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Abstract: Weft tows in 3D woven composites are commonly approximated as perfectly
straight, but their undulations are inevitable in reality, although the extent of undulations in the
weft tows is not as pronounced as in the warp tows. Such minor undulations in weft tows have
been simulated in this paper. A previously established parametrised modelling and analysis
tool for 3D woven composites has been extended to reproduce the varying geometry of the
weft tows. Two novel models have been proposed to introduce the undulations, allowing their
effects to be simulated. The analysis reveals that, compared to the model with straight weft
tows, the effective elastic properties can be affected by the weft tow undulations. In addition,
the procedure for defining varying intra-tow fibre orientation was formulated and implemented,
addressing lack of consistent and robust functionalities of this kind in modern finite element

solvers.
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1 Introduction

The subject of 3D woven textile composites is being actively researched at present. The
major advantage of the woven composites compared to conventional laminates is their integral
construction [1]. This substantially improves their structural integrity under transverse

loadings, such as impact [2]. One of the major challenges in numerical characterisation of these


mailto:elena.sitnikova@nottingham.ac.uk

materials is how to represent the internal structure of the tows in the textile reinforcement in
the models.

Various methods of modelling and characterisation of woven composites have been
reported in the literature. During the 1990s, the simplest geometric modelling method of the
woven preforms, called the fibre inclination model, was proposed to construct the idealised
unit cell (UC) based on the orientation of the fibre bundles [3, 4], in which the fibre yarns were
idealised as straight beams. Later, by using computer-aided geometric design techniques, an
improved approach to a structural representation of woven architectures was developed in both
parametric and graphic forms [5-7]. Its basic idea is to create each yarn in the preform by
sweeping a closed profile along a centreline path [6]. This procedure for the generation of
woven models has been implemented as weave modelling software, best known of which are
WiseTex [8] and TexGen [9].

This geometry modelling technique is employed typically for generating the geometry of
the unit cell models representing the woven textile composites. Unit cell modelling is a popular
method for mechanical characterisation of woven composites [10-12]. This type of analysis is
often carried out using finite element solvers, where the otherwise demanding material
characterisation procedures can be highly automated, as it was done in a UnitCells© tool [13].
Unit cell modelling of the 2D and 3D woven composites typically involves idealisation, where
the shape and the size of the cross-sections are assumed to remain constant along the paths of
the respective tows [11, 14]. The geometric dimensions of the tow cross-section are measured
directly from micro-computed tomography (micro-CT) images [15, 16]. The statistical mean
value of the geometric parameters ensures a certain accuracy of these measurements in terms
of representing the weave geometry. It has been argued in [17] the direct measurements of the
geometry can be very subjective, even after some statistical processing, because there is no
standard verified methodology for conducting such measurements. As an efficient alternative
to direct measurement of geometric parameters, a procedure was established in [17] where they
are calculated directly from the manufacturing ones. This procedure is universally applicable
to 3D woven composites based on layer-to-layer angle interlock reinforcement, and it
eliminates subjectivity in geometry definition to a great extent.

The main criticism of the analysis techniques based on the idealised UC models is the
insufficient accuracy of predictions of the effective properties of woven composites, which is
believed to be primarily associated with lack of representation of geometric variability in
woven reinforcements. As an attempt to improve the prediction accuracy, the micro-CT-based

modelling of textile composites started to gain popularity over the past decade [18-23]. The

2



main underlying consideration is that the geometrical models that incorporate numerous
varying features of the woven reinforcement should produce a closer representation of the
actual material and hence would deliver closer agreement with the experiment than the
idealised models that do not comprise such geometric variations.

While the highly detailed geometric models are indeed reported to offer improvement in
terms of the agreement with the experimental data, the relative difference between the
predictions delivered by them and those obtained with the idealised ones is not overwhelming,
typically within a few percent, especially for the elastic characterisation results. Besides, such
improvement in agreement with an experiment does not necessarily indicate a superior
predictive capability. Specifically, sophisticated geometric models usually require multiple
parameters, measurement procedures for which are not established. Definition of those would
inevitably involve carrying out some calibrations and introduction of further assumptions to
achieve close agreement with the experimental data. Whether the same procedures and
assumptions would deliver the same accuracy of predictions if different material systems were
used and the overall geometry, such as the tow sizes, was changed, is still an open question.
Therefore, it is too early to dismiss the idealised model on the basis on low accuracy of
predictions, at least as far as the elastic characterisation is concerned. On the other hand, when
damage and strength characterisation are involved, due representation of localised geometric
features can indeed play an important part, as those can act as stress concentrators.

It is also worth noting that the material characterisation techniques involving the
geometric models with variability as cited above have been developed and applied to 3D woven
composites of a particular type, namely, the orthogonal interlock, in which the binder yarns
interlace the layers of straight weft and warp tows through the thickness of the fabric. For them,
variation of the tow cross-sections shapes through the thickness can be quite significant.
Furthermore, the unit cells for such materials would have to incorporate the surface layers,
where the fibre tows typically undergo a substantial compaction. Therefore, for this type of 3D
woven composites, modelling of localised features of the woven architecture can be a necessity
for adequate representation of the woven reinforcement geometry.

On the other hand, internal architecture of 3D woven composites based on layer-to-layer
angle interlock reinforcement is sufficiently regular to allow representation by a unit cell
comprising one weft and one warp tow in the thickness direction [11]. Such unit cell represents
the 3D woven architecture discounting the surface layers, the geometric and topological
constructions of which are different from those of the layers within the weave [17]. The

architecture of such UC has been fully parametrised by seven geometric and five topological
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parameters [11] and due to its reasonably small size, it is computationally efficient. These
factors make it a highly useful analysis tool in composites design exercises. It is obvious that
the highly detailed geometric models are unsuitable for use in design due to lack of practical
parametrisations and their low computational efficiency. At the same time, when idealising the
woven architecture to produce a unit cell, many varying geometric features are neglected, as is
the common practice in such idealisations. Given general lack of justifications for doing so in
the open literature, typical variabilities in the 3D layer-to-layer angle interlock composites are
reviewed in the next section, where they are classified into two categories, random and
periodic.

