise generation process for the different binder type models.
The single-line configuration of the binders is not transformed into multi-line configu-
ration in this section. The matrix in the generated unit-cell model will be considered to
fully embed the stitching and binder yarn (as illustrated by the mesh models presented
in Fig. 7.13). The same generation parameters are used for the different binder contents.

Finite element models are then generated from the geometrical models. A global strain
of 0.50% is applied on the unit-cell models, a straining level for which early damage ini-
tation have experimentally shown to take place in 3D reinforced composites [24,99,329].
The stiffnesses of the models (E) for different binder content are normalised by the stiff-
ness of the model with a binder content of 0.50% and the corresponding binder type (this
normalised stiffness is indicated by Enorm∗ ). Local stresses are evalualated based on the
local damage indicators for transverse and shear damage ( f22 and f12 respectively) in the
fiber-reinforced regions and matrix damage ( fm) using the criteria presented in [377](see
also chapter 4). The x-direction and y-direction are further defined along the 0- and 90-
direction of the fiber-reinforced regions, respectively.
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pinned (inclined) laminate stacking sequence 0/90/90/0
Vf ,init 0.600

pin cross-section(R) circular(280µm)
(inclined) α f inal 15◦

stitched laminate stacking sequence 0/90/90/0
Vf ,init 0.500

stitch cross-section(R) circular(100µm)
Vf ,init 0.500

3D woven warp,weft,binder Vf ,init 0.600
binder cross-section (a-b) ellipse(100-50µm)

Vf ,init 0.500

Table 7.1: Initial model parameters for the vertically pinned, inclined pinned, stitched
and 3D woven models.

step operation id line qbl parameter value experimental data
pinned 1 single-line inflation pin 0 f 1 width of resin region
(inclined) (2) rotation pin 0 α f 15 final pin inclination

3 straightening lamina 0 s 23 length of resin region
4 distorted zone - - k 1 width of distorted zone

stitched 0 initial model - - zout - out-of-plane undulation
1 single-line inflation stitch 0 f 0.80 width of resin region
2 straightening stitch 0 s 2 centerline stitching yarn
3 straighening lamina 1 s 30 length of resin region
4 distorted zone - - k 1 width of distorted zone

3D woven 1 border-line weft - Rline 0 -
2 straightening binder 0 s 10 -
3 straightening binder 0 s 5 centerline binder
4 straightening weft 1 s 50 fiber misalignment weft

Table 7.2: Generation strategy and parameters for the vertically pinned, inclined pinned,
stitched and 3D woven models.

7.2.2 Geometrical characteristics
The percentage of in-plane fiber-reinforced region with a local fiber volume fraction Vf
larger than 0.7 (V>0.70

f ), the percentage of in-plane fiber-reinforced region with a fiber
misalignment fmis larger than 0 ( f>0

mis) and the maximum misalignment in the in-plane
fiber-reinforced region ( f max

mis ) are considered as the main geometrical characteristics
which may potentially explain trends of stiffness (using f>0

mis) and stress concetrations
(using V>0.70

f and f max
mis ). A distinction in geometrical features is further made between

fiber-reinforced regions which are aligned to or transverse to the stitching direction (x-
and y- direction respectively).

Fig. 7.14 presents the geometrical characteristics of the generated models, from which
the following trends on binder content, binder type and in-plane direction can be ob-
served (a comparison with experimental observations is given thereafter):

1. An increase in binder content increases the relative amount of distortions in the
in-plane fiber-reinforced regions (see V>0.7

f , f>0
mis) and leaves unchanged the max-
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a) b) c) d)
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Fig. 7.13: Generated mesh models (with and without matrix) for different binder con-
figurations: (a) vertical pin, (b) inclined pin, (c) stitching yarn, (d) binder yarn (binder
content 2%).

imum fiber misalignment for relatively small binder content. The slope of the
increase in fiber-waviness region and the maximum fiber misalignment in the
fiber-reinforced region decreases for large binder contents, which can directly be
explained from the interactions between distortions in neighbouring unit-cells that
can take place for larger binder content (see Fig. 7.15).

