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Abstract

Composites made from three-dimensional (3D) textile preforms can reduce
both the weight and manufacturing cost of advanced composite structures
within e.g. aircraft, naval vessels and blades of wind turbines. In this thesis
composite beams reinforced with 3D weave are studied, which are intended
for use as joining elements in a boltless modular design.

In practice, there are a few obstacles on the way to realise the modular
boltless design. There is lack of experimental data and more importantly, lack
of experience and tools to predict the properties of composites reinforced with
3D-weaves. The novel material will not be accepted and used in engineering
applications unless proper design methods are available.

The overall aim of this thesis is to remedy these deficiencies by generating
data, experience and a foundation for the development of adequate design
methods.

In Paper A, an initial experimental study is presented where the mechanical
properties of 3D-weave reinforced composites are compared with correspond-
ing properties of 2D-laminates. The conclusion from Paper A is that the out-
of-plane properties are enhanced, while the in-plane stiffness and strength is
reduced.

In Paper B the influential crimp parameter is investigated and three an-
alytical models are proposed. The warp yarns exhibit 3D crimp which had
a large effect the predicted Young’s modulus as expected. The three models
have different levels of detail, and the more sophisticated models generate
more reliable predictions. However, the overall trends are consistent for all
models.

A novel framework for constitutive modelling of composites reinforced with
3D-woven preforms is presented in Papers C and D. The framework enables
predictive modelling of both internal architecture and mechanical properties
of composites containing 3D textiles using a minimum of input parameters.
The result is geometry models which are near authentic with a high level of
detail in features compared with real composite specimens. The proposed
methodology is therefore the main contribution of this thesis to the field of
composite material simulation.

Paper E addresses the effect of crimp and different textile architectures on
the mechanical properties of the final composite material. Both stiffness and
strength decreases non-linearly with increasing crimp. Furthermore specimens
containing 3D-woven reinforcement exhibit non-linear stress-strain behaviour
in tension, believed to be associated with relatively early onset of matrix shear
cracks.
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Introduction 3

1 Background

Three-dimensionally woven textiles are not only beautiful, they also have the po-
tential to change the way aircraft and other complex and weight critical structures
are built.

New challenges emerges with the increasing concern for the human foot-print
on the environment. How to facilitate future demand for safe, fast, economical
and yet less environmentally harmful transportation is such a challenge. In this
quest, weight plays a paramount role since the energy required to move an object is
largely dependant on its mass. The trend in the aerospace industry, and elsewhere,
is therefore to design for both lightweight and low cost. The leading aircraft man-
ufacturers have, in their strive to reduce structural weight, dramatically increased
the use of fibre reinforced composite materials in their new aircraft, much due to
the high stiffness and strength to weight ratio of the material. The development
can be exemplified by the new Boeing 787 Dreamliner which is the first commercial
aircraft with both composite wings and fuselage1, for which the combined weight
of the composite parts account for 50% of the structural weight [1]. This marks
a shift from using composite materials mainly in secondary structures (i.e. radar
domes and control surfaces etc.) to also using composites in load bearing primary
structures. However, the increased use of composite materials is currently associ-
ated with increased manufacturing costs [2]. Today the industry estimates that the
market for carbon fibre reinforced plastics (CFRP) is worth about $16 billion, and
is expected to triple within 10 years [3].

The most common manufacturing method for primary aircraft structures made
of CFRP, is pre-preg layup2. The mechanical properties of composites made from
pre-pregs are characterised by high in-plane stiffness and strength and lower out-
of-plane stiffness and strength. According to Naik and Ganesh [4] the majority
of primary loads in aircraft structures are in-plane, and hence motivate the use
of pre-preg laminates. The fuselage is one example where this is true. However,
in parts such as stiffeners3 and stringers4 not all loads are in-plane, making the
pre-preg laminate less suitable. Composite materials with better through-thickness
mechanical properties are thus desired to substitute today’s metal parts where such
loads occur. The subject of composite stiffeners and stringers is further discussed
in section 1.2.

1The main body of an aircraft
2Pre-preg is short for pre-impregnated and indicate that the fibres are impregnated with partly

hardened resin. After the pre-preg is laid up, the composite part is cured using heat and elevated
pressure.

3Beams for stiffening plates to prevent buckling.
4Beams in the length wise direction of the aircraft connecting the main frames, together they

make up the skeleton on on which plates are mounted to complete the fuselage.
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1.1 3D reinforcement

Three-dimensional (3D)-fabrics were developed in the 1970’s [5], and are char-
acterised by yarns oriented not only in-plane, but also in the through-thickness
direction resulting in higher through-thickness strength and stiffness of the final
composite material. Net-shaped 3D-textile beams of various cross sections may be
directly produced by weaving or noobing (see chapter 2). These 3D-fabrics may be
subsequently used as pre-forms5 for production of composite beams, that could po-
tentially be used as stiffeners or stringers. The fact that the 3D-fabric is a pre-form
by itself is a major advantage compared to producing a beam with the same shape
using two-dimensional (2D)-mats, which is a time-consuming and expensive multi-
step process (cutting mats, shaping profile and bonding it together). Prichard [6]
states that the aerospace industry needs bending and twisting stringer-like beams
with variable cross section shape along the length, and if needed, the possibility to
directly tailor the ends of the beam to facilitate the use of fasteners. This thesis
will discuss pros and cons with the novel 3D-woven 3D-reinforcement (see chapter
2.2) which could potentially meet the requirements formulated by Prichard. The
3D-woven 3D-fabric is currently being developed by the weaving innovation com-
pany Biteam AB in collaboration with the division of Lightweight Structures at
KTH.