It is the effects of periodic variability which primarily show as undulations in the weft
tows that will be the subject of this paper. Instead of maximising the complexity of the model
and assessing the joint contribution of numerous varying geometric features as in the detailed
geometric models reviewed above, conceptually different approach to modelling the varying
geometry was taken, where a typical varying feature has been isolated and its effect on the
mechanical behaviour of the woven composite has been exposed. The rationale behind that is
that when numerous varying geometric features are present, one cannot reliably judge which
ones have the most significant effect on the results and which have only a marginal influence.
It is lot easier to make such judgement when such features are considered individually. Equally
important consideration is that it would allow to retain the UC as the analysis tools. The
previously established idealised UC [11] will be supplemented with capability to incorporate
the periodic variations of the cross-sections of the weft tows along their paths by parametrising
the latter. Having established a systematic and efficient capability for incorporating such
periodic variation in the UC model, one can readily employ when carrying out the
characterisation exercises, or can include it as an additional consideration when coming up with

a design of the woven reinforcement.

2 Typical varying geometric features in woven textile preforms
2.1 Types of varying geometric features of the woven architecture

The varying geometric features in woven textile composites can be divided into two
general categories: the random and the periodic ones. The former one comprises features that
are not repeated consistently in the weave and therefore cannot be represented in the unit cell.
Typical examples are the defects (voids) in the matrix due to imperfect impregnation [24]. To

reproduce such features in an FE model, a sufficiently large patch of the material would have



to be considered in which all possible variability could be duly incorporated. This would be
extremely time-consuming and one would also have to rely on the availability of the
experimental facilities [22, 25], like high-resolution X-ray scanners, image processing and
statistical analysis tools [26]. Such variability will not be addressed in this paper.

Sec. A-A

Fig. 1 Examples of varying geometric features in 3D woven composites [27]: (a) T300 carbon
fibre woven reinforcement, (b) E-glass fibre woven reinforcement

Examples of the periodic variations of the reinforcement geometry are shown in Fig. 1,
where the micro-CT images of cross-sections of the carbon and the glass fibre 3D woven
composites [27] are presented. The cross-sections have been taken orthogonally to the direction
of the weft tows. The weft tows are straight, and they are regularly arranged in rows and
columns within the weave. The undulating warp tows interlace the weft ones. A variable feature
shown in Fig. 1(a) is tilting and curving of straight columns of weft tows in the fabric as a result
of compaction by the mould tool during the resin transfer moulding (RTM) forming. Another
example of a periodic variable feature is swelling of the warp tows in the direction transverse
to the tow between the columns of the weft tows due to lack of transverse constraint. This

tendency is illustrated in Fig. 1(b). Specifically, the strongest compaction of warp tows is



shown in cross-sectional view A-A in Fig. 1, where section is taken along the middle of the
weft tow column. On the other hand, cross-sectional view B-B demonstrates that the swollen
warp tows have taken up the cavity between the neighbouring warp tows, while their width
effectively remains the same. Note that the warp tows in the surface layers of the composite
also experience sideways expansion in section A-A due to lack of sideways constraint.
However, surface layer effects will not be addressed in the present paper.

In contrast to the random variability features, the periodic variable features can be
effectively represented in a unit cell to reveal and assess their effect on the mechanical
performance of textile composites. Note that some features of reinforcement, while periodic,
do not systematically occur in the woven composites, such as tilting of the columns of the weft
tows as shown in Fig. 1(a). It occurred due to rough handling of the preform prior to moulding
and is therefore not consistently reproduced in woven composites. This undesirable feature
should not be confused with the weave configuration where shift of the weft layers is a designed
feature of the reinforcement, implemented during weaving of the preform. There are means of
incorporating such shift in the model, for example, using a readily available functionality in
Wisetex tool [28, 29].

On the other hand, any periodically repeating variation of the weave architecture that
systematically occurs in a wide range of composites requires relevant investigation. An
appropriate decision should be made whether a feature should be kept in the model due to its
substantial influence of the mechanical properties, or whether it can safely be neglected
otherwise. A variable feature of this kind that has never been examined systematically is the
periodic variation of the weft cross-sections and the minor undulations along the weft tow path.
Such undulations differ fundamentally from those in the warp tows, because the latter were
intended while the former were not. Therefore, it is neither reasonable nor efficient to treat
them in the same way. A comprehensive description of such minor undulations is given in the
subsection below. Its practical representation in the unit cell will be established, and its

influence on the mechanical performance of the composite will be assessed.
2.2 Variations of the weft tow cross-section

The variations in the geometry of the weft tow were identified by visually inspecting the
images of cross-sections of woven composites obtained with the micro-CT. The composite
considered here was of 3D woven layer-to-layer angle interlock architecture, idealised model
of which is shown in Fig. 2. In this figure, the typical planes of cross-sections where the most

distinctive geometric features of the weft tows can be observed have also been marked.



Fig. 2 Model of 3D woven layer-to-layer angle interlock reinforcement

The inspection of cross-sections reveals that when viewed from the top, the weft tows
remain reasonably straight and retain constant width along their paths, as can be seen in Fig.
3(a). However, when considering weft tow cross-section profiles in Fig. 3(b), systematic
variation in their shape can be observed. Specifically, when the warp tow undulates over the
weft tow, the right and left sides of the weft tow cross-section are shifted downwards; similarly,
when the warp tow undulates under the weft tows, the right and left sides of the weft cross-
section are moved upwards. This unbalanced compaction from the warp tow tends to shape
the cross-section of weft tows such that it can be idealised by two half-ellipses with one half
flattened more than the other, depending on the side the warp tow undulating around it. Outlines
of such modified cross-section profiles are marked in red in Fig. 3(b).

The undulations in the weft tows can be observed as follows. When the cross-section is
taken through the centre of the weft tows, as marked by plane ® in Fig. 2, the cross-sections
of the weft tows are reasonably straight, as can be seen Fig. 3(c-1). However, for cross-sections
taken closer to the sides of the weft tow, such as that marked by plane @ in Fig. 2, the weft
tow undulations are apparent, as can be clearly seen in Fig. 3(c-2), where the directions of
undulation are marked by arrows. This is due to alternating compaction from the adjacent warp
tows that wrap around the weft tow on the opposite sides. At the borderline between the two
neighbouring warp tows, marked by a red line in Fig. 3(a), the weft tow cross-sections are
subjected to equal compaction from both sides and its profile is not biased and can be
represented by an ellipse as shown inset to Fig. 3(a).

Such minor variation of the weft tow is a typical feature of layer-to-layer angle interlock
architectures. In particular, localised undulations of the weft tows can also be observed in

micro-CT images of carbon fibre composite shown in Fig. 4.