2. Inclined pinned and stitched laminates are the highest distorted, while 3D woven
composites are the lowest distorted, upon binder insertion. The largest distortions
for the inclined pin and stitching yarn are due to the pin rotation and the conti-
nuity of the stitching yarn respectively. The smaller distortions for the 3D woven
composites can be due to the fact that in the 3D woven model the binder yarn
is inserted between the fiber-bundles, compared to pinned and stitched models in
which the binder is inserted through the fiber-reinforced regions.

3. The fiber-reinforced regions aligned in the binder direction are less distorted com-
pared to the fiber-reinforced regions with fiber aligned transversal on the binder
direction. Note also the zero distortions in the fiber-reinforced regions of the 3D
woven model aligned in the binder direction, that are due to modelling assump-
tions through which the warp yarns were assumed to not interact with the weft and
binder yarns. The effect of this assumption, especially for larger binder yarn ten-
sioning and transverse compaction levels, should be investigated in future work.
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Fig. 7.14: Graphs illustrating the effect of the binder content and binder type on the
percentage of fiber-reinforced region with a fiber volume fraction larger than 0.700
(V>0.700

f ) or with a fiber misalignment larger than 0 (θ>0
mis), and on the maximum fiber

misalignment in the fiber-reinforced region, in the models, whereby a distinction is made
between the fiber-reinforced regions which are aligned in the x- or y-direction (illustrated
in (a) and (b) respectively).
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Fig. 7.15: Fiber volume fraction Vf and fiber misalignment θmis distributions for dif-
ferent binder type models corresponding to binder content 0.5,2 and 4%: (a) vertically
pinned models, (b) inclined pinned models, (c) stitched models, (d) 3D woven models.

7.2.3 Mechanical characteristics
The stiffness components Ei j (which will be for our case the ratio between the macro-
scopic stress and strain in the direction of the loading) and the percentage of damage
initiated in-plane fiber-reinforced region (indicated by f>1

i j ) of the unit-cell model are
considered in the mechanical characterisation, in which the unit-cell models were sub-
jected to a global strain of 0.5% along both directions in and transversal to the binder
direction (x- and y-loading respectively). The stiffness of each model was further nor-
malised by stiffness of the model with a binder content of 0.5% and the same binder type
(this normalised stiffness is indicated by Enorm∗ ).

Fig. 7.16 presents the mechanical characteristics of the generated models, for which the
following trends in terms of binder content, binder type and loading direction can be
observed:

1. An increased binder content decreases the stiffness and increases the percentage
of damage initiation indicator in the fiber-reinforced regions. The slope in the
stiffness reduction of the models loaded in the y-direction diminishes for large
binder content (conform to fmis) while the slope of the region percentage that
undergoes damage initiation f>1

i j remains approximately linear (conform to Vf ,
rather than fmis).

2. Vertical pinned laminates are characterised by the smallest reduction in stiffness,
while 3D woven models are characterised by the largest reduction in stiffness
(taking place transversal to the binder direction). The large stiffness reduction of
the 3D woven models is explained by the decrease of the in-plane fiber volume
fraction caused by the fact that the gaps between the fiber-bundles remain con-
stant and the fiber-bundle dimensions are changed to accommodate larger binder
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Fig. 7.16: Graphs illustrating the effect of the binder content and binder type on a nor-
malised stiffness Enorm∗ (defined in section 7.2.3) and on the percentage of locally dam-
aged regions ( f>1

i j ), for the models loaded in different directions: (a) x-direction loading,
(b) y-direction loading.

content (openings between fiber-bundles are not present in pinned and stitched
laminates). 3D woven models experience further the least local damage initiation
regions, as can also be observed from Fig. 7.18.

3. The stiffness transverse to the binder direction (meaning pinned, stitched and 3D
weaving direction) is much larger decreased than the stiffness in the binder di-
rection (correlating with the trends in the percentage of fiber-reinforced waviness
region θ

>0
mis), while the percentage of regions subject to damage initiation in both

directions are approximately similar.