Why then is the 3D-woven architecture so interesting apart from the obvious
benefit of increased stiffness and strength in the out-of-plane direction? The answer
lies partly in the fabric’s inherent three dimensional structure creating integrity
in three mutually perpendicular directions, partly in the fact that the pre-forms
may be produced to net shape reducing overall manufacturing cost, but also in
the versatility of the weaving process. The weaving process allows for (among
other things) the usage of different types of yarns and different weave patterns
in various parts of the pre-form, making the design space enormous. It is even
possible to vary the cross-section shape and size along the length of the pre-form
by adding and removing yarns. The latter, together with the variable yarn and
weave types, make the 3D-woven profile more like a structure than homogeneous
material. It also implies that the mechanical properties may vary in different parts
of the profile. This of course adds to the complexity but it also opens up for
new design opportunities. The 3D-woven architecture could also be interesting as
reinforcement in an anisotropic composite bulk material from which a part may be
machined. The 3D-weaving process is explained and further discussed in chapter
2.2.

5A pre-shaped fibre structure prior to infusion. The pre-form is usually made in a separate
tool. For dry 2D fabrics: a stack of pre shaped fibre mats held together by either adhesives,
stitches or staples.
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1.2 Potential applications

There are potentially many applications for these novel composite beams containing
3D-textiles. The aerospace industry has shown an early interest and is currently
researching the potential use of these beams as joining elements, stiffeners and
stringers.
The work described in this thesis is a part of two such EU-funded aerospace

projects: Modular joints for composite aircraft components (MOJO) [7] and Cost
Effective Reinforcement of Fastener Areas in Composites (CERFAC)6. The overall
aim of the two projects is to promote the use of composite materials in primary
load bearing aircraft structures, and thereby reduce weight and ideally also assembly
cost. Both projects target challenges when joining composite parts in load bearing
structures.
Joints in composite aircraft structures is a subject of its own and will be only

briefly discussed here. The motivation for the aerospace industry to pursue a bolt-
less design using composite beams as joining elements is associated with the current
problems with traditional joining methods such as using bolts and rivets. These
problems effectively prevent the use of composite materials to their full potential
in aircraft design.

The problem with using bolts for joining composite plates lies in the mechanical
properties of the composite material. Unlike metals, composites are anisotropic
and have a limited ability of yielding. The latter gives rise to high stress concentra-
tions which would otherwise be relieved by plastic deformation [8]. The problem
is exemplified by McCarthy in Fig. 1, where a maximum joint efficiency for bolted
joints of composite plates (depending on joint design) are at most 40-50% (often
less), compared to 70-80% for metal joints [9].

baseline

composite

metal

Strength

100 %

70-80 %

40-50 %

Figure 1: General joint efficiencies when joining metal and composite plates (here
illustrated schematically).

The stress concentrations around the bolts in composite plates have great im-
plications on the design and are often the active design constraint governing the

6http://research.cenaero.be/∼cerfac
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minimum plate thickness [7]. It is therefore difficult to achieve more weight savings
with the presence of bolts. This implies that the plate is over-dimensioned (and
overly heavy) around the bolted areas.
A possible solution in line with the vision of a boltless design was investigated

successfully within the MOJO project. Instead of bolts, beams made from 3D tex-
tile pre-forms with different cross sections, e.g. T, Π and H, were used as joining
elements to assemble plates using adhesives, see Fig. 2. An alternative to using
adhesives would be to co-cure the entire part. The results of the MOJO project

Figure 2: The MOJO joint design using to the left a Π profile and to the right an
H profile.

indicate that a reduction in component assembly cost of 17% compared to a rivited
structure and a weight reduction by around 50% compared to a riveted metallic
structure may be achieved [10]. The weight reduction was achieved by the elimina-
tion of fasteners and the reduction of plate thickness, previously governed by the
requirements set by the use of bolts. Cost reduction was mainly achieved by the
introduction of beams as joining elements which eliminates the use of bolts, and
thereby reduces the cost of assembly. The manufacturing cost of the joining ele-
ments depends on the manufacturing method. The use of dry textile pre-forms in
an out-of-autoclave vacuum assisted impregnation process is less expensive than us-
ing pre-preg in an autoclave7. The weight saved will decrease the fuel consumption
and hence the operating cost for the airline operators [7].
Another possible application is stiffeners and stringers. As can be seen in Fig.

3, a commercial aircraft contains a vast number of stiffeners, stringers and frames.
According to Prichard [6] the aircraft manufacturers use metallic stiffeners and
stringers by the kilometre every day. If composites are to be a viable option to
replace metal parts, then the reinforcement pre-forms have to be produced directly
to net shape, as in the case with the 3D woven profiles.

7High temperature and high pressure chamber for curing composites, commonly used for
curing pre-preg laminates.
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Figure 3: Fuselage barrel of Airbus long range aircraft with visible stringers and
frames. Reprinted with permission from P. Linde, Airbus (Hamburg) [11].

1.3 Benefits of 3D-fabrics

As discussed, composites reinforced with net-shaped three dimensional (3D)-fabric
pre-forms have emerged as a viable solution for parts like stiffeners and stringers.
That 3D-fabric reinforcement can overcome the problems of low inter-laminar and
through-thickness strength typical for traditional 2D-laminates has been known
for many years, and was pointed out by Kregers and Melbardis [12] already in
1978. Today, the motivation for introducing 3D-textiles in composites is not only
to increase the out-of-plane properites, but also to reduce the labour cost during
manufacturing and to integrate more functionality into the component [13]. The
latter may be achieved by for instance incorporating optical fibres or various types
of wiring.

