VOLUME 7 NO. 2
DEC 2010

ISSN 1675-7009

SCIENTIFIC
RESEARCH
JOURNAL

RESEARCH MANAGEMENT INSTITUTE @
N7



SCIENTIFIC RESEARCH JOURNAL

Chief Editor

Zaiki Awang
Universiti Teknologi MARA, Malaysia

Managing Editor

Razidah Ismail
Universiti Teknologi MARA, Malaysia

Editorial Board

Abu Bakar Abdul Majeed, Universiti Teknologi MARA, Malaysia
David Shallcross, University of Melbourne, Australia
Halila Jasmani, Universiti Teknologi MARA, Malaysia
Hamidah Mohd. Saman, Universiti Teknologi MARA, Malaysia
Huang Siew Lai, Universiti Teknologi MARA, Malaysia
Ichsan Setya Putra, Bandung Institue of Technology, Indonesia
Ideris Zakaria, Universiti Malaysia Pahang, Malaysia
Ir. Suhaimi Abd. Talib, Universiti Teknologi MARA, Malaysia
Jamil Salleh, Universiti Teknologi MARA, Malaysia
K. Ito, Chiba University, Japan
Kartini Kamaruddin, Universiti Teknologi MARA, Malaysia
Luciano Boglione, University of Massachusetts Lowell, USA
Mohd Hanapiah Abidin, Universiti Teknologi MARA, Malaysia
Mohd Rozi Ahmad, Universiti Teknologi MARA, Malaysia
Mohd. Nasir Taib, Universiti Teknologi MARA, Malaysia
Muhammad Azmi Ayub, Universiti Teknologi MARA, Malaysia
Norashikin Saim, Universiti Teknologi MARA, Malaysia
Nordin Abu Bakar, Universiti Teknologi MARA, Malaysia
Robert Michael Savory, Universiti Teknologi MARA, Malaysia
Saadiah Yahya, Universiti Teknologi MARA, Malaysia
Salmiah Kasolang, Universiti Teknologi MARA, Malaysia
Shah Rizam Mohd. Shah Baki, Universiti Teknologi MARA, Malaysia
Titik Khawa Abd. Rahman, Universiti Teknologi MARA, Malaysia
Wahyu Kuntjoro, Universiti Teknologi MARA, Malaysia
Yin Chun Yang, Universiti Teknologi MARA, Malaysia
Zahrah Ahmad, University of Malaya, Malaysia

Copyright © 2010 Universiti Teknologi MARA, Malaysia

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system
or transmitted in any form or by any means; electronics, mechanical, photocopying, recording
or otherwise; without prior permission in writing from the Publisher.

Scientific Research Journal is jointly published by Research Management Institute (RMI) and
University Publication Centre (UPENA), Universiti Teknologi MARA, 40450 Shah Alam,
Selangor, Malaysia.

The views and opinion expressed therein are those of the individual authors and the
publication of these statements in the Scientific Research Journal do not imply endorsement by
the publisher or the editorial staff. Copyright is vested in Universiti Teknologi MARA. Written
permission is required to reproduce any part of this publication.



SCIENTIFIC
RESEARCH
JOURNAL

Vol. 7 No. 2

December 2010 ISSN 1675-7009

CugSn; and Cu;Sn Intermetallics Study in the Sn-40Pb/Cu
System During Long-term Aging

Ramani Mayappan

Zainal Arifin Ahmad

The Properties of Agricultural Waste Particle Composite
Reinforced with Woven Cotton Fabric

Mohd Igbal Misnon

Shahril Anuar Bahari

Mohd Rozi Ahmad

Wan Yunus Wan Ahmad

Jamil Salleh

Muhammad Ismail Ab Kadir

Hyperelastic and Elastic-Plastic Approaches for Modelling
Uniaxial Tensile Performance of Woven Fabrics

Yahya, M. F.

Chen, X

Effects of Particle Sizes, Wood to Cement Ratio and
Chemical Additives on the Properties of Sesendok
(Endospermum Diadenum) Cement-bonded Particleboard
Jamaludin Kasim

Shaikh Abdul Karim Yamani

Ahmad Firdaus Mat Hedzir

Ahmad Syafiq Badrul Hisham

Mohd Arif Fikri Mohamad Adnan

19

31

57



Synthesis, Characterization and Biological Activities of 67
Nitrogen-Oxygen-Sulfur (NOS) Transition Metal Complexes

Derived from Novel S-2, 4-dichlorobenzyldithiocarbazate

with 5-fluoroisatin

Mohd Abdul Fatah Abdul Manan

Hadariah Bahron

Karimah Kassim

Mohd Asrul Hafiz Muhamad

Syed Nazmi Sayed Mohamed



Scientific Research Journal Vol. 7 No. 2, 31-55, 2010

Hyperelastic and Elastic-Plastic
Approaches for Modelling Uniaxial
Tensile Performance of Woven
Fabrics

Yahya, M.E.'? and Chen, X.!