A comparison can further be made between experimental observations presented in [80]
(see also Fig. 7.17 for a reproduction) and the simulations results. The experimental
data showed that the stiffness of pinned laminates was reduced for increasing binder
content, while it remained ambiguous whether the stiffness of stitched and 3D woven
composites increases, decreases or remains unchanged for increased binder content. The
simulation results, for which a reduction in stiffness was observed for each binder type,
then suggest that other features such as an increased in-plane fiber volume fraction due
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a) b)

c)

Fig. 7.17: Effect of z-binder content on the normalized tensile modulus of (a) 3D woven
(b) stitched and (c) pinned composites (reproduced from [80])

to consolidation processes caused by stitching and 3D weaving, should be present (or
accounted for) to reproduce the experimental observation (as was also proposed in [80]
by means of mechanistic interpretations).

7.2.4 Conclusion
Models are generated for different binder types and binder contents. They are gener-
ated and characterised geometrically and mechanically using the presented framework.
Binder content and binder type seem to generate different geometrical characteristics
which then correlate with mechanical characteristics. The potential of the framework
for an automated generation of unit-cell models for 3D reinforced composites, integrated
with existing finite element software and developed post-processing tools, have hereby
been illustrated.
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Fig. 7.18: Potential local failure initiated regions, with an indication of the main lo-
cal damage initiation mechanism, for different binder type models corresponding to the
binder content 0.5, 2 and 4%: (a) vertical pinned model, (b) inclined pinned model, (c)
stitched model, (d) 3D woven model.
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Chapter 8
Conclusions and future work

This chapter present the conclusions and future work in geometrical model generation
and mechanical simulations.

8.1 Conclusions

8.1.1 Geometrical modelling approach

An approach was presented to generate unit-cell models of pinned, stitched and 3D
woven composites. Discretised lines, which are used to represent the geometrical fea-
tures in the lamina and fiber-bundles, are positioned in an initial undistorted loose-state
configuration and are then gradually shaped by geometrical operations, while the inter-
actions between the lines are accounted for by a geometrical contact treatment. The
fiber volume fraction and fiber direction in the lamina and fiber-bundles are modelled on
cross-sections in a post-processing step, hereby having included a local fiber-reinforced
distorted zone in the cross-sections of the pinned and stitched lamina. The shapes of the
geometrical features corresponding to different laminate stacking sequences and binder
parameters (content, diameter, tensioning) can automatically be generated while the di-
mensions of the geometrical features can be regulated by the parameters of the geo-
metrical operations. The implemented geometrical features for each binder type are the
following:

1. For pinned laminates, a rectangular pin pattern is considered. Resin-rich regions,
local fiber-reinforced distorted zones and pin inclination (due to pin insertion and
pin chamfering) can be included in the unit-cell models. The length of the resin-
rich regions, the width of the local distorted zone, the initial and final pin incli-
nation angle and the fiber crimp during pin chamfering can be controlled. The
laminae are assumed not to interact with each other as matter of simplification.

2. For structurally stitched non-crimp fabric composites, a modified lock stitch pat-
tern is considered. Resin-rich regions, out-of-plane undulations in the surface
laminae, a deformable stitching yarn and local fiber-reinforced distorted zones
can be included in the unit-cell models. The width and length of the resin-rich
regions, the extent of the out-of-plane undulations in the surface laminae, the lo-
cal distorted zone width and the shape of the stitching yarn (discretised) centerline
and cross-sections corresponding to different stitching yarn tensioning can be con-
trolled by the parameters corresponding to the geometrical operations. The lamina
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are assumed not to interact with each other and the modified lock stitch is repre-
sented by two unconnected U-shaped arm, both as matter of simplification.

3. For 3D woven non-crimp fabric composites, a 3D orthogonal weave pattern is
considered. Cross-section variations for the weft yarns and cross-section varia-
tions and different centerline positions for the binder yarns can be included in the
unit-cell models, which can further be controlled to account for different binder
content and tensioning. The in-plane fiber-bundles are assumed to not interact
with each other by means of simplification.

The geometrical models can then be automatically transformed into conforming tetrahe-
dral meshes with in-plane periodic surface meshes by the tools presented in this work.