The composite beams used in the aerospace industry today are often produced by
cutting, stacking and draping 2D pre-preg laminas, see Fig. 4. There are problems
associated with this methodology, the main ones being difficulty to fixate the lay-
ers to the desired shape before curing, and to achieve sufficient through-thickness
mechanical properties of the cured parts. For instance, when manufacturing T-
profiles as illustrated in Fig. 4, limitations in curvature of the layers generate a
region at the junction that needs certain attention. The current approach is to
fill this pocket with a noodle (or gusset filler) to avoid problems associated with
resin rich areas. Nevertheless, failure in such beams usually initiates in or near
the noodle due to strong multi-axial stress fields (including peel stresses) caused
by the transfer of loads in the curved areas [7]. To improve the through-thickness



8 Fredrik Stig

properties, various forms of stitching, bonding or z-pinning8 have been developed,
each technique having different benefits and drawbacks [14]. One of the remedies
proposed in the MOJO project is to use 3D-woven preforms, which offer structural
integrity at handling before and during composite manufacturing. Another option
is to use e.g. 3D textile braids.

NoodleCrack

!

Laminas

Figure 4: A conventional T-beam built up from 2D pre-preg laminas, loaded until
failure. Redrawn from [7].

There is however a price to be paid for higher out-of-plane properties and that
is a degradation of in-plane properties. The presence of fibres in the out-of-plane
direction not only decreases the in-plane fibre volume fraction, it also induces crimp
in the in-plane yarns. The stiffness, and more importantly also the load carrying
capacity, of yarns are significantly reduced by crimp, see chapter 4. How to find
the balance between desired improvement of the out-of-plane properties and corre-
sponding unwanted decrease in in-plane properties is an interesting topic for future
analysis and optimisation. New and reliable modelling methods are needed to guide
engineers in this compromise.

According to McHugh [13] the future for 3D-textiles is bright. However, new and
better tools for predicting their properties are needed for these novel materials to
be accepted and used in engineering applications [13,15].

The reinforcement architecture of a composite material plays a paramount role
for its mechanical properties [16, 17]. The properties of various other 3D-textile
reinforced composites have been extensively studied e.g. [18–29]. However, the
properties of true 3D-woven reinforced composite materials are still uncharted.
Furthermore, many of the modelling methods used for the other 3D-fabric reinforced
composites are either not applicable or available for the 3D-weaves addressed in this
thesis.

8A form a stapling with small carbon rods
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1.4 Objective

The objective of this thesis is to characterise the material and to develop the nec-
essary modelling tools to predict and tailor the mechanical properties, and thereby
facilitate the material’s future use. The thesis consists of five appended papers with
the following objectives:

• Paper A To perform an initial experimental study on the mechanical proper-
ties of 3D-reinforced composites and compare them with corresponding prop-
erties of 2D-laminates.

• Paper B To explore and model how three dimensional yarn crimp influences
the longitudinal Young’s modulus. New analytical models are developed.

• Paper C To address the important issue of creating geometrically represen-
tative models of the 3D-textiles’ internal structure.

• Paper D To create a framework for finite element (FE) analyses of 3D-textile
reinforced composites using geometries generated by the scheme developed
and presented in Paper C.

• Paper E To experimentally determine the effects of weave architecture and
crimp on both stiffness and strength of 3D-weave reinforced composites.
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2 Weaving

Textile manufacturing processes are broadly grouped into four types - weaving,
braiding, knitting and non-wovens [30]. Each of these processes is further sub-
divided according to certain processing characteristics. It is possible to manufacture
3D-fabrics using all of these techniques. However, this chapter focuses on weaving,
and the aim is to give a brief overview of the two fundamentally different weav-
ing methods (2D and 3D weaving) employed to produce woven 3D-fabrics. In the
composite materials’ industry today several types of weave structures are labelled
3D-woven. Khokar [31–33] suggests a more distinct definition of 3D textiles distin-
guishing between 2D-woven 3D-fabrics (i.e. produced by conventional 2D-weaving
process), and 3D-woven 3D-fabrics (i.e. produced by 3D-weaving process) and a
new class of non-woven fabrics named noobed fabrics (produced by the non-woven
noobing process). These three processes and their products are categorised in Fig.
5 and further discussed in the following sections.

2D-
fabrics

fabrics
3D-

2D-
weaving

Non-
woven

Noobed
fabrics

3D-
weaving

3D-
fabrics

Figure 5: Categorisation of 3D-fabrics and their manufacturing processes.

The fundamental operations constituting the weaving process are, in their sequen-
tial order, shedding, picking, beating up and taking up. The shedding operation
displaces the warp yarns using healds9 to create a shed10. The various shedding11

methods available have been described by Khokar [34]. The shedding operation is
followed by the picking operation whereby the weft yarns are inserted in the created
shed. The weft that is laid in the shed is beaten-up by the reed12 to the fabric-fell
position, and thereby completing the fabric formation. To achieve continuity in the
process, the produced fabric is advanced forward by the take-up operation. This
cycle of operations are continued repeatedly to obtain the woven fabric.
In a 2D-weaving process, two mutually perpendicular sets of yarns, the warps

and the wefts, are used. The warp yarns run in the length-wise direction of the
9A heald is a flat steel strip or a wire, with one or more eyes in which warp yarns are threaded.

10A gap between the two lines of warp threads caused by raising one portion and lowering the
other using healds.

11Operation to crate a shed.
12A metal comb fixed in the loom used for beating-up. The closeness of its teeth determines

the fineness of a cloth.
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fabric, and the weft yarns in the transverse direction. This arrangement remains
unchanged whether a single warp sheet is used (to produce sheet-like 2D-fabrics) or
multiple warp sheets are used (to produce 3D-fabrics). This is because the weaving
process continues to be identical in the production of both these fabric types.
In a 3D-weaving process, a grid-like set of warp yarns and two mutually per-

pendicular sets of weft yarns are used. These two sets of weft yarns are denoted
horizontal wefts and vertical wefts.

In both 2D- and 3D-weaving processes, additional non-interlacing stuffer warp
yarns can be included. These stuffer warp yarns do not interlace with the wefts
and hence occur linearly in the woven fabric.