ISchool of Materials, University of Manchester, M60 10D,
Manchester, United Kingdom
2Faculty of Applied Sciences, Universiti Teknologi MARA
40450 Shah Alam, Selangor, Malaysia
2Email: faizulmy@gmail.com

ABSTRACT

This article presents the findings of experimental and finite element simulation
warp direction uniaxial tensile testing of plain 1/1, 2/2 twill and 8 ends satin
woven fabrics with respect to a woven fabric model developed in IGES using
UniverFilter. Woven fabrics have been specifically configured as a balanced
weave thereby allowing systematic investigation of the effect of uniaxial
tensile stress on the weave. Static automatic incrementation of large
representative volume elements has enabled characterisation of the response
of two-dimensional woven fabrics under uniaxial tensile stress with respect
to hyperelastic and elastic-plastic material properties. Plain 1/1 and 8 ends
satin woven fabrics were well-described by the hyperelastic model and the
elastic-plastic model predicted extended strain percentages. The modelling
indicates that satin woven fabric possesses the lowest strain distribution
and compression stress in the unloaded weft direction compared to plain
and twill woven fabrics.

Keywords: Finite element analysis, CAD, uniaxial tensile, stress-strain
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Introduction

The rapid growth of technical textiles has contributed to the development
of high performance textile materials used in various applications and
conditions. Technical textile areas, including automotive, medical,
geotextiles, composites, sports and leisure, and protective clothing, have
recorded significant growth in terms of market demand [1]. Textile
materials have been developed to the extent where they have high
resilience, toughness and impact resistance, prime examples include
Nylon 6 and Nylon 6,6, which are used in load bearing applications
such as aircraft and car tires, parachutes and conveyor belts. Polyester,
which has good dimensional stability and high dynamic energy absorption,
has been successfully used in the construction of artificial ligaments
and arteries, car seats and sailcloth fabric [2]. The mechanical and
physical properties of woven fabrics are influenced by the fibre, yarn
and fabric configurations. For example, the use of higher ends per cm
result in heavier woven fabrics with better tensile strength. Tensile
strength is regarded as a fundamental test, since it provides insight
regarding material resistance to failure and is closely related to other
failure modes, such as compression, bending and impact. A systematic
approach has been adopted in order to normalise the fibre and yarn
properties so that the weave influence upon uniaxial tension behaviour
can be investigated and evaluated. The experimental performance of
two-dimensional plain 1/1, twill 2/2 and 8 ends satin woven fabrics,
designed with comparable fibre groups and yarn linear densities, are
evaluated with respect to simulations. The simulations were performed
using three-dimensional models of the woven fabrics and analyzed using
finite element analysis. The research has been performed in order to
review the roles of woven fabric structures roles in textile composites
applications particularly for transportation, defence, civil engineering,
aerospace and sports.

Tensile Behaviour of Woven Fabrics

The tensile behaviour of woven fabrics has been the subject of interest
for many researchers [3]. In general, the tensile behaviour of woven
fabrics can be analyzed both experimentally and analytically with respect
to theoretical modelling. Experiments is the best way to obtain direct
information regarding the mechanical properties of woven fabrics,
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however it is also generates sample waste. Literature on tensile
deformation mechanics is extensive, but primarily focuses upon the
evaluation of the tensile behaviour upon exposure to biaxial forces. For
example, Hearle and Shanahan [4] proposed an energy model to
investigate the biaxial performance of woven fabric, whereby they showed
that the total energy, U, in a fabric system comprises of forces acting in
the warp, F, and weft, F, directions, where in general the warp extension,
x, and weft extension, y, can be achieved by minimizing the energy with
respect to Equation 1:

U=-Fxx-E‘y 1)

An analytical approach is suitable for evaluiating simple two-
dimensional geometric models; however there is inherent greater
mathematical complexity in the design and solution if larger woven
structures are to be analyzed. Therefore, approximate solutions are
adopted for predicting the mechanical behaviour of large representative
elements in woven fabrics and finite element analysis is one of the most
accepted techniques used in solution approximation of solutions. Finite
element analysis is used to solve large structural problems by discretising
the problem into smaller sections or elements connected by a series of
nodal points. Static analysis of the element stiffness in a matrix [5] is
calculated with respect to Equation 2:

[K](w) = F ()

In the equation, K is the element stiffness matrix, « is a displacement
vector and F'is a force vector. The following example illustrates how a
force vector is established with respect to the node displacements, u,
between node 1 and 2 [5].