Fig. 3 Micro-CT images of 3D woven composite glass fibre composite: (a) cross-section

orthogonal to through thickness direction; (b) cross-section orthogonal to the weft direction;

(c) cross-sections orthogonal to the warp direction
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Fig. 4 Micro-CT images of cross-section view of carbon fibre composite orthogonal to warp
direction: (a) cross-section is taken through the centre of the weft tow; (b) cross-section taken
at the side of the weft tow

3 Parametrisation and implementation of varying weft tow geometry
3.1 Geometric implementation of the cross-section variation along the weft tow path

To reveal the effects of varying weft tow geometry on predictions of the effective
properties of woven composites, two models of the weft tow undulations have been proposed
as illustrated in Fig. 5. Effectively, in the weave, the originally straight weft tows, as shown in
Fig. 5(a), are replaced with the undulating ones. Undulation model shown in Fig. 5(b) implies
that the tows remain straight along their paths while the undulations are restricted locally to the
sides of the tows. Weft tow geometry in Fig. 5(c) corresponds to a model where a weft tow
exhibits overall undulations along its path, in addition to the variations in the weft tow cross-
sections as in the previous model. Such undulations are more likely to be observed in the
weaves based on fibre tows of relatively low stiffness, such as glass fibres.

These undulations can be reflected in a unit cell that represents the material. According to
the parametrisation scheme [11], the unit cell contains a single warp tow along its width. The
weft tows in a UC are represented by segments as marked in Fig. 5(c). For the idealised UC
with straight tow shown in Fig. 5(a), the shape of such fragment is a cylinder the base of which
is the cross-section of the weft tow orthogonal to its centre line. For weft tows with undulations,
the cross-sections on the boundaries of the fragments are the same as those in the UC with
straight weft tows, while the overall weft tow shape is much more complex. The weft tow
fragment in Fig. 6(a) represents a case with local undulations along the sides of the tow, which

corresponds to the weft tow geometry variation scenario in Fig. 3 and Fig. 4. To reproduce this



in a model, the curved weft tow path ABC was defined using the TexGen [30] weave modelling
software, via interpolating the master nodes and assigning the varying shapes of the weft tow
cross-section profiles along this path. To reproduce an overall undulation of the weft tow, as
shown in Fig. 6 (b), the weft tow path was kept straight between different cross-sections. By
utilising the cross-section profiles and the lofting paths, these undulations in the weft tows are

reproduced automatically.

Side view

? 9 9
M

(b) ‘ ‘

(©)

Fig. 5 Models of weft tows undulations: (a) no undulations; (b) local undulations and (c) overall
undulations with the weft tow divided into segments of a half-period long each. Directions of
the warp tow undulations are shown by grey arrows.
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Sec. E-E Sec. F-F Sec. G-G

Fig. 6 A segment of the undulating weft tow created by lofting different cross-sections as
shown with the lofting paths: (a) straight lofting path ABC corresponding to scenario (b) in
Fig. 5; (b) curved lofting path ABC corresponding to scenario (c) in Fig. 5

3.2 Parametrisation of variation in weft tow cross-section

Similar to variations in the weft tow path, the varying cross-section shape of the weft tow
has been defined making use of the available functionality in TexGen, which is a lot more
versatile than its counterpart in Abaqus. Its shape was idealised as a power ellipse [9]:

X =¥ cos(2rt) 0<t<1

_|5(sin(22t))"  if0<t<05. (1)

B {—%sin(Z;ﬂ)” if0.5<t<1
where w is the yarn width, h is the yarn height, and t is the angular coordinate at the ellipse
centre relative to the major axis. Exponent n was introduced as the measure of roundness,
varying in the range [0, 1], where zero corresponds to a rectangular, and unity to an elliptical
cross-section [30]. Note that the tow cross-section profile can be approximated by substantially
more complex geometric shapes [31, 32], if desired. However, this would have made definition
of the varying tow cross-section a lot more challenging.

To reproduce the cross-section variation, cross-section profile was further modified as
shown in Fig. 7(a). Specifically, it comprises two half-ellipses of different heights, one on top
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and another at the bottom. To quantify the extent of variation of the cross-section shape, the

variation coefficient of weft tow has been defined as:

c=1-2h,/(h +h,) ()
where h; and hy are double the heights of the upper half ellipse and lower half ellipse. The

coefficient ¢ can vary in the range [0, 1], where ¢ = ( corresponds to case where hy = hy,
while ¢ 2 (Q signifies that the cross-section has flattened on one side, e.g. ¢c>(Q gives
flattened bottom, as shown in Fig. 7(b), and the higher the value of ¢, the more biased is the

appearance of the cross-section.

- >
(a) 3 w
<« =0
«—C =O.g
<—c =0.
(b)

Fig. 7 Varying weft tow cross-section: (a) geometry of the cross-section; (b) change in cross-

section profiles associated with different values of coefficient c

The geometric parameters that should be specified to define the varying weft tow cross-
section are summarised in Table 1, where restrictions on their selections are also specified. The
restriction was to ensure that the weft tow cross-sectional area does not change when the weft
tow cross-section geometry is altered. A constant cross-section area is the main assumption
used in this parametrisation. Any variation of cross-section area would result in variation of
the intra-tow fibre volume fraction and hence the material properties of the tows, definition of
which would be challenging. However, for woven composites of layer-to-layer angle interlock
type, such as those considered in the present paper, there is no significant change in the weft
tow cross-sectional area, as can be seen in Fig. 3, which effectively illustrates a typical weft
tow cross-section variation in this type of composites. Therefore, the assumption of the

constancy of the weft tow cross-section can be considered reasonable.

12



Table 1 The geometric parameters of the varying weft tow cross-sections

Geometry Boundary Upper ellipse Lower ellipse Restriction

Height hy h, h, 2h, =h +h,
Width W, W, W, W, =W,
Exponent N, n n, n,=n=n,

3.3 Parametrisation of variation in the weft and the warp tow paths

One more essential parameter that is employed in parametrisation of the weft tow is the
length, I, along which the weft tow path remains straight, and the geometry of cross-section
does not change, as shown in Fig. 8. It is defined as:

I = (1_ 7warp) Loet (3)

where y, . is the measure of roundness of warp tow [11].