A variety of basic 3D-fabric architectures are produceable employing the 2D- and
3D-weaving processes, depending on how the warp is set up and how the sheds are
formed. According to Whitney and Chou [35] the exact geometry of each of the
basic woven architectures is influenced by several weaving parameters such as:

• Fibre or tow size

• Number of warp and weft yarns per unit width and length

• Number of warp layers interlacing with each weft yarn (weave pattern)

• Tension in the warp and weft yarns

• Tightness of the tows (resistance of deforming from its original cross-sectional
shape).

2.1 2D-Weaving

Two-dimensional weaving may be utilised to produce both conventional sheet-like
2D-fabrics and some 3D-fabrics. Two-dimensional weaving is characterised by
mono-directional shedding, and the interlacing of two orthogonal sets of yarns.
Khokar [31] defines the 2D-weaving process as

the action of interlacing either a single- or a multiple-layer warp with a
set of weft.

The manner in which the 2D-weaving process is employed for producing both 2D-
fabrics and 3D-fabrics is illustrated in Fig. 6.
The two most common 2D-woven 3D-fabrics are the layer-to-layer angle interlock

weave and through-the-thickness angle interlock weave (also known as 3-X weave),
see Fig. 7. The 2D-woven 3D-frabrics are usually produced as wide sheets for
use in manufacturing conveyor belts, paper clothing, double cloth13 etc. The 2D-
weaving technique also allows indirect production of a few, relatively simple, shell

13Double cloth contain two or more sets of warps and one or more sets of horizontal wefts that
interlace in two-layers, allowing complex patterns and surface textures to be created.
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type profiled 3D-fabrics. Using multi-eyed healds in a conventional 2D-weaving
equipment, Chiu and Cheng [16] developed a method for weaving profiled materials
having double cross- (++) and I-shaped cross-sections. Such pre-forms are woven in
a flat condition and the flanges are subsequently unfolded to form a near-net-shaped
pre-form.

weft
warp

warp
Healds

Picking

Shedding
warp

weft

(a) (b)

Figure 6: Illustration of the 2D-weaving principle for a) 2D-fabrics and b) 3D-
fabrics, redrawn from [31].

x y

z

x

y

Weft
WarpStuffer

y
z

x
z

Figure 7: A Through-the-thickness angle interlock weave with stuffer yarns (blue)
seen from its three principle planes and from an isometric view. Warp yarns are
green and weft yarns red in the illustrations.
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2.2 3D-Weaving

While 2D-weaving has existed for at least five millennia, 3D-weaving is a relatively
new weaving development, invented by Khokar in 1997 [32]. The 3D-weaving pro-
cess is characterised by the incorporation of the dual directional shedding operation.
Such a shedding system enables the warp yarns to interlace with both horizontal
and vertical sets of weft yarns. Khokar [31] defines the 3D-weaving process as

the action of interlacing a grid-like multiple-layer warp with the sets of
vertical and horizontal wefts.

Accordingly, the warp yarns, the horizontal and vertical sets of weft yarns occur
mutually perpendicular to each other. The schematic of the 3D-weaving process is
illustrated in Fig. 8(a-h) for a plain 3D-weave, and the sub steps are explained as
follows:

(a) The warp yarns are arranged and supplied in a grid-like arrangement.

(b) Warps are displaced in the vertical direction to create multiple horizontal
sheds.

(c) Corresponding number of horizontal wefts are inserted into the created sheds.

(d) The multiple horizontal sheds are then closed, whereby the warp yarns become
interlaced with the horizontal weft yarns.

(e) The warps are at their level positions in the weaving cycle.

(f) Next, the warp yarns are displaced in the horizontal direction to create mul-
tiple vertical sheds.

(g) Corresponding number of vertical wefts are inserted into the created sheds.

(h) The multiple vertical sheds are then closed, whereby the warp yarns become
interlaced with the vertical weft yarns.

These sequences of operations are repeated once more to insert the wefts in the
respective opposite directions to complete one cycle of the 3D-weaving process to
obtain the woven structure in Fig. 8i.
An important feature of such a woven structure is the occurrence of pockets

between any four adjacent warp yarns. These pockets can be directly filled with
stuffer warp yarns (Fig. 8j) during the weaving process, although they do not
interlace with the wefts. It is not necessary to fill all the pockets; select pockets can
be filled with stuffer warp yarns according to needs. Furthermore, these pockets
could as well incorporate e.g. electrical wires, tubes, optical fibres etc.

To complement the weave illustration given in Fig. 8i, the views from the three
principle planes and from an isometric view are shown in Fig. 9. If the textile



14 Fredrik Stig

Stuffer yarns

Vertical SheddingWarp

Interlacing

InterlacingHorizontal Picking

Vertical PickingHorizontal Shedding

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j)

x y
z

Figure 8: Illustrations of the 3D-weaving principle, seen from the warp direction
here denoted x-direction.

architecture of such a 3D-woven 3D-fabric is compared with that of the 2D-woven
3D-fabrics illustrated in Fig. 7, a significant difference can be observed. The warp
yarns in a plain 3D-weave are fully interlaced with both the horizontal- and vertical-
weft yarns. In the interlock weave there is no interlacing in the y-direction, which
is a direct consequence of the fact that no horizontal shedding occurs. This is
highlighted in the x-y plane illustrations in Figs. 7 and 9. Furthermore, the warp
yarns in the 3D-woven 3D-fabric do not traverse neither between ‘layers’ of the
fabric nor from one surface of the fabric to the opposite, but remain in their assigned
planes. In the 2D-woven 3D-fabrics the warp yarns traverse between ‘layers’ of the
fabric (layer-to-layer angle interlock weave) and from top and bottom surfaces, as
can be observed in Fig. 7.