— —

— —o
Node 1, U, Node 2, U,
atNode 2, F, = K(u,-u,) 3
atNode 1, F, = -K(@u,-u,) “)
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These functions can be re-written in matrix form as:

K -K u

= &)
-K K u, F,

Finite element analysis has been well used to measure woven fabric
mechanical properties, in particularly the tensile strength. Tarfaoui ez al.
[6, 7] stated that finite element analysis can be used to represent fabric
geometrical properties and their symmetries with minimal assumptions;
in the case of weave mesh structures very close representations are
possible. Tresca stress analysis was performed on a three dimensional
model of a plain woven fabric undergoing biaxial’s stress using a 4-node
quadrangle element. Provatidis [8] stated that the non-linear behaviour
of plain woven fabrics during biaxial tensile testing will increase with the
modulus of elasticity when plain weave hexahedron elements with
Hertzian-surface to surface contacts are adopted. In composites,
Glaessgen et al. [9] published significant findings, which provided
validation of experimental findings with respect to finite element simulation
and analysis of both dry and laminated plain woven glass. A three
dimensional model of a plain woven fabric was established by connecting
lines using Bezier algorithms for yarn faces, which later form a volume
for the purposes of finite element analysis. The yarn cross section was
designed in a circular form with quadratic tetrahedral elements in order
to facilitate data generation during descretisation. While cited researchers
have developed the application of finite element analysis for modelling
woven fabrics through the assumption of a circular cross section; the
yarn cross section should in actual fact be presented as non-circular,
because in most applications yarns in woven fabrics are compressed and
flattened due to the forces imposed upon them. Other researchers have
adopted a lenticular yarn shape for finite element analysis. Gasser[10]
evaluated the biaxial stress performance of plain glass, 3 x 1glass twill, 2
x 2carbon twill and 2.5D carbon fabrics with respect to experimental
and numerical analysis by assuming yarn behaviour to be orthotropic
under shear (G,,, G ,, G,) with Poisson ratios (V ,, V;, V,,) zero in all
directions and a lower transverse modulus, E,, than longitudinal modulus,
E,. It was reported in the work that the plain weave exhibits higher
nonlinearity and the lowest loading compared to twill 2/2 and twill 3/1.
Boisse et al. [11] succesfully solved the numerical convergence problem
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associated with small transverse elastic orthotropic moduli for biaxial
and shear deformation of an hourglass-shaped unbalanced glass plain
woven fabric. Duan [12] employed a lenticular yarn cross section in
order to evaluate the ballistic performance of aramid plain woven fabric.
By simulating a 600 tex glass balanced plain woven fabric using
representative volume elements (RVE) Thammandra [13] determined
that the knee phenomenon can be reduced by applying a biaxial force
during the composite forming process. In the context of this research the
biaxial response of plain woven fabrics was performed using ABAQUS
using lenticular shaped yarn with transverse isotropic behaviour.

The consistent stream of publications regarding modelling of the
mechanical behaviour of woven fabrics, particularly the tensile strength,
is indicative of significant research interest in this field, whereby the
simulation of complex woven fabric structures is becoming increasingly
more realistic and elucidating combined with improved simulation efficiency
and decreasing computational time. As in the earlier discussion of Hearle’s
works, numerous other researchers have focussed upon the modelling of
the biaxial response of woven fabrics. Boisse’s simulations [14] indicate
that if equivalent forces build in both the warp and weft directions this
corresponds to stronger fabrics and reduces the knee effect found in
composites, which is in agreement with Thammandra’s [13] work. The
research presented herein considers the effect of uniaxial forces on the
three main woven structures; namely, plain, twill and satin. Modelling
work will initially be used to validate respective experimental and
simulation tensile strength results, but will be used later to investigate the
compressional effect generated between the warp and weft yarns due to
uniaxial tensile loading. Uniaxial tensile analysis is performed on square
two-dimensional woven manufactured fabrics and their geometrical model
equivalents. The three dimensional geometrical woven fabric models were
developed using an in-house CAD program, UniverFilter, and modelled
using the finite element analysis package ABAQUS. The yarns in the
finite element models are considered to be hyperelastic and elastic-plastic.
Simulating uniaxial hyperelastic yarn testing enabled determination of the
strain energy stored in the material unit volume at each material point.
This material behaviour was exploited since it enables analysis of large
strain deformations and non-linear geometrical structures. The model
assumes that materials behave isotropically when stretched and that yarn
behaviour changes from elastic to plastic upon exceeding the yield point
[15]. Yarn surface element contacts in the woven fabrics are defined to
be fixed throughout the analysis as suggested by Leaf [16, 17] and the
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warp and weft yarns are meshed automatically yielding an irregular mesh
configuration thereby ensuring stable numerical solution convergence at
each incremental step. The following section discusses the specifics of
the simulation work in greater detail.

Research Tasks

Yarn Tensile Test

Fibre and yarn properties must be defined before the woven fabric
models can be produced. The properties of the woven fabric models
may be is represented with respect to the density in g cm? and the
Poisson ratio. The fibre density, 1.44 g cm, used in this research was
adopted from existing literature [ 18], whereas the aramid fibre Poisson
ratio and yarn elastic modulus were validated with respect to
experimental yarn uniaxial tensile strength testing and the corresponding
finite element analysis. Yarn tensile was performed using an Instron
tensile tester machine according to the single yarn strength method, BS
ENISO 2062:1995.