When the geometry of the weft tow cross-section varies along its length, it is crucial to
ensure that the warp tow conforms to the new geometry, because otherwise a non-physical
interpenetration of the tows in the model may occur. The method to define the warp tow paths
in a unit cell with straight weft tows has been elaborated in [11] and adopted for the present
application. In short, the centre line of the warp tow should remain parallel to the weft cross-
section profile. Interference between the adjacent warp and weft tows is prevented by assuming
that the warp tow stays in contact with the weft tow until it straightens as it leaves the weft tow,
as shown in the magnified and elaborated view of the OSTR segment sketched in Fig. 9. It
represents the entire warp tow, that can be reproduced by rotating segment OSTR by 180°
rotation about point R, translation along z- and x-axis (for weaves in which Nsteep< Ngeep ) and

then applying a reflectional symmetry about the yz-plane.

Ln-eﬂ Lu':;ﬂ

Fig. 8 Cross-section change of the weft tow along its length: (a) tows with localised

undulation along the sides; (b) tow with overall undulation
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Fig. 9 Geometry of the weft and the warp tow in their contact region

The procedure for defining the sub-segments of OSTR is identical to that established in
[11]. The only difference is the need to account for variation in height of the weft tow cross-
sections. Because of that, z-coordinate in definition of subsegment OS in [11] should be

replaced with

1
2:5(H+hl) 4)

The coordinates of the point R should also be replaced by the expressions specified in

Table 2, where D, is the distance between the adjacent weft tow columns.

Table 2 Coordinates of point R

Coordinate Curved edge as in Fig. 6(a) Curved centre line as in Fig. 6(b)
1 1
XR E nskip (WO +Dweft ) E nskip (WO +Dweft )
1 1 1
Zg _E(nsteep _1)|:H+E(hl +h2)i| _E(nsteepH+r11+hO)

3.4 Formulation and implementation of the UC model

The UC modelling has been adopted as the analysis tool for material characterisation. The
theoretical background behind the unit cell formulation, including derivations of the relative
displacement boundary conditions, load application and effective properties extraction, has
been given in full in [13]. The material characterisation procedure, from generating the FE

model to post-processing of the results, has been fully automated in Abaqus utilising Python
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script, as is also elaborated in [13]. For the 3D woven layer-to-layer angle interlock composite,
which is the material under consideration here, the parametrised idealised unit cell model has
been established and implemented in [11], where mathematical formulation of the boundary
conditions has been given explicitly, and the Python script associated with the characterisation
procedure has been verified. In the present work, the script was supplemented with
functionality allowing to reproduce the varying cross-section of the weft tow as is defined in
the previous subsections. Use of the Python script allows to import the weft tow generated in
TexGen to Abaqus, to replace the straight tow weft in the original unit cell model. Once the
geometry is modified, the rest of the procedure is followed automatically, namely, the script
generates the geometry, prescribes material behaviour to the constituents, defines the relative
displacement boundary conditions, and carries out the post-processing of the results. Detailed
explanation of how analysis of this kind is conducted is given in [33].

All that is required from the user is to provide the input parameters via the designated user
interface. The input comprises the geometric and topological parameters of the woven
architecture and the constituent material properties. The geometric and topological input
follows parametrisation of the woven composites established in [11]. The topology refers to
relative arrangement of the tows within the weave, and for composite considered in the present
paper the topological parameters are Noffset=0, Nskip= Nstep =1, Ndeep=Nsteep=2. This configuration
is shown in Fig. 2 and it was selected since it corresponds to a real composite previously
analysed and tested in [27]. The definition of topological parameters can be found in [11].

The geometric input parameters have been obtained following recently established
procedure [17] which uses the so-called controllable parameters. These are effectively the
weaving parameters that have been related to the geometric ones via simple analytical
expressions that were derived following the definition of these parameters. The controllable
parameters are specified in Table 3, while the geometric parameters obtained from them are
given in Table 4. Note that these parameters correspond to the unit cell with straight weft tows.

To allow for variation of the weft tow and avoid tow interferences, the measure of the
roundness 7,,, of the warp tow cross-section is set as 0.2, as opposed to 0.05 that was used in
[11], where the latter value was used to reproduce a nearly rectangular warp tow cross-section.
Given that the present model involves localised undulations of the weft tow, 7,,,=0.2 was used

to ensure that the straight part of the weft tow given by Eq. (3) is not excessively long, as this

would deliver excessively steep undulations in the weft tow.

15



Table 3 Controllable parameters of the woven panels made of IM7 carbon fibre [27]

Panel Number of Number of  Filament Tow count Tow density
Fibre thickness warptowsin wefttowsin diameter (1/cm)

(mm) a column a column (mm) warp weft warp weft
IM7 4.2 7 8 5x1073 12K 24K 10 2.8

The second group of the input parameters were the material properties of the constituents,
IM7 carbon fibre tows and Gurit Prime 20LV matrix, and they are also specified in Table 4.
The material properties of the tows were determined employing micro-scale characterisation,
where the fibre tows were considered as a unidirectional composite. A hexagonal unit cell in a

UnitCells© toolbox [33] was utilised to carry out this characterisation in an automated manner.

Table 4 Input properties and parameters for the unit cell

Geometry Material properties of constituents [34]
Geometric parameter Warp Weft Matrix (PRIME™ 20LV) Tow (IM7 CF, Vi= 78.6%)
W (mm) 1.25 255 E=3.5GPa E1=217.42 GPa
H (mm) 0.24 0.33 v=0.35 E>=E3=12.21 GPa
Measure of roundness g.20 0.90 v12=v13=0.29
D (mm) 0.05 1.45 v23=0.45

G12=G13=5.29 GPa

G23 =4.21 GPa

Once the formulation of the unit cell is completed by defining appropriate staggered
translational symmetry boundary conditions [11], the localised undulation of the weft tows is
automatically reproduced. The extent of undulation in Fig. 6 can be varied by assigning
different heights to cross-sections at the boundary and in the centre. Two types of undulating
weft tows and their corresponding unit cells are shown in Fig. 10. For the case shown in Fig.
10(a), the undulations are restricted to the sides of the weft tow, and the tow generally remains
straight when viewed from the side. This represents undulations observed in real textile
composites as shown in Fig. 4. The second type of variation, shown in Fig. 10(b), involves
substantial overall undulations of the weft tow.

Comprehensive validation of the unit cell-based material characterisation for 3D woven
composites has been previously conducted in [17], where the weft tows have been modelled as
perfectly straight. Six composites of the same layer-to-layer angle interlock topology but
different geometry and/or constituents have been characterised. This included IM7 CF

composite as is used in the present study. The elastic characterisation results have been
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compared with the respective experimental data, presenting in a systematic way the predictive

capability of the method.

Undulating weft tow Corresponding unit cell

(@)

ﬁ

(b)

= ’l

Fig. 10 Two types of undulating weft tows and their corresponding unit cells: (a) undulations
are restricted to the edge of the weft tow; (b) overall undulations of the weft tows.