8.1.2 Mechanical simulations
The effect of geometrical features on the stiffness and local damage initiation was in-
vestigated. A normalised stiffness is considered to state the effect of binder insertion
compared to an undistorted configuration that does not include the binder neither its
distortions. The following observations could be made:

1. The normalised stiffness of a pinned lamina is either decreased or increased, de-
pending on the main fiber direction in the lamina. A lamina with fibers aligned in
the load direction experienced a reduction in stiffness (3%) while a lamina with
fibers oriented in 30◦ or 90◦ from the load direction experienced an increase in
stiffness (5% and 2% respectively) (for a pin content of 2%). The decrease and
increase in stiffness for each binder type enlarges for larger binder content.

2. The normalised stiffness of a laminate depends on the binder type, the binder
content and the loading direction. For a pinned laminate with a [0/90/90/0] stack-
ing sequence and a 2% binder content, the stiffness can be decreased by 2% (for
a vertical pin) or can be decreased by 16% (for an inclined pin, transversal on
the pin inclination direction and pin inclination due to pin chamfering). For a
stitched laminate with a [0/90/90/0] stacking sequence and a 2% stitch content,
the stiffness is increased along the (longitudinal) stitch direction (1%) and de-
creased transversal on the (longitudinal) stitch direction (15%). For a 3D woven
composite with a 2% binder content, the stiffness is increased along the in-plane
weaving direction (2%) and decreased transversal to the binder direction (14%).
The extent of increase and decrease enlarged for increasing binder content for each
binder type.

3. Early damage initiation has been observed to take place for each binder type
around the binder location. Transverse and shear cracking can take place in the
in-plane fiber-reinfored distorted regions and the binder yarn depending on the
stacking sequence and the loading direction. Matrix cracking took also place near
the binder location.

4. The local fiber volume fraction has a large effect on transverse and shear crack-
ing in the in-plane fiber-reinforced regions and the binder yarn, where local fiber
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misalignment affected the stiffness, and damage initiation mechanisms and stress
levels.

5. Geometrical features (as pin inclination due to pin chamfering, out-of-plane undu-
lations, cross-section variations in fiber-bundles and the presence of the stitching
yarn) were shown to affect stiffness and damage initiation and need to be properly
accounted for in models.

The generated models can further be exploited to study the effect of the binder and their
corresponding reinforcement distortions on the enhancement of the toughness properties
for the 3D reinforced composites, as will be part of future work.

8.1.3 In summary
This research contributed in the development of a novel approach to introduce in a simple
and fast way the complex shapes of the geometrical features of reinforcement distortions
caused by binder insertion, as well as in a thorough understanding on the global and
local effect of geometrical features on the mechanical in-plane behaviour for in-plane
loading conditions. The framework can now be used in detailed parametrical studies
on the effect of geometrical features and binder parameters on the stiffness and damage
imitation levels to explain experimentally observed scatter in mechanical characteristics
and to provide design guidelines in the binder parameter optimisation both of interest
for industry.

8.2 Future work

8.2.1 Quantitative validation of the approach
The approach should ideally be validated through comparisons with experimental data.
An explanation of why the methodology is not quantitatively compared with experimen-
tal data may rely on the following reasoning’s:

1. A quantitative investigation would compare the dimensions of generated geomet-
rical features with experimental observations. However, the dimensions of the
geometrical features should be set itself by the experimental observations using
the parametric design spaces in each corresponding section. The shape of the ge-
ometrical features, as the outcome of the geometrical operations, should however
be compared with experimental observations, which was done qualitatively by
referring to the images from experimentally observed features in corresponding
chapters.

2. The literature did not provide quantitative geometrical data on all geometrical
features of interest.

3. We have attempted to request Z-pinned laminates specimens from the Bristol Uni-
versity in order to analyse the fiber-reinforcement distorted zone near the Z-pin
location by cross-sections cuts and SEM, but with no success.
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A future work may consist in a quantitative (rather than a qualitative) investigation of
the geometrical features in each 3D reinforced composites. Herefore, specimens can be
requested at other research departments and companies, or produced on lab-scale at the
MeMC department. The specimens can then be cut at desired locations and the cross-
sections can further be analysed with the Scanning Electron Microscope present at the
MACH department on the VUB.