The specimen length required to perform the tensile strength tests
was 250 mm to which a load of 5000 N was applied. In general, there is
a 0.5% deviation between the experimental and simulated yarn stress-
strain results. Beyond 0.5% strain, kevlar yarn is reported to observe a
linear trend until it exceeds the elastic point at 475 MPa of stress and

600
500 e
400

300

Stress MPA

200

—s— Yarn experiment
—a& - Yarn simulation

0 0.5 1 1.5 2 2.5 3 3.5

Strain %

Figure 1: Yarn Experimental and Model Validation
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3.03% of strain. The finite element analysis of the yarn assumes the
material to be isotropically elastic, of a lenticular cross sectional shape,
and possess a density of 1.44 g cm? and an elastic modulus of 19,000
MPa. The Poisson ratio was determined with respect to experimental
and finite element analysis conversion at a value of 0.37; this value was
used in the woven fabric models. The results of the finite element
modelling are presented with respect to experimental findings in Figure 1
and indicate good correlation (1-2.25% deviation) between the simulated
and experimental stress and strain results.

Woven Fabric Manufacture

Woven fabric manufacture is considered a significant stage since it
provides the bases for the experimental, finite element and comparison
anlaysis of the two, therefore consistency within the fabrication process
is vital. Fabric weaving is a multi-step process requiring warping, draw-
in, reed-in and weaving. The complete woven fabric specifications are
presented in Table 1.

Table 1: Woven Fabric Specifications

Weave structures Plain 1/1 Twill2/2. 8 Ends Satin
Fibre type Kevlar 149 Kevlar 149 Kevlar 149
Poisson ratio 037 037 037
Yarn modulus (MPa) 19000 19000 19000
Warp Tex 157.5 157.5 1575
Weft Tex 1575 1575 | 157.5
End/cm 8 8 8
Picks/cm 8 8 8
Warp crimp (%) 35 1.46 093
Weft crimp (%) 26 1.2 09
Fabric thickness (mm) 1.5 1.1 1.1
Fabric weight (g m?) 259.7 2554 25432

To provide less friction between yarns and facilitate clear shedding,
the warp beams were separated into four strands during warping, where
each beam hosts 48 ends, with a maximum fabric width of 24 cm and a
total of 192 woven fabric ends. Warp yarns were threaded onto the loom
using a straight draw-in plan, whereupon draw-in and reed-in were
commenced once all the beams had been assembled on the loom. The
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Saurer dobby loom has 8 frames; warp yarns from the first beam were
threaded through heald-eyes on healdframes number one and five.
Similarly, warp yarns from the second beam were threaded through
second and sixth healdframes respectively. Two warp yarns were
subsequently threaded through one reed dent before weaving
commenced.

Woven Fabric Tensile Strength Testing

The tensile strength of plain, twill 2/2 and 8-ends satin was determined
using an Instron tensile tester machine using the force and elongation
strip method, BS EN ISO 13934-1: 1999, on specimens of dimension 35
mm % 150 mm. The maximum load applied to the specimens was 5000
N, with cross head speed of 100 mm m™'. The average tensile strength
results in each direction were taken for five samples. Figures 2 and 3
present the woven fabric specimen dimensions prior to tensile strength
testing and the stress and strain behaviour of plain, twill 2/2 and 8-ends
satin weaves in the warp direction, respectively. In general, it is evident
that the 8-ends satin weave exhibits the highest stress-strain, especially
in the strain range 0.5-2%, compared to plain and twill 2/2 weaves and
the least extension of only 1.2% at 15MPa, which may be attributed to
the fact that loaded yarns are packed during uniaxial loading as a
consequence of less crimp, which eventually contributes to high tensile
stress-strain performance. Plain woven fabrics exhibit the lowest stress-
strain results with a maximum of 24 MPa. Twill 2/2 and plain fabric
weaves exhibit a 1.5% and 2.1% extension, respectively.

The higher crimp level present in plain woven fabrics may be
responsible for the reduced stress experienced with respect to the
increasing strain percentage. In general, tensile deformation occurs as
soon as a load is applied to the woven fabrics and during lower strain
percentages the woven fabric exhibits nonlinear behaviour and a low
modulus of elasticity. Plain woven exhibits greater nonlinearity due to a
volume of crimps compared to twill 2/2 and 8-ends satin. Once woven
fabrics are fully extended thereby removing all crimps, the yarns will
respond to the applied load. Consequently, higher moduli of elasticity will
be recorded, since more stress is being generated even with very small
strain increments.
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Figure 2: Tensile Specimen Dimensions
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Figure 3: Tensile Results in the Warp Direction