4 Definition of the varying material orientation

While the UC model accounting for the varying weft tow cross-section have been fully
formulated in the previous section, there is yet one more aspect of material definition that must
be addressed. Specifically, since a tow in a weave comprises a bundle of fibres, any variation
in tow cross-section along its path naturally results in variation in the fibre orientation within
the tow. In an idealised unit cell, where the weft tows are perfectly straight, the definition of
the fibre orientation is straightforward, namely, the fibre direction coincides with that of the
tow path. However, when applying the same material orientation to weft tows of varying cross-
sections, the fibres on the curved surface become discontinuous. This does not represent the
structure of the tow in the real weave. An alternative method is established in this section to

allow for the correct definition of varying orientation.
4.1 Available methods for modelling varying intra-tow fibre orientation

It is worth noting that Abaqus [35, 36] offers a functionality for defining the varying
material orientation. The user has to specify the material orientation at reference edges, based
on which the orientation in the material is reconstructed using a built-in software algorithm.
The functionality has been tested on simple 2D shapes shown Fig. 11 and Fig. 12. The
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examination of material orientation in Fig. 11 (a) and (b) revealed that the local orientation
within the region is uniform and logical when the reference edges were parallel to each other.
However, when the reference edges were not parallel, as in Fig. 12(a) and (b), the issue in
orientation definition becomes apparent. Specifically, the orientation appears to be defined in
a somewhat piecewise linear manner, where up to centre line between the two reference edges
orientation is identical to that of the closest reference edge, which results in orientation being
discontinuous. If third reference edge is involved, as in Fig. 12(b), same piecewise orientation
definition will still be maintained, but it will be between the two adjacent reference edges. Lack

of definition of gradual variation of the orientation in Abaqus functionality is apparent.

Reference edge

) = s \ Reference edge
> W Reference edge

Fig. 11 Abaqus built-in orientation function prescribed between two parallel reference edges:

(a) straight edges; (b) curved edges

(a) (b)

) ' Reference edge

-

' Reference edge
-

. R

i —
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L T
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Fig. 12 Material orientation in shapes where reference edges are not parallel: Abaqus built-in
orientation based on (a) two reference edges; (b) three reference edges, and (c) orientation
defined following procedure established in subsection 4.2
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There is also a functionality for defining smoothly varying fibre orientation in weave
modelling software TexGen [30]. However, the procedure used for this purpose involves a
computationally demanding iterative process, where the intra-tow fibre orientation is
calculated by making use of the mesh generated in a certain way. In the present study, more
efficient methodology to achieve the same is established and will be presented in the next

subsection.
4.2  Theoretical formulation for varying intra-tow fibre orientation

To model the material orientation that would vary smoothly and conform to the shape of
the weft tow, linear interpolation between orientation along the straight centre line as a
reference and that of a corresponding point on the surface of the tow has been employed.
Consider a curved tow as is illustrated in Fig. 13. For any integration point A inside the tow,
a section can be introduced as shown in Fig. 13, which passes point A and is perpendicular to

the y-axis. The section intersects the centre line of the tow at point O which shares the common
y-coordinate with point A and hence can be easily determined as O(Xo, Y, Z ). For the ease

of manipulations, the coordinates of point A can be expressed in a cylindrical coordinate system

as A(yA,eA, rA) about an axis parallel to the y-axis of the original cartesian coordinate system

passing point O, where rA=\/(xA—xo)2+(zA—zo)2 and 0, =arccos((X,—X,)/r,). The
direction of this axis is shown as Po in Fig. 13. The original cartesian coordinates of

A(Xa:YarZ4) can be obtained from Abaqus as those at an integration point.

Along the radial direction OA, a point can be found on the surface of the tow. The element
in the tow containing that point can be identified from inside Abaqus. Take the integration
point of the element nearest to that point as an approximation and label it as point B. The

coordinates of point B are readily available from Abaqus. Converting them to the same

cylindrical coordinate system, one obtains B(y,,6,,r, ), where r, = \/(xB %) +(25—20)" -

Then the principal vector P, indicating the fibre orientation at point B, can be calculated as:

p=nxs, (®)
where p is the normal to the surface of the element in which point B is located as is available

directly from Abaqus and unit vector § =fix p0/|ﬁ>< ﬁo| with p, given as the direction of the
axis of the cylindrical coordinate system, which is defined, in the current coordinate system,

as.:
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po=[0 1 0]. (6)

Fig. 13 Determination of principal vector P at point B, perpendicular to fi and §
respectively

For any integration point A inside the tow domain, the unit vector p, can be thus linearly
interpolated between the p, and p as:
. (1-p)p,+pp

- — —. (7)
" |2-p) o+ £B|
where the factor p is the ratio of the radial distance between point A inside the tow domain

and its corresponding point B approximately on the surface along the radial line OA:
r
p=-=" 8)

g

Principal vector p, is used to define the material orientation at any point A inside the tow.

As an illustration, the procedure has been applied to define the material orientation within the
trapezoidal part in Fig. 12(c). The gradual smooth variation of the orientation is apparent, as
opposed to discontinuous appearance in Fig. 12(a) and (b).

It should be noted that the linear interpolation between the orientation on the surface and
that along the centreline has also been adopted in [37]. However, the orientation on the surface
there was determined as local tangent to discrete lines near the surface of the fibre tow that
represented the fibre bundles. The procedure established in the present paper is therefore more

universally applicable since it does not require such sophisticated definition of the tows.
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4.3 Implementation of the varying material orientation in FE models

In the finite element model of the tow, the principal vector has been interpolated at each
element between the exterior surface and centre tow path. This has been carried out
automatically, making use of the Python script written specifically for this purpose. The
obtained orientation has been prescribed to the weft tows within the UC as a discrete field,

which is a functionality available in Abaqus.

Table 5 Geometric parameters of the altered weft tow

Non-biased ellipse  Upper ellipse Bottom ellipse
Width (mm)  2.55 2.55 2.55
Height (mm) 0.33 0.23 0.43
Exponent n 0.9 0.9 0.9

To visualise the material orientations obtained using different fibre orientation models,
the undulating weft tow shown in Fig. 8(b) has been used as an example. The variation
coefficient (1) in this example has been set to 0.3 to exaggerate the curviness of the weft tow,
which facilitates the demonstration of the fibre orientations. The geometric parameters of the
weft tow cross-section corresponding to such coefficient of variation are given in Table 5.