The 3D-weaving process allows direct production of woven profiled materials.
Such profiled materials can be produced in solid, shell, tubular and their combina-
tion types directly. Fig. 10 exemplifies cross-sections of different profiled materials
obtained directly by the 3D-weaving process. It also allows flanges with tapered
surfaces. The 3D-weaving process also offers great flexibility in creating different
weave patterns, such as plain, twill and satin, in different locations of the cross-
section and along the length of the profiled pre-form. Yet another possibility is the
production of curved profiled pre-forms.
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Figure 9: A plain 3D-weave without stuffer yarns seen from its three principle
planes and from an isometric view. Warp yarns are blue, horizontal weft yarns red
and vertical weft yarns green in the illustrations.

2.3 Noobing

Noobing is a non-woven 3D fabric-forming process that essentially assembles three
mutually perpendicular sets of yarns. Its principle fabric structure is illustrated in
Fig. 11. There is no interlacing (as with weaving), interlooping (as with knitting)
or intertwining (as with braiding) of the involved yarns. This process was defined
by Khokar [31] as

the action of producing a non-woven 3D-fabric by orientating orthogo-
nally and binding the employed essentially three sets of yarns.

The term noobing is an acronym for Non-interlacing, Orientating Orthogonally and
Binding, the main characteristics of the process and the fabric, which is called the
noobed fabric. The fabric structure is also known under a variety of different other
names. The most commonly used name is 3D orthogonal weave [23, 36–39], but
there are also other names for example: XYZ fabric, zero-crimp fabric, Cartesian
fabric, DOS (directionally oriented structures) and polar fabric [31].
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Figure 10: Examples of possible cross-sections (in the y-z plane) of dry 3D-woven
pre-forms. Courtesy of Biteam AB, Sweden, www.biteam.com.

In absence of interlacing, interlooping and intertwining of the involved yarns, the
constituent yarns occur linearly (without crimp) in their respective directions. As
a consequence, the fabric’s structural integrity is achieved through bindings that
occur on the fabric’s surfaces (excluding the end surfaces).

The noobing process is of two types: uniaxial and multiaxial. In the former
process a set of grid-like arranged axial yarns are bound in the fabric-width and
fabric–thickness directions. In the latter process four sets of yarns are arranged in
fabric-length, fabric-width and +/- bias directions and then stitched in the fabric-
thickness direction. The respective 3D-fabrics are thus denoted uniaxial noobed
fabrics and multiaxial noobed fabrics.

The uniaxial noobing process has limited profiling capability – only a few solid
types can be obtained (I, T, L etc. [38,40,41]). Mohamed et al. [40] state that since
there is no interlacing between the axial yarns and the binder yarns, the yarn layers
are free to shear with respect to one another and also bend making the drapability
good. The multiaxial noobing process has been successfully commercially employed
to produce sheet-like multiaxial non-crimp fabrics.
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Figure 11: A noobed fabric seen from its three principle planes and from an iso-
metric view. Warp (or binder) yarns are green, stuffer yarns blue and filler yarns
red in the illustrations.
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3 Loom development

A substantial part of the first two years of working on this thesis was utilised to
validate, assemble and make operational the world’s first large scale automated 3D-
weaving loom, see Fig. 12. The loom has since then been used to weave net-shaped
pre-forms for the MOJO and CERFAC projects, as well as all woven pre-forms
utilised in papers B-E.

Figure 12: The MOJO consortium members in front of the 3D-weaving loom at
KTH.
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4 Crimp

Yarn undulation, or crimp, is one of the most important properties of textiles used
as reinforcement in composite materials since it has a strong influence on the final
mechanical properties. Crimp is the topic of both Paper B and E, and therefore a
short background to the subject is given here.
There is no unified definition of crimp. Historically, crimp has had many defini-

tions in the textile industry, and the interested reader is referred to Alexander et
al. [42] for a good summary. A common definition of crimp in the textile industry
is

crimp = yarn length
wave length . (1)

Pierce [43] used this definition in one of the pioneering works from the 1930’s on
textile geometry. There are also a variety of crimp definitions within the textile
composite community. The composite industry has traditionally only focused on
2D crimp, and the most common definition is the crimp ratio (CR) defined as

CR = yarn path amplitude
wave length . (2)

One problem with using the CR for 3D crimp is that it yields two different ratios.
One in the x-y and one in the x-z plane according to the axis definition in Fig. 9.
Other definitions are also found in the literature, such as crimp angle [44] and an
alternative definition of the CR [45]. However, in this thesis Pierce’s [43] definition
of three dimensional crimp is used, since it is on a more general form and results
in only one crimp measure. Both Pierce’s definition of crimp and the CR are
illustrated in Fig. 13.

Wave length

Y a rn

L e n
g t h

Amplitude

Wave length
(a) (b)

Figure 13: The difference between the two crimp definitions. a) Illustration of the
variables in a) Eq. (1), and b) the variables in Eq. (2).

The stiffness of a composite is reduced with increasing crimp [46, 47]. This is
true also for 3D crimp and further discussed in Paper B and E. The reason is
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that the crimped strands14 tend to straighten out instead of stretch when loaded
in tension. To quantify the stiffness reduction, a unidirectional (UD) composite is
used as an example. Two simple models are used, both based on classical laminate
theory (CLT) [48], but with different strand path idealisations; a sine function and
a zig-zag pattern (∧∧∧). Two dimensional crimp is assumed and the normalised
longitudinal stiffness as function of crimp for the two models are seen in Fig. 14a
together with results from FE calculations by Garnich and Karami [47]. The figure
shows that only half of the stiffness remains when the yarns exhibit crimp of about
1.03 (illustrated for a sinusoidal yarn path in Fig. 14b).
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Figure 14: a) The normalised longitudinal Young’s modulus as function of crimp
for UD-composites and b) the sinusoidal yarn path idealisation for three different
crimp levels.