Woven Fabric Geometrical Model Development

Woven fabrics must be properly represented or modelled for finite
element analysis work. It is possible to adopt a global approach, in
which the woven fabric is treated as a 2D or 3D plate. Both models can
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be computationally solved efficiently, but there is no yarn to yam interface
as this approach neglects this microscopic factor [19]. Another approach
uses a discontinuum, whereby warp and weft yarns are modelled and
material definitions are made independently using a systematically
determined adequate number of contacts points. In the work, plain 1/1,
twill 2/2 and 8 ends satin were modelled by adopting the three dimensional
discontinuum approach. For accurate modelling work, experimentally
determined were applied to the respective woven fabric models, Table 1.
Woven fabric models were established using the in-house weave CAD
program, UniverFilter, which enabled rapid woven fabric model
prototyping. Geometric model specifications, such as yarn modular lengths,
yarn spacing, diameters, warp and weft weave angles and crimp
formations, were based on the Pierce geometric model [20]. Microscope
images were captured and analyzed to determine not only the cross
sectional shapes, but also the areas and aspect ratios. Image analysis of
fabric samples under 5% magnification enabled estimation of the yarn
cross sectional shape, which is lenticular. Careful dimensional
measurement of the microscopic images is vital since relaxed yarns
normally take up larger cross sectional areas than firmly interlaced woven
fabric yarns. Hence the yarn aspect ratio, i.e. the yarn width to thickness
ratio, was determined using the smallest possible length. Figure 4 illustrates
the yarn cross sectional shapes and areas determined during microscopic
analysis. After careful consideration, the yarn width and thickness were
taken to be 2.41 mm and 0.35 mm, respectively. If the yarn width is
defined to be A and the thickness, B, then the yarn cross sectional lenticular
area is 0.56 mm?, with respect to Equations 6-9 [21].

Figure 4: Yarn Cross Sectional Shape under Microscope

Yarn cross sectional area, 4 = 2R° (6 — cos @ sin 6) (6)

o |

Aspect ratio, F; i (7)
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Arch angle, 6; sin 0= ZF, (8)
1+ F-
_ _ Ro|A*B
Lenticular radius, R; = 4B (9)

Woven Model Generation

In order to create woven fabric models UniverFilter users can create
weaves by either the conventional point paper technique or by using
formulae. The conventional method is suitable for smaller weave
repetitions, however if larger weave repetitions are required the formula
method provides a more efficient mean by which to generate a weave.
The woven fabrics used in this research work were configured in a
balanced or square fabric form with an identical yarn linear density in
Tex, number of ends and picks per cm. By standardising these fabric
parameters the effect of different weaves can be systematically measured
and identified. The three dimensional solid models of plain 1/1, twill 2/2
and 8-ends satin woven fabrics were generated in IGES format, Figure
5. which enables efficient transfer from UniverFilter to ABAQUS.

(a) (b) (c)

Figure 5: 3D Woven Fabrics Models (a) Plain 1/1 (b) 2/2 Twill (¢) 8-ends Satin

Importing the Geometrical Models and Material Parameter
Definition

The three dimensional geometry models of plain, twill and satin weaves
were transported to the finite element analysis package, ABAQUS, for
rendering and meshing, and combined with the warp and weft yarns,
which were transferred separately from UniverFilter. This ensured that
the transferred yarns are smooth surface interpolations able to accurately
represent the woven fabric. This leads to excessive element face
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generation and can lead to element convergence equilibrium problems,
not only during meshing, but also when performing finite element
computations, due to each face being seeded individually and generating
increasingly smaller and more meshed elements. This problem was
alleviated by combining all the yarn faces together into four faces; namely,
face, back, top and bottom. Figure 6 presents an 8 ends satin warp yarn
before and after face combination.

(a) (b)

Figure 6: Imported IGES Model (a) Before and (b) Afier Surface Combining

Once imported, the material properties must be defined for both
the warp and weft yarns. Hyperelastic and elastic-plastic material
behavioural parameters were defined in the earlier section. The
hyperelastic material behaviour, yarn stress-strain behaviour, was
scaled-down since the woven fabric models were 140 times smaller
than the experimental samples and was necessary in order to ensure
that the theoretical stress-strain results could be readily compared to
the experimentally determined results. This was achieved with respect
to a scaling factor derived based upon the initial fabric yarn length, the
force applied in woven tensile strength test, the number of warp ends
in the samples, the yarn cross sectional area, the warp crimp, the fabric
length and the weave factor. The resultant equation, Equation 10, enables
the stress experienced by the woven fabric under uniaxial tension, when
a load is applied, to be incorporated into the model by dividing the number
of ends by its respective yarn area. The equation also incorporates the
number of yarn intersections, i, and floats, £, so that the yarn-stress
scales with respect to the length of the float thereby reducing the yarn
uniaxial tensile stress per increment with respect to the next
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experimental load increment. The derived stress increment scale factor
equation is presented below, Equation 10:

n 0-

— !

% L TF (L

AE, L

) (10)

=1, 2, 3, ..., n number of increments

= yarn experimental stress at increment i

= load applied to woven fabric during tensile
yarn area in woven fabric

«

Q.9
-

-

A
I

by,

, = warp ends
L, = yam length in fabric
C, = warp crimp
L, = fabric gauge length
i
Wf = ? weave factor; where / = number of intersections and
f = number of floats |

Using Hooke’s law, Equation 11, the plastic-elastic behavior of the
woven fabric materials the experimentally determined stress-stress values
were converted to stress and plastic strain values, thereby enabling
evaluation beyond the yield point, with respect to Equations 11 and 12:.