The fibre orientations assigned using three different methods are shown in Fig. 14, where
the red arrows/lines indicate the local directions of fibres. The fibre paths in each case are also
sketched in the insets of the respective images. The first method was to assign the identical
orientation at all elements within the tow. As can be seen in visualisations of the orientation
over the weft tow in Fig. 14(a), the orientation does not change from element to element and,
because of this, becomes discontinuous on the tow surface in the curved region. This
discontinuity is highlighted in red in a schematic inset to Fig. 14(a). Essentially, this mimics
broken fibres in the tow, which is obviously unacceptable. This error is easy to detect.

The second method was to employ built-in algorithm in Abaqus utilising the reference
edges and faces. As shown in Fig. 14(b), it produces piecewise linear definition of orientation
that has been already discussed in subsection 4.1. The discontinuity in orientation in this case
is highlighted in red in a schematic inset to Fig. 14(b). Same as in the previous case, it is wrong,
but is now harder to detect because the discontinuity has been hidden inside fibre tows. Finally,
orientation in Fig. 14 (c) was produced following the procedure established in the present
paper. As can be seen, the continuous straightening of the fibre orientation from the external

surface towards the central axis of the tow was achieved and the fibre orientation follows the
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variation of the geometry in general. The orientation therefore conforms to the complex shape
of the tow. Same conforming orientation has been reproduced using this newly established

orientation definition method in a simple 2D shape in Fig. 14(c).
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Fig. 14 Fibre orientations in a curved weft tow: (a) constant orientation; (b) varying orientation
as provided in Abaqus [36]; (c) conforming orientation

5 Effect of weft tow variation on material characterisation results

To assess how significantly the varying weft cross-sections can affect the predictions of
the effective elastic properties of the textile composites, the two undulation models have been
applied separately as two case studies. The modelling tools utilised and the material systems
used in both exercises were detailed in subsection 3.4.

In the first case study, the variation of the weft tow represented that in real textile

composite shown in Fig. 4. The weft tow geometry for such case is shown in Fig. 15(a), where
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undulations are restricted to the sides of the weft tow, and the tow generally remains straight
when viewed from the side. In the second case study, the weft tow had substantial overall
undulations, as shown in Fig. 15(b). A range of material characterisation cases have been
carried out, where the variation coefficient in Eq. (1) has been assigned values in the range
from 0 to 0.3. The maximum value of the coefficient of variation was chosen such that it would
deliver undulation that would apparently be exaggerated compared to the one in a real
composite in Fig. 4(b). The latter has not been quantified through measurements, because the
objective of the present paper is to expose the sensitivity, if any, of the elastic properties to
undulations in the weft tows, rather than consider any isolated case. The variations in heights
of the upper and lower half ellipses are specified in Table 6. They are obtained for each value
of the variation coefficient using Eq. (2) and the restriction specified in Table 1. The larger the
value of the coefficient, the higher is the extent of undulations in the weft tows, either localised
or the overall ones, as is illustrated in Fig. 15(a) and (b), respectively. The width and measure

of the roundness of the cross-sections are given in Table 5.

(@) (b)
c=0.15 | |

ey ‘

c=0.30

d | P

Fig. 15 Variation in weft tows shape associated with different values of the variation
coefficient: (a) tow with undulations along the sides; (b) tow with curved centre line

Table 6 Geometric parameters of the varying cross-section of weft tow

Variation coefficient ¢ 0 0.05 0.10 0.15 0.20 0.25 0.30
h, (mm) 0.33 0.34 0.36 0.38 0.39 0.41 0.43

h, (mm) 033 032 030 028 027 025 0.23
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5.1 Case study 1: Localised undulations

As initial assessment of the changes in the UC models associated with varying tow
geometry, the geometric properties has been considered as listed in Table 7. The volumes of
the tows and of the UC were obtained as the by-product of the numerical analysis, by requesting
their output from Abaqus, where they are calculated using readily available functionality. The
interlocking angle is calculated based on the geometric parameters given in Table 4 using the
procedure established in [11]. The volume of the weft tow was expected to be constant because
the area of the cross-sections was kept constant along the weft path while its geometry was
varying. However, there was slight deviation in its value between the different cases. This was
due to the use of the lofting function. Specifically, while the areas at the profiles are meant to
be constant, there is a slight deviation between the adjacent profiles. This deviation can further
be reduced by reducing the distance between the adjacent profiles. On the other hand, slight
variation in the warp tow geometry was genuine, and it was associated with the changes in
geometry of the adjacent weft tow and hence the subtle variation of the warp tow path. Change
is the warp tow path is also responsible for the reduction of the interlocking angle from 31.53°
at c=0to 29.36° at ¢=0.3.

The calculated effective elastic properties are also summarised in Table 7. The change of
the properties obtained with the configurations having weft tow undulations relative to
configuration with straight weft tows (c=0.0) is plotted in Fig. 16. It was found that the most
affected effective stiffness property was the weft Young’s modulus, which decreased by 2.2%
as the variation coefficient reached 0.3. This trend is reasonable, because presence of
undulations in the tows aligned in certain direction results in reduction of elastic moduli
associated with that direction. It is worth noting that the effective weft moduli predicted using
the UC model with straight weft tows for six different woven composites in [17] were found
to consistently (five cases out to six) exceed their experimental counterparts. Specifically, for
composite based on IM7 tows as is considered in the present paper, the experimental value of
the effective weft modulus was 62.7GPa. The results therefore show that the lack of
representation of the localised undulations in the idealised UC model is indeed responsible for
some overprediction of the weft effective elastic modulus. While the 2.2% reduction in the
weft modulus in the present case does not seem like a significant change, the effects of localised
undulations can potentially be more pronounced for other constituents and composite
geometries. A comprehensive study of this kind would require a substantial effort and is beyond

the scope of the present paper whose main objective is to establish the capability for
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incorporating this varying feature, while IM7 carbon fibre composite has been chosen to

demonstrate the functionality of the method proposed.