Crimp also affects the strength of a composite material [29,46]. Gu and Zhili [17]
argue that if all strands in a fibre reinforced composite are straight, then they
will react simultaneously to an external load and the full strength is achieved.
However, if the strands are bent, and bent with different angles, then a portion
of the strands will take up higher load and subsequently fail earlier, leading to
lower material strength. The strength as function of warp yarn crimp is studied in
Paper E, and the result can be seen in Fig. 15. West and Adams [44] quantified
the strength reduction of a 2D triaxially braided composite. Two different types
of samples were manufactured, one where the axial yarns were allowed to crimp

14In this thesis a distinction is made between yarn and strand. A yarn is defined as a bundle of
dry fibres, while a strand is considered as an impregnated composite yarn; hence a strand consists
of both matrix and a large number of fibres.



Introduction 21

1 1.01 1.02 1.03 1.04 1.05 1.06
0

200

400

600

800

1000

1200

1400

1600

Warp strand crimp

!
ul

t [M
Pa

]
Noobed

Figure 15: The ultimate stress of 3D-weave reinforced composites with varying warp
strand crimp. Results from a noobed fabric reinforced composite with nominally
straight stuffer yarns is added for reference.

and one where the axial yarns were kept under tension during consolidation. Axial
compression tests showed that crimp reduced the axial compression strength by
30%. DeCarvalho et al. [49] performed an experimental study on compression failure
of 2D-woven composites. They argue that the strands behave as structural elements
at meso-scale15 and that the damage behaviour in compression is dependent on the
reinforcement architecture. DeCarvalho et al. also conclude that the strands mainly
fail where the strands are crimped, and that the failure mode is predominantly
kinking16. Budiansky and Fleck [50] presented a theoretical background of kinking
and concluded that local fibre misalignment plays an important role in the kink
band formation process.
Crimp also introduces shear stresses in the matrix [47]. Bogetti et al. [46] devel-

oped a model for predicting stiffnesses and strengths in composite laminates with
ply waviness under compressive loading. They concluded that the failure mode for
small crimp values is fibre fracture, but at a critical yarn path amplitude, interlam-
inar shear failure becomes the dominant failure mechanism. Cox et al. [22] studied
the strength of 2D-woven 3D-textile reinforced composites. They state that shear
stresses within crimped strands cause micro cracks. These cracks are then associ-

15Three scales are used in composite mechanics: Macro, meso and micro. A composite part is
on the macro scale. The meso scale is an intermediate scale where the internal structure of the
reinforcement is described using tows or strands in a unit cell. The micro-scale is the most detailed
scale, where the interaction between matrix and individual fibres in a strand may be investigated.

16Kinking is a micro buckling process where aligned fibres fail in band-like formation under
compressive loading.
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ated with a non-linearity in the stress strain curve denoted the onset of plastic tow
deformation. This non-linearity is also seen for 3D-weave reinforced composites and
further discussed in Paper E.
The crimp is dependent on yarn type, weave type and various weaving parameters

such as yarn tension in the loom. Crimp ranging between 1.01 -1.06 was measured
for the 3D weaves in Paper B. Stuffer and filler17 yarns are not part of the weave
and occur relatively straight in the preform. Lomov et al. [51] reported that stuffer
and filler crimp was below 1.001 for a noobed fabric.
To conclude, crimp is not favourable in a composite, since it degrades both stiff-

ness and strength. On the other hand it is not possible to weave without crimp,
and crimp is associated with yarn interlacing which may be favourable for the
out-of-plane properties, for instance at composite joints.

17Filler yarns are straight yarns perpendicular to the weaving direction but are not a part of
the weaving process, hence their relative straightness. They occur for instance in noobed fabrics.
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5 Modelling

A fibre reinforced composite is by nature heterogeneous on a micro scale and the
mechanical properties of the material are governed by its microstructure. It is,
however, impractical to also model the microstructure in structural engineering
models. Instead, homogenised anisotropic material properties are used. The chal-
lenge is to determine these properties, which usually is done on a meso-scale. The
more complex the internal geometry is, the more difficult the task will be. For a
simple cross-ply laminate CLT yields sufficiently accurate results, but as soon as
woven fabrics are considered, other more sophisticated models are needed.

5.1 Internal geometry

When the reinforcement is woven, the actual internal geometry of the composite
material is almost always complex, even if the weave pattern is simple. The strand
paths are irregular and the strand cross sections vary in both shape and size along
their trajectories. Furthermore, two strands never look exactly the same, it is
therefore necessary to generalise and introduce simplifications when describing the
internal geometry.

In spite of the difficulty, a detailed and accurate geometrical description of the
internal geometry of a textile reinforced composite is of great importance when
modelling, regardless of subsequent model strategy [52]. This is especially true if
the local stress and strain fields are of interest [53].

A model of the internal architecture may be constructed in different ways, for
instance as a computer aided design (CAD)-model, a FE mesh or by using param-
eters in an analytical model [54] or in a geometry pre-processor (e.g. TexGen [55]
or WiseTex [52,56,57]).

The model may be created in two principally different ways; experimentally or
using a modelling approach. In the former, a composite sample is first scanned and
then key textile geometry parameters are extracted and used as input in a geometry
pre-prosessor or CAD software. Alternatively, if an analytical geometry model is
used, as in Paper B or in e.g. [53, 58–62], the known geometry may be translated
into various model parameters. In the modelling approach, either an analytical or
a numerical model is used to calculate the geometry. The advantages are e.g. that
the time consuming manufacturing step and the cumbersome scanning process can
be eliminated. The predictive capabilities are also increased.

There are a number of questions and difficulties to address regardless of how
the geometry is to be modelled, such as the level of detail needed and how (if
required) to avoid volume overlap in the model. The level of detail is associated
with how coarse simplifications are made. The strand path is often restricted to be
described by sine functions or by coupled polynomials (splines). The strand cross
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section is frequently assumed to have a circular, elliptic or lenticular18 shape and
often the shape or size is not allowed to vary over the strand length. One of the
most difficult issues when creating a solid model is to avoid volume overlap e.g.
parts of two strands occupying the same space. It originates from the fact that
the simplifications described above are too coarse, and are not able to represent
the changing strand geometries when two strands interlace. There are a number of
proposed solutions to this problem in the literature, and a new one is proposed in
Paper C.