8.2.2 Exploiting the framework
The inner-line configurations for lamina and fiber-bundles can be used to generate more
realistic geometrical models of stitched and 3D woven composites which includes cen-
terline deflections of lamina and fiber-bundles (that can arise for larger stitch or binder
yarn tensioning or larger compaction levels in which the stitch or binder yarn is latterly
compressed into the underlying fiber-reinforced regions). It suffices to replace in the
modelling approach the border-line configuration with the inner-line configuration and to
apply a similar generation strategy as presented in corresponding chapters. An investiga-
tion is then needed to validate whether the inner-line configuration and the geometrical-
based framework are able to provide desired geometrical features and a comparison
can be made with the digital element approach, which uses the (more expensive) finite-
element based framework, in terms of generated geometrical features and computational
time.

The multi-line configuration for fiber-bundles and the multi-line inflation operation can
be investigated in their potential to suppress interpenetrations in simplified analytical
woven composite models. Each fiber-bundle can hereby be transformed into a multi-line
configuration which is then gradually inflated by the multi-line inflation in the model,
while the contact treatment, accounting for line interactions, results in local distortions
of the lines at interpenetration locations. The local distortions are afterwards smoothed
using the straightening operation. Such an approach would give an alternative to existing
interpenetration suppression methodologies [102,179] in which the smooth shape of the
cross-sections of the fiber-bundles remains preserved.

8.2.3 Embedding sensors and micro-vascular networks
Sensors and micro-vascular networks can be introduced in fiber-reinforced composites to
detect and heal damage respectively [387–391]. Tubes are hereby inserted horizontally
in the fiber-reinforcement architecture, which further causes distortions of the reinforce-
ment architecture (as typical tube diameters range from 100 to 500µm). The in-plane
and out-of-plane mechanical properties of these multi-functional composites materials
are largely reduced by the presence of the tubes [246,392–399]. Unit-cell models should
therefore include the main geometrical features of the tubes and their distortions to be
predictive in mechanical simulations.

Out-of-plane undulations of the lamina, eyelet-shaped regions around the tubes and de-
formable tubes are typically the main geometrical features present of these composites
(see Fig. 8.1a). The out-of-plane undulations decrease gradually through-the-thickness
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of the laminate. The eyelet-shaped regions transform into channel-shaped structure for
decreasing tube spacing. Circular and elliptical shaped cross-section of the tubes can be
present, depending on the tube material.

Analytical modelling approaches have been adopted to introduce these features in unit-
cell models. [392, 399–401]. Cosine-shapes and cylindrical shapes are hereby used to
model the undulations of the lamina and the cross-section of the tubes respectively. A
similar computational approach (as in the void modelling) can then be used, in which
(this time) tubes will be introduced inbetween discretised lines using a single or multi-
point inflation procedure to model undeformable and deformable tubes respectively (see
Fig. 8.1b).
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Fig. 8.1: Embedding sensors and micro-vascular networks: (a) experimental observa-
tions (images taken from [397]), (b) undeformable and deformable tube model.

8.2.4 Lamina waviness modelling
Lamina waviness can arise in multi-directional laminate due to thermal stresses and in
non-crimp fabric composites due to nesting of lamina in neighbouring resin-rich regions
during transverse compaction. This was shown to affect the in-plane mechanical prop-
erties [246, 402–404] and should therefore be included in the unit-cell models.

In one approach, an inner-line configuration for each lamina can be adopted in the pinned
and stitched models, whereafter the flattening operation can be applied on the unit-cell
models to mimic transverse compaction. A more simple approach consists in intro-
ducing lamina waviness analytically in unit-cell models, but followed by the use of the
geometrical-based framework to include for example binder distortions on top of the
lamina waviness introduced in the unit-cell models.