6
o, =ZlC,~,8,- (1)
j-
o
el=¢'-g'=¢'- — 12
- (12)
0 = Unorm (l norm) (13)
where;
C = elastisicty tensor
£ = strain tensor
€” = true plastic strain
€' = truetotal strain
€ = true elastic strain
o = true stress
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E = modulus
nominal stress
= nominal strain

norm

norm

Contacts, Load, Boundary Conditions and Meshing

Surface-to-surface tie-constraints were implemented since this ensures
that warp and weft surface interactions maintained at their points of
contact throughout the simulated exposure to uniaxial loading. The warp
surfaces were selected to act as the master surfaces since they were
composed of fewer elements than the weft surfaces. Adopting this
approach optimises the stress accuracy by minimizing the stress noise
build-up in the elements at the points of contact between the surfaces,
consequently yielding proficient stress distributions. The constraints applied
are presented in Figure 7 below.

cee—— Boundry
- condition

% Loading

Figure 7: Surface Contact Figure 8: Load and “Encastre™
Constraints Boundary Conditions

In order to enable simulation of the woven fabrics upon exposure
to uniaxial tension the edges opposite the load are restrained by applying
specific boundary conditions. The warp yarns were restricted to
lengthwise and rotational movement, further to which “encastre™
conditions were imposed whereby no rotational or translational
movement at the origin of the yarns is permitted, Figure 8. The final
preparatory phase prior to finite element analysis is meshing during
which the woven fabric geometries are decomposed into smaller volumes
composed of elements and nodes. Meshing is designed to simplify the
solving of three dimensional problems involving partial differential
equations by using linear matrix computations. Mesh generation is
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achieved by seeding elements into a sequence of regular node intervals
which breeds node positions and elements. The closer nodes are to
each other the more and finer the elements. Fine meshes tend to yield
more precise and accurate results, but at the expense of extensive
computational times. The presented work uses a 4 linear node tetrahedral
mesh element with 0.2 seeding, since woven fabrics have irregular
geometries, especially with the crimps and floats presence, which the
tetrahedral mesh elements can adapt to. A further assumption with
respect to the application of a tetrahedral mesh is that strain displacement
over the entire length of an element is constant. The application of this
element type possesses three degree of freedom (d.o.f.) at the four
nodes and a total of twelve d.o.f. per element [22]. The meshing
procedure yields between 13,000 and 33,500 elements depending on
the woven structures and the degree of crimp complexity. With respect
to the element size the finite element analysis convergence requires
between 30 and 75 minutes. Table 2 presents a summary of the number
of elements for the warp and weft yarns investigated.

Table 2: Number of Elements

Warp Weft

Plain 20,553 23,248
Twill 13,332 13,311
Satin 30,025 33,287

AP Vo
’ ] -
Ky s 5
v / ! :
¢ > h
! i
C, ‘ i
: H
U, U, Displacement

Figure 9: Equations Convergence Procedure
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The magnitude of the uniaxially applied load to the woven fabrics
with respect to the finite element method must attain computational
equilibrium at each elemental increment, whereby the external, E, and
internal, /, forces acting on the body must satisfy the following relationship:

E-I=0 (14)

Ensuring computational equilibrium at each incremental step is highly
complex due to the inclusion of material properties, geometrical
nonlinearities and surface contact issues. Iterative convergence, as
presented in Figure 9, is required in order to compensate for the nonlinear
behaviour of the individual elemental iterative solutions. For example,
the structural internal force is recomputed with respect to the residual
error, R , which is based on the displacement configuration, U,, small
load change AP, and tangent stiffness, K, If R is zero, then the finite
element computes the next load dlsplacement iteration with respect to
the load-displacement curve and the structure is accepted to be at
equilibrium. Ifthe R is not zero and within the stipulated tolerance limit
of 0.5% of the average structural force, then the next displacement
point is re-computed based on the previously acceptable displacement
iteration. The structure’s new equilibrium status is revised with respect
to the last displacement correction, C,, which must be relatively small
compared to the total incremental displacement, AU, = U, - U,. If the
displacement correction, C,, is larger than 1% of last the displacement,
AU,, then a new iteration is performed. Otherwise, the structure is said
to have achieved equilibrium for that iteration and simulation will
progress to the next elemental increment. The incrementation is kept
relatively small to enable efficient history dependent model effects to
be evaluated; hence the load magnitude, Figure 8, must be adequate to
ensure smooth incrementation, especially when handling non-linear
implicit geometrical structural instabilities in the finite element analytical
solutions.

Results and Discussion

Uniaxial tensile stress-strain

The hyperelastic model results for the plain weave 1/1 are compared
with the corresponding experimental results and presented in Figure 10(a).
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In general the theoretical and experiment results correlate well with each
other, but the hyperelastic stress-strain curves have been separated into
three zones, which correspond to deviation occurs between the stress-
strain results. In Zone 1 (Strain 0-1.45%) the theoretical results exhibit
higher stress than the experimental results. By comparison in Zone 2
(Strain 1.45-1.72%) the experimental and simulation results are almost
identical. Beyond Strain 1.72% the experimental results exhibit greater
stress than the model suggests and this constitutes Zone 3, which is
indicative that the warp yarns are responding to uniaxial tensile loading.
Similar results were observed for the woven twill and satin fabrics, Figures
11(a) and 12(a), respectively.