Experimental approach to determine the internal architecture

When a composite sample is available, the internal architecture may be determined
using either a scanning electron microscope (SEM), an optical microscope, or a
micro computer tomography (CT) system [63].

The first step when using either an optical or a scanning electron microscope is
to polish the surface of the composite sample to a very fine surface finish. Then
the surface is photographed through the used microscope. To generate a 3D model,
a sequence of photographs through the depth are needed. Therefore the surface
is stepwise ground off between each consecutive photograph and a new surface is
polished and photographed, see Fig. 16. The strands’ cross-section shapes are found
directly from the photographs, while the strand trajectories may be approximated
by splines through their respective cross section centroids.

Figure 16: Example of how the internal geometry may be extracted by using an
optical microscope. The photographed surfaces shown are from a composite sample
reinforced with a 3D-woven preform used in Paper A.

18shaped like a lentil or biconvex lens
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With the micro CT-scan technique, a large number of two-dimensional X-ray
images are taken around a single axis of rotation. The images are then used to
create a 3D-image of the material sample, see Fig. 17a which may be sliced fictively
in any plane creating view cuts as exemplified in Fig. 17b. The benefits with the
CT-scan method over the microscope method is that it is non-destructive, and no
time consuming sectioning and polishing have to be done. The contrast in an X-
ray image is generated by the differences in density between the matrix and the
fibres. The density difference between glass fibres and a polymer matrix is greater
than for carbon fibres and a polymer matrix, and therefor a higher contrast in the
images is achieved. The use of micro CT-scan to extract the textile architecture
of 3D-fabric reinforced composites was validated by Desplentere et al. [64], and it
is used in Paper C to validate the geometry modelling. The dry reference weave
used for validation consisted of mainly carbon yarns and in addition a few glass
fibre tracer yarns with higher density, visible in blue in Fig. 17a and in white in
Fig. 17b. Properties such as the yarn crimp and the cross section area of the fibre
bundles, could then be extracted using image processing of the view cuts.

(a) (b)

Figure 17: (a) A 3D-image of the dry weave used as reference in Paper C, and (b)
a view of the same weave cut perpendicular to the warp yarn direction. Visible
are also the glass fibre tracer yarns used facilitate to image post processing. Both
images are presented by courtesy of the German Aerospace Centre (DLR).

After the textile geometry is characterised by scanning, the geometry may be im-
plemented in a geometry pre-processor or as parameters in an analytical model. For
Papers B-E, the textile geometry of the 3D-woven preforms were obtained by using
the micro CT-scan technique complemented by optical microscope measurements.
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Modelling approach to determine the internal architecture
A perhaps more cost-effective way to obtain the internal geometry, compared to
the experimental approach, is to use analytical or numerical modelling methods.
There are a number of such schemes proposed in the literature (e.g. [52,58,65–67]).
The principle of minimum energy can be used in analytical models to calculate

the fabric geometry, as done e.g. by Sagar et al. [66] and in the textile pre-processor
WiseTex [52]. The fabric is first described using idealised shapes. Loads are then
applied and the final geometry is obtained from the state when the strain energy
in the system has a global minimum.

WiseTex allows for export of the geometry as a FE-model, but penetrating vol-
umes are not automatically avoided. Lomov et al. [56] have therefore presented
a scheme to adjust the FE-mesh by performing an intermediate FE-calculation.
The overlapping strands are locally separated and beam elements added to provide
a small clearance between the strands, after which they are compressed together
again. The beam elements then prevent the strand volumes to penetrate each other.

Durville [68] utilised an FE-approach and modelled the filaments in each yarn
using up to 400 higher order beam elements per yarn. In the starting condition
all filaments are arranged in the same plane, and with an obvious filament volume
overlap. In the analysis step, the filaments are moved by cleaver boundary condi-
tions and a predefined weave pattern until the volume overlaps disappear in the
dry weave.

Sherburn et. al [65] proposed an FE-based method where the yarns are repre-
sented as plates derived from the yarn mid-surfaces in a TexGen-model. The final
fabric geometry is calculated using the minimum strain energy of the plates. This
method is more suitable for 2D-textiles due to the meshing procedure where the
strands are projected onto a single plane.

Mahadik and Hallett [67] developed an algorithm for generating the internal
geometry of a layer-to-layer angle interlock weave after compaction in a mould.
The wavelength of the weave is first reduced to create a "looser" weave, and in a
second step the a tensile force was applied to the weave using a temperature drop
in an explicit FE simulation using general contact. A rigid plate was finally used
to compact the weave further.

To the author’s knowledge, only Durville’s method may be applicable to model
a 3D-woven textile. This was the motivation to develop a new geometry modelling
approach presented in Paper C. In the proposed method the volumetric packing
problem is solved by modelling the strands as inflatable tubes. In the initial state
the tubes’ cross section areas (and thus their volumes) are made small enough
not to cause any volume interpenetrations (time T0 in Figs. 18 and 19). In the
subsequent analysis steps, the tubes are inflated under general contact conditions
until the desired degree of packing is achieved (times T1-T3 in Figs. 18 and 19).
The tubes may be expanded further until near full packing is reached (see time T4
in Fig. 19).
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Figure 18: The geometry simulation at four different times T0-T3. The simulation
starts at T0 and stops at T3 when the desired volume fraction of strand is reached.
The times T0-T3 are also illustrated in Fig. 19.
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Figure 19: The degree of packing of the strands/tubes as function of simulation
time. Also visible are view cuts from the model at three time-steps and a corre-
sponding CT-scan image. All view cuts are perpendicular to the warp strands
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5.2 Mechanical properties

Once the internal geometry has been established and a good geometry model is
created, the mechanical properties of the composite material can be derived. Ac-
cording to Tong et al. [5] and Lomov et al. [56] different modelling strategies may
be employed.