Table 7 Geometric and effective elastic properties over a range of variation coefficients for
model with localised weft tow undulations

Geometric properties

Coefficient of variation 00 005 010 0415 020 025 0.30
Interlocking angle, ° 31.53 31.15 30.78 3041 30.05 29.70 29.36
Volume of unit cell, mm® 5928 5928 5928 5928 5928 5928 5.928
Volume of weft tow, mm® 1632 1.632 1.631 1631 1.631 1.632 1.631
Volume of warp tow, mm® 2410 2410 2410 2410 2411 2411 2412
Effective properties

Ex (GPa) 43.84 4390 43.94 4397 4397 4397 43.95
E, (GPa) 6590 6578 65.65 6542 6515 64.87 64.48
E, (GPa) 922 922 923 923 923 924 924
G (GPa) 201 290 290 290 290 290 2.90
Gy: (GPa) 481 481 480 480 480 480 4.79
Gy (GPa) 340 339 339 339 340 339 3.39
Viy 0.0023 0.0068 0.0116 0.0162 0.0205 0.0246 0.0280
Viz 0.8785 0.8788 0.8784 0.8778 0.8770 0.8763 0.8757
Vy2 0.4272 0.4250 0.4230 0.4214 0.4204 0.4200 0.4203

Minor increase in the warp effective elastic modulus is associated with the marginal
straightening of the warp tows, which is reflected in the reduced value of the interlocking angle.
The property found to be the most sensitive to cross-section geometry variation was the
Poisson’s ratio vy, increasing from 0.0023 to 0.028 as the variation coefficient increased from 0
to 0.3. Simultaneously, Young’s modulus in the weft direction reduces marginally with the
variation coefficient. Both trends are reasonable, because the weft tows with undulations are
more compliant than their straight counterparts hence it is natural to expect that reducing weft
Young modulus (in y-direction) is accompanied with increasing Poisson’s ratio Vyy. Often,
researchers and practitioners do not give enough attention to Poisson’s ratios, which sometimes
can underline important mechanical intricacies, such as the success of the adoption of the so-
called quasi-isotropic laminates at the early stage of the development of structural applications
of composites, the most undesirable but also unavoidable free edge effect, anticlastic
deformation, etc.

The variation of the remaining effective properties was marginal, within 1%.
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Fig. 16 The relative change of effective elastic properties predicted with models having
localised undulations of the weft tows: (a) properties for which the absolute relative change
was below 0.03; (b) Poisson’s ratio vy

The low value of Poisson’s ratio vxy, Which is a lot smaller than the typical values for the
UD composites [38], is a characteristic of 3D woven composites of layer-to-layer angle
interlock architecture. The causes for this have been explained in [11]. In short, when the
composite is stretched along the direction of weft tows, the inclined parts of the warp tows
rotate, becoming less inclined, as a result of the deformation. Thus, there is an expanding trend
in the warp direction, competing with the natural tendency of contraction due to the Poisson’s
effect. The rotations of the parts of the warp tows also result in the contraction in the thickness
direction in addition to the natural Poisson’s effect in the same direction. This is manifested by

large value of vy, as is also shown in Table 7.
5.2 Case study 2: Overall undulations

Similar case study was carried out for the configuration where the weft tows were
undulating along their paths, as shown in Fig. 15(b). Same as in the previous case, the higher
are the values of the variation coefficient, the more pronounced are the undulations of the weft
tow. The values of heights of half ellipses, h: and hy, that are essential for definition of such
undulation, will be the same as in Table 6 but reversed in this case, because, referring to Fig.
15(b), it is the height of the half ellipse forming top of the cross-section that should be reduced.

In general, the effective elastic properties obtained in this case study and summarised in
Table 8, and their relative changes plotted in Fig. 17 reproduce the same qualitative trends as
were revealed in the previous case study. Quantitatively, the change in the elastic properties
was more substantial in this case, namely, the elastic modulus Ey along the weft direction

reduced by ~12% at ¢c=0.3 as opposed to <3% in the previous case study. The warp modulus
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increased by 3% as opposed to <1% in the previous study. A novel feature was noticeable
reduction, by 6%, in effective shear elastic modulus Gy, and Poisson’s ratio Vx;, Which were
marginally affected by tow geometry variation in the previous case study. The Poisson’s ratio
Vxy remained the most affected property, but the relative change in its value at maximum

variation coefficient nearly doubled compared to that in the previous case study.

Table 8 Geometric and effective elastic properties over a range of variation coefficients for
model with overall weft tow undulations

Geometric properties 0 005 010 015 020 025 0.30
Interlocking angle, ° 3153 3142 3131 3121 3111 3102 30.93
Volume of unit cell, mm?3 50928 5928 5928 5928 5928 5928 5.928
Volume of weft tow, mm?3 1632 1632 1632 1632 1.632 1.632 1.632
Volume of warp tow, mm?® 2410 2.329 2327 2324 2322 2320 2318
Effective properties

E. (GPa) 4384 4401 4418 4433 4447 4459 44.69
E, (GPa) 6590 65.88 6479 63.62 61.96 60.20 58.39
E, (GPa) 922 923 924 924 924 924 924
G (GPa) 291 290 290 291 291 292 293
Gy: (GPa) 481 475 470 465 460 455 450
Gy (GPa) 340 339 340 339 340 340 3.40
Yy 0.0023 0.0111 0.0194 0.0271 0.0341 0.0404 0.0458
Vo 0.8785 0.8679 0.8577 0.8478 0.8382 0.8289 0.8199
Vy2 0.4272  0.424 0.4225 0.4223 0.4239 0.4258 0.4282
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Fig. 17 The relative change of effective elastic properties predicted with models having overall
undulations of the weft tows: (a) properties for which the absolute relative change was below
0.15; (b) Poisson’s ratio vyy

27



Table 9 The effective elastic properties predicted with different fibre orientations

Properties ¢c=0 ¢=0.3
Constant orientation Abaqus orientation ~ Conforming orientation

E«(GPa)  43.84 44.65 44.76 44.69
E,(GPa)  65.90 59.73 56.43 58.39
E,(GPa)  9.22 9.24 9.22 9.24
Gw (GPa) 291 2.90 2.94 2.93
Gy (GPa) 4581 4.49 4.49 4.50
Gy (GPa)  3.40 3.39 3.39 3.40
Yy 0.0023 0.0207 0.0204 0.0458
Vi 0.8785 0.8281 0.8292 0.8199
Vg2 0.4272 0.4260 0.4369 0.4282

This study shows that overall undulation of weft tows affects the effective elastic
properties more than the undulations localised to the sides of the weft tows. It would also be
informative to assess how the results would change if different orientation definition was used.
To do so, two more material characterisation cases was carried out where the material
orientations in the weft tow were defined as shown in Fig. 14(a) and (b).