The stress-strain performance of woven plain fabrics is well-
described by the elastic-plastic model, Figure 10(b), over a Strain %
range twice that for the hyperelastic model. The model compares well
with the experimental data up until Strain 2%, whereupon the
experimental stress exceeds that predicted by the model until Strain
4%, which corresponds to plastic deformation at a stress of 37 MPa,
where the model overpredicts the stress. Beyond a Stress of 4% the
yarns begin to experience a reduced change in stress with strain
percentage, which is a consequence of the extensional effect as the
decrimping phase ends and the stress-strain behaviour at this juncture
is governed by the extension of the deformed yarn. The twill and satin
work presented in Figures 11(b) and 12(b), respectively, indicate large
strain deformations of up to 6%. The elastic-plastic models for woven
twill and satin fabrics compare well with the non-linear behaviour of
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Figure 10: Comparative Stress-strain Plots with Respect to the (a) Hyperelastic
and (b) Elastic-plastic Models for Woven Plain Fabrics
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Figure 11: Comparative Stress-strain Plots with Respect to the (a) Hyperelastic
and (b) Elastic-plastic Models for Woven Twill Fabrics
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Figure 12: Comparative Stress-strain Plots with Respect to the (a) Hypérelastic
and (b) Elastic-plastic Models for Woven 8-ends Satin Fabrics

the experimental results up to and beyond the yield points. However
the twill model overcalculates the stress experienced by the fabric at
the yield point, but the satin model exhibits little or no overcalculation at
the yield point. This may be attributed to longer floats used in satin
weaves, hence the satin warp yarns respond faster to loading with minimal
weft yarn interference during the unbending phase and eventual
deformation.

The hyperelastic and elastic-model simulations of woven plain, 2/2
twill and 8-ends satin fabrics are summarised in Figures 13 (a) and (b). It
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Figure 13: Woven Plain, 2/2 Twill and 8-ends Satin Fabric Model Results

is evident that with respect to equivalent ends cm™ and picks cm! the
plain weave exhibits the lowest stress-strain compared to twill 2/2 and 8-
ends satin. Furthermore the woven plain fabrics behave in the most
nonlinear manner accompanied by a lower modulus of elasticity due to
the presence of more crimps within their structure. Hence, the more
extensive the yarn interfacings within a woven fabric structure, the higher
the stresses created are in these regions, which culminates in lower overall
stress-strain with higher strain percentages. For instance, at 20 MPa of
stress the woven plain fabrics exhibit a strain percentage of 2.42%,
whereas the satin and twill fabrics exhibit strain percentages of 1.47%
and 1.87%, respectively. These results are consistent with those reported
by Gasser et al. [7] for equal biaxial loading of plain, 2/2 twill and 3/2
twill, in which the woven structure with the longer float length, 3/1 twill,
exhibits the highest loading capacity compared to the woven plain and 2/
1 twill fabrics.

The hyperelastic and elastic-plastic models provide different
perspectives of the modelling of woven fabrics undergoing uniaxial tensile
strength testing, yet both are of equal value. For the hyperelastic model,
the Ogden strain energy potential of the woven fabrics was determined
with respect to the behaviour of long-chain molecules in elastomeric
materials. The ABAQUS material module assumes that hyperelastic
deformation is isotropic even though the materials consider exhibit
anisotropy when undergoing stretching. The Ogden strain energy potential
enables the inclusion of uniaxial yarn stress strain within the material
property editor thus providing enhanced simulation accuracy. Although
plain and satin hyperelastic models describe the experimental results well,
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particularly in the low strain zone, they suffer from poor finite element
convergence and are thus computationally ineffective. With this in mind,
the elastic-plastic models were developed to improve the finite element
convergence thus enabling larger strain results. This was achieved by
defining the material to be elastic-isotropic and coupling this with
computed plastic deformation data with a coarser elemental mesh. These
models provide an interesting opportunity to study the strain distribution
and compression stress within woven fabrics. The hyperelastic model
was implemented to review the strain distribution effects during uniaxial
loading, since it correlates well with experimental data at low strain
percentages. In contrast, the elastic-plastic model was chosen to
evaluate the compression forces exerted between the weft-warp node
pairs, since it is capable of simulating larger strains. The following section
describes the findings of this modelling work.