8.2.5 Extending the finite element models
First, more advanced damage initiation models can be adopted (compared to the more-
simple used maximum stress criteria) to account for the interaction between the normal
and shear stress components in local strength models and to obtain data on the local
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failure plane inclination orientation [331, 332, 405]. Second, continuum damage me-
chanics can be introduced to account for damage evolution in the fiber-reinforced re-
gion [406–410], in the matrix and at the interface [359], which will allow going from
damage initiation only (as done in this work) towards real damage propagation. Third,
crack mechanics can be introduced to initiate crack development in the fiber-reinforced
region and at the interfaces [63, 359, 411–415]. Non-linear simulations can then be per-
formed using specialised software as Abaqus with build-in damage and failure models.
Examples of contributions including damage initiation, damage propagation and fail-
ure mechanisms in their mechanical simulations for different types of fiber-reinforced
composites can be found in [96, 161, 309, 326, 416–422].

8.2.6 Out-of-plane finite element simulations
The out-of-plane mechanical behaviour of 3D-reinforced composites can be charac-
terised by performing mechanical simulations in the out-of-plane direction on the unit-
cell models generated in this work. Analytical mechanical model and simplified unit-
cell models were already been proposed in the literature (pinned [86, 93, 423–427],
stitched, 3D woven). The intended out-of-plane simulations will then contribute by
introducing more realistic geometrical features. The response of the unit-cell models
can then exploited in double cantilever beam (for mode-1) and end notched flexure (for
mode-2) simulations as constitutive law for cohesive zone elements or connector ele-
ments [189, 263, 335, 428, 429], where full-scale models (as adopted in [355]) might be
computationally too expensive.
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[243] F Fritzen, T Böhlke, and E Schnack. Periodic three-dimensional mesh generation
for crystalline aggregates based on voronoi tessellations. Computational Mechan-
ics, 43(5):701–713, 2009.
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[360] VA Guénon, TW Chou, and JW Gillespie. Toughness properties of a
three-dimensional carbon-epoxy composite. Journal of materials science,
24(11):4168–4175, 1989.

[361] Y Tanzawa, N Watanabe, and T Ishikawa. Interlaminar fracture toughness of 3-d
orthogonal interlocked fabric composites. Composites Science and Technology,
59(8):1261–1270, 1999.

[362] Y Tanzawa, N Watanabe, and T Ishikawa. Fem simulation of a modified dcb
test for 3-d orthogonal interlocked fabric composites. Composites Science and
Technology, 61(8):1097–1107, 2001.

[363] DmS Ivanov, SV Lomov, AE Bogdanovich, M Karahan, and I Verpoest. A com-
parative study of tensile properties of non-crimp 3d orthogonal weave and multi-
layer plain weave e-glass composites. part 2: Comprehensive experimental re-
sults. Composites part a: applied science and manufacturing, 40(8):1144–1157,
2009.

[364] AE Bogdanovich. Advancements in manufacturing and applications of 3d woven
preforms and composites. In 16th international conference on composite materi-
als, pages 1–10. Citeseer, 2006.

178



BIBLIOGRAPHY

[365] KH Leong, B Lee, I Herszberg, and MK Bannister. The effect of binder path on
the tensile properties and failure of multilayer woven cfrp composites. Compos-
ites Science and Technology, 60(1):149–156, 2000.

[366] PJ Callus, AP Mouritz, M Kt Bannister, and KH Leong. Tensile properties and
failure mechanisms of 3d woven grp composites. Composites Part A: Applied
Science and Manufacturing, 30(11):1277–1287, 1999.

[367] G Stegschuster, K Pingkarawat, B Wendland, and AP Mouritz. Experimental
determination of the mode i delamination fracture and fatigue properties of thin
3d woven composites. Composites Part A: Applied Science and Manufacturing,
84:308–315, 2016.

[368] BN Cox, MS Dadkhah, and WL Morris. On the tensile failure of 3d woven
composites. Composites Part A: Applied Science and Manufacturing, 27(6):447–
458, 1996.

[369] WS Kuo and TH Ko. Compressive damage in 3-axis orthogonal fabric compos-
ites. Composites Part A: Applied Science and Manufacturing, 31(10):1091–1105,
2000.

[370] M Ansar, W Xinwei, and Z Chouwei. Modeling strategies of 3d woven compos-
ites: a review. Composite structures, 93(8):1947–1963, 2011.

[371] AR Labanieh, Y Liu, D Vasiukov, D Soulat, and Stéphane Panier. Influence of off-
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