The results are given in Table 9 along with those obtained previously for the unit cell with
straight weft tows and one with smoothly varying orientation, which were included for ease of
comparison. Compared to the results obtained with the model having straight weft tows, the
most significant difference was the values of the weft modulus, Ey, and the Poisson’s ratio vyy.
The value of the weft stiffness obtained for model with conforming (correct) orientation was
found to be closer to that corresponding to the model with constant orientation. This signifies
that at least as far as the modelling of varying geometry of the weft tow is concerned, Abaqus
functionality for representing the varying material orientation does not produce any tangible

improvement to the accuracy of prediction as compared to the constant orientation.
5.3 Non-physical stress concentrations due to inconsistent definition of material orientation

The analysis reported above suggests that as far as the elastic characterisation of woven
composites is concerned, lack of consistency in definition of material orientation has little
effect on predictions of the elastic properties.

However, drastic differences can be observed in the obtained stress distributions. To
demonstrate them, three simplistic models as shown in Fig. 12 were loaded in tension in x-

direction. The contours of the direct stress in global x-direction and the shear stress are shown

in Fig. 18. The fictitious stress concentrations are present in 0,, stress contours shown in
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Fig. 18 The stress contours predicted with different fibre orientations: (a), (d) Abaqus
material orientation based on two reference edges, (b), (d) Abaqus material orientation based
on three reference edges, (c), (f) continuous orientation variation established in Section 4.

Fig. 18(a) and (b) when Abaqus functionality for orientation definition was employed with the
two outer inclined edges as references. The location of these stress concentrations coincides

with the discontinuity of fibre paths as represented by the orientation employed. Similar stress
concentration in the shear stress 7,, field can be observed in Fig. 18(d) for the same reason.
When three reference edges are used, i.e. with the centreline as an additional reference, stress
concentrations in 7, distribution vanish superficially, while they are still present in 0,

contour in Fig. 18 (b), again, located at the position of fibre discontinuity, hence two locations.
These fictitious stress concentrations can be hidden to a degree if the stresses were plotted in

their materials’ principal axes (plots not shown but not difficult to envisage), i.e. in terms of
0y and 7y,, respectively. A critical observation would reveal that the magnitudes of these

stresses show reasonable continuity across the interface where the two different orientations

from two individual references meet. However, since material orientations across the interface
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are different, stress directions would also differ on two sides of this interface, implying an
artificial discontinuity in the material. The stress distributions as shown in Fig. 17(c) and (f),
predicted using the conforming material orientation developed in the present paper, are free
from such fictitious stress concentrations both in the materials principal axes (nhot shown) and
the global coordinate system, since there is no artificial discontinuity in fibre paths.

Since damage initiation and propagation and the subsequent ultimate failure are closely
associated with the stress concentrations present in the material, fictitious stress concentration
resulting from poor definition of material orientation will certainly introduce errors in strength
prediction. The consistent and convenient methodology for orientation definition as was

established in the present paper will help rule out artificial error of this kind.
5.4  Stress state variation associated with the weft tow undulations

With the erroneous definition of fibre orientation being ironed out in the previous
subsection, one should have improved confidence on the predicted stresses which are essential
for the subsequent strength predictions. Although systematic strength predictions are seen as a
future development for a subsequent publication to address, it is insightful to demonstrate the
differences the undulations in the weft tows make on the stress distribution. The longitudinal
stress contours over the straight and the curved weft tows are compared in Fig. 19. For all these
cases, the respective unit cells were loaded in tension along the weft direction, as an example.
As can be seen in Fig. 19(a), the stress in the fibre direction was generally uniform in the
straight weft tows. In the weft tow with undulations along the sides, the stress concentrations
were predicted that were localised to the curved parts of the tow, as shown in Fig. 19(b). In
weft tow with overall undulations, higher stress levels are apparent over its curved region, as
can be seen in Fig. 19(c). In general, the higher the stress levels, the more critical the stress
state to potential failure of the material or the damage initiation and propagation in the material,
although systematic explorations of this kind are beyond the scope of the present paper. It is
clear that, as an idealisation, straight weft tows are simple to model and they present as a
reasonable approximation as far as effective elastic properties are concerned. However, they
could lead to misrepresentation of the possible stress concentrations caused by lack of
undulations, which are inevitable in physical reality and should be duly represented to strength
characterisation exercises. In particular, the idealisations with straight weft tows tend to
underestimate the stress level, which would potentially lead to a risky prediction of eventual

failure of such a composite and hence would not be a comfortable position in any practical
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engineering design. A proper study on the prediction of strength of such composites will be the

subject of a future development.
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Fig. 19 Stress contours over the weft tow:(a) straight weft tow; (b) weft tow with localised
undulations along the sides (c=0.3); (b) weft tow with overall undulations (c=0.3)

6 Conclusions

The minor undulations of the straight weft tows have been satisfactorily simulated. For
this, two parametrised models have been established, addressing different types of undulations.
They have been implemented in a unit cell for 3D woven composites, so that the unit cell can
be applied in an automated manner.

To assess the effects of such undulations consistently, formulation of the varying material
orientation has been established and implemented. The need for this development was caused
by inferiority of functionality for defining the varying material orientation that is available in
Abaqus. The latter defined the variation of orientation in a piecewise-constant way with the
interfaces between these parts of different orientations planted as fictitious material
discontinuities. While such overly simplistic definition of orientation was found to have
generally negligible effect on the predictions of the effective elastic properties, it will introduce
fictitious stress concentration pockets in the overall stress distribution, which would be
detrimental in any strength characterisation exercises. It was demonstrated via a simple
example that the newly established procedure for orientation produces smooth variation of

material orientation and the associated stress contours are free from the unreasonable stress
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concentrations. This should pave a way forward towards systematic predictions of strength of
3D woven composites.

The effects of variable weave architecture on predictions of the elastic response of 3D
woven layer-to-layer angle interlock composites have been revealed. The numerical analysis
has shown that the relative change between the elastic properties obtained with the model
having straight weft tows and one having localised undulations along the edges of weft tows
was within 3%, and it can exceed 10% for the models with overall undulations. Even so, this
is not overwhelmingly significant and hence justifies neglecting this variation when carrying
out the elastic characterisation of this type of woven composites. However, whether the
variation of the weft tow geometry can safely be neglected or not, depends on the nature of the
problem. While its effects on the effective elastic properties are not pronounced, it has been
shown that this subtlety could have significant effects on the local stress distribution, implying
their knock-on effects on the strength predictions for woven composites. This indicates that in
problems involving damage and failure, the minor undulations in the weft tows should not be
dismissed without due consideration. This will be addressed in full as a subsequent

development.
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