Strain Distribution in the FE Model

Strain in the woven fabrics has been evaluated further by comparing
its distribution using finite element analysis models. The strain
distributions and their respective levels determined using the FE model
for woven plain 1/1, twill 2/2 and 8-ends satin fabrics are presented in
Figure 14 and Table 3, respectively. Even though all the woven fabric
models yielded positive strains in the warp direction, S,,, interesting
strains were exhibited in the unloaded weft direction, S|, and at the
interlacing points. Most of the strains exhibited by the models in the
warp direction are classified as Level 2 and 3 strain distributions. The
positive strains in the warp yarns inherently influence strains in the
weft yarns particularly at the crossover regions. Negative level 4
strains were found in the non-contact weft yarn regions, especially
between two warp yarns; it is therefore possible to evaluate the effect
of the level of crimp on the strain exhibited with woven plain, twill 2/
2 and 8-ends satin fabrics. Less crimp interchange effects are
exhibited in the satin warp yarns, because it yields strain results
immediately upon loading, Figure 14 (c). The strain distribution
presented in Figure 14 (c) exhibits Level 2 warp strains accompanied
with Level 1 weft strains, which corresponds to the higher stress
modulus for woven 8-ends satin fabrics than for woven plain and twill
2/2 fabrics, as presented in Figure 13.
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(a) (b)

Figure 14: Strain Distributions from Finite Element Analysis of Woven
(a) Plain (b) 2/2 Twill 2/2 (¢) 8-ends Satin Fabrics

Table 3: Strain Distribution Levels

Level Strain distribution classification
3 Positive strains, 1.3% to 2.68%
2 Positive strains, 0.5% to 1.3%

Positive strains, 0.07% to 0.5%
Negative strains 0 1o 0.05%

e,

Yarn Compression Effect

Compression analysis between warp and weft yarn node pairs was
performed on neighbouring yarns using the elastic-plastic model. The
compression force (MPa) was taken from the S,, material orientation
with respect to its displacement (mm). The results for this analysis are
presented in Figure 15. The plain weft yarn exhibits the highest
compression stress (3.25 MPa) with displacement of 1.87 x 10 mm,
Figure 15 (a). By comparison the satin weft compression exhibits the
smallest stress (0.055 MPa) with a displacement of 0.22 mm, Figure
15 (c), which may be attributed to the compression force acting at the
limited interlacing regions due to the use of longer floats. The consequence
of which is inferior and linear warp compression stress-displacement
upon uniaxial loading compared to tighter woven fabric structures, such
as the plain woven fabric. Unlike the plain and satin woven fabrics in
which either the weft or the warp yarns exhibit significantly different
levels of stress with displacement, the twill woven fabric yarns exhibit
comparable stress up to a displacement of 0.8 mm, Figure 15 (b).
Ultimately the warp yarn exhibits a far greater stress and more so than
any of the yarns considered in this analysis. It should be noted that the
nodes in the finite element analysis are positioned at each of the corners
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of the tetrahedral elements, which yields higher stress values compared
than if the nodes were positioned closer to the core of the elements. The
nodal compression pairs presented in Figure 15 (d) have enabled
neighbouring nodal surface compression analysis to be performed.

=+=Welt Node 91 Conpression
- Warp Node 157
Compression

Stress MPa

- W e O - @

=+ Weit-73 Compression
-+ Warp-138 Compression
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(c) (d)

Figure 15: FE Compression Analysis of Warp and Weft Yarns for
(a) Plain, (b) Twill, (c) Satin Woven Fabrics and (d) the Node Compression Pairs

Conclusion

Experimental and finite element analysis of plain 1/1, twill 2/2 and 8
ends satin woven fabrics has been performed using hyperelastic- and
elastic-plastic-material models. The results indicate that 8-ends satin
woven fabrics exhibit the highest stress-strain performance compared
to plain and twill woven fabrics. The use of UniverFilter has enabled
the accurate representations of woven fabrics for the purposes of
simulation, thereby elucidating information regarding the stress

wn
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experienced by fabrics undergoing uniaxial loading with respect to
surface to surface contact points.

The results of this work indicate that the stiff Zone 1 determined
using the hyperelastic woven fabric models could be attributed to assuming
that the yarns are monofilaments, rather than multifilament, as in real
woven fabrics. It is also noted that the higher experimental woven fabric
moduli for all woven fabrics in Zone 3 may be due to the capacity for
yarns to move whilst under tension; whereas in the modelling it was
assumed that the yarns are fused at a given position throughout the
analysis. The elastic-plastic model describes experimentally determined
results better than the hyperelastic model, especially in the case of plain
and satin woven fabrics, furthermore it is able to achieve higher strain
than the hyperelastic model in an acceptable computation time. Most
importantly, this work suggests that it is possible to simulate compression
forces in woven fabrics in a uniaxial manner unlike previous researchers
who adopted a biaxial approach. Satin woven fabrics demonstrated the
highest stress within the low displacement region, but twill woven fabrics
indicate that the stress is distributed more equally between the weft and
warp yarns up to a displacement of 0.8 mm.

Satin warp yarns respond immediately to loadings and yields a stronger
fabric; plain and twill weave firstly have to decrimp upon loading, which
culminates in higher stress at the interlacing regions and lead to a weaker
fabric. Hence it can be concluded that the woven 8-ends satin fabrics
better uniaxial loading performance is a consequence of the inherent
lower crimp within the fabric, faster unbending rates and high yarn
compression. The presented work enhances the present understanding
and application of finite element analysis in the investigation of the
mechanical properties of textile structures, specifically woven fabrics.
Further work should be performed with respect to the modelling and
finite element analysis of laminated aramid-based woven fabrics
undergoing uniaxial loading.
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