• Orienting Averaging models: The material is divided into small sub-volumes
which are usually treated as UD-laminas. The homogenised properties are
computed by averaging the sub-volumes’ stiffness matrices using iso-strain
and/or iso-stress assumptions. For the iso-strain assumption, a prescribed
homogeneous displacement boundary condition is used implying equal strain
in all building blocks. A perfect block interfacial bond is also assumed [5].
The homogenised elastic stiffness matrix C may then be computed as

C =
∑

i

vi Ci (3)

where vi is the volume fraction and Ci the stiffness matrix of block i. For
the iso-stress assumption, the traction (applied force) is prescribed, implying
constant stress in the assembled building blocks. The homogenised elastic
stiffness matrix is subsequently computed as

1
C =

∑
i

vi

Ci
. (4)

Cox et al. [20] used the orienting averaging strategy to model a composite
reinforced with a 2D-woven 3D-fabric. Tan et al. [62] presented three mixed
iso-strain and iso-stress models for noobed fabric reinforced materials. The
analytical models developed in Paper B are also of mixed iso-strain and iso-
stress type.

• Inclusion models: The inclusion models are based on randomly dispersed
inclusions in a matrix based upon Eshelby’s equivalent inclusion theory. A
good derivation of Eshelby’s formula may be found in [69]. Lomov et al. [56]
point out that it is a more generalised form of an Orienting Averaging model,
but without the assumption of the same internal average stress in all phases
(or blocks). Mori and Tanaka [70] developed the theory on how to calculate
the average stresses in each phase. Gommers et al. [71] used the Mori Tanaka
theory and applied it to textile composites. One of the models in Paper B
utilises an inclusion model.

• Cell models: The cell model is a FE-type model, where the internal geometry
is divided up into a regular grid of cells sometimes called voxels [72,73] .

• Finite element models: In a FE-model the material is divided into a large
number of small elements (usually referred to as a mesh), and the governing
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force equilibrium equations for all elements are solved simultaneously using
e.g. the principle of virtual work. The FE-approach allows for an arbitrary
description of the geometry, and if the geometry is accurate and the mesh is
refined sufficiently a detailed stress-strain state may be calculated.
The problem lies in creating good FE-models of composites reinforced with
complex textiles (e.g. 3D-weaves, 3D-braids or noobed fabrics) [73]. As previ-
ously mentioned, the models in Paper C and D both utilise the FE-approach
and address this issue.
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6 Contribution to the field & summary of appended papers

The concept of 3D-weaving is now over 15 years old, however the use of 3D-woven
pre-forms as reinforcements in composite materials is new. For the concept of
composites reinforced with 3D-woven preforms to gain acceptance as an engineering
material two areas must be addressed: the lack of analysis tools and practical
knowledge and understanding of the novel material. This thesis contributes to both
of these areas facilitating further understanding of the possibilities and limitations
associated with the textile architecture as reinforcement in composite materials.
Paper A
An initial experimental study is presented where the mechanical properties of 3D-
weave reinforced composites are compared with corresponding properties of 2D-
laminates. The conclusion from Paper A is that the out-of-plane properties are
enhanced, while the in-plane stiffness and strength is reduced. The difference in
strength was not possible to quantify since the specimens with 3D woven material
exhibited other failure modes than those tested for.
Paper B
In Paper B the influential crimp parameter is investigated and three analytical
models are proposed. The warp yarns exhibit 3D crimp, and the paper concludes
that the Young’s modulus decrease non-linearly with increasing crimp. The three
models have different levels of detail, and the more sophisticated models generate
more reliable predictions. However, the overall trends are consistent for all models.
Paper C and D
A novel framework for constitutive modelling of composites reinforced with 3D-
woven preforms is presented in Papers C and D. The framework enables predictive
modelling of both internal architecture and mechanical properties of 3D textile re-
inforced composites using only a few input parameters. A methodology to generate
near authentic geometry models of 3D-textiles using the concept of inflatable tubes
is presented in Paper C. The result is geometry models which are near authentic
with a high level of detail in features compared with real composite specimens.
The proposed methodology is therefore the main contribution of this thesis to the
field of composite material simulation. In Paper D, the geometries are utilised to
create meso-scale FE-models to calculate the homogenised elastic properties. The
generated FE-models could also be used for progressive damage or permeability
simulations.
Paper E
In the final paper the effect of crimp and different internal weave architectures
is explored. The reinforcement architecture varies between the surfaces and the
interior of the reinforcement, which affects the local stiffness. Both stiffness and
strength decrease non-linearly with increasing crimp. However the strength measure
should be interpreted with care since the stress strain curve of 3D-weave reinforced
specimens exhibit non-linearities believed to be associated with matrix shear cracks.
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7 Future work

Since the use of 3D-woven pre-forms in textile composites is new, there are many
opportunities for future work. In this thesis the focus has been on the properties
on a meso-scale. It would be interesting to implement the acquired knowledge and
developed tools from this work on full scale beams.
Another area of future work is weave design. As previously discussed, the 3D-

weaving process is flexible both in terms of weave types (plain, twill and satin et
cetera) and it is also possible to incorporate more functionality into the beams.
Extra reinforcement (stuffer yarns) may be added where needed and also non-
strucural fibres or cables may be incorporated such as optical fibres or electrical
wiring.

The possible benefits of a fully interlaced yarn structure are not yet fully ex-
plored. For instance the increase in out-of-plane strength together with the as-
sumed increase in damage tolerance need to be quantified, and to do so new models
and new experimental approaches are needed.
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