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Abstract

The study deals with the mechanical behaviour of a glass plain weave composite reinforcement. The experimental
activities were focused mainly on uniaxial and biaxial extension tests. Besides,.in-plane shear deformation was measured
by bias extension test, and for the sake of completeness out-of-plane bending behaviour. In the numerical study, a
hyperelastic constitutive model for the yarn material was adopted and validated for the meso scale prediction of the
mechanical behaviour of the glass plain weave reinforcement. The model was validated for biaxial tensile and in-plane

shear deformation.
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Introduction

The mechanical behaviour of textile reinforeements for
composite materials is difficult to predict due to the
complex interactions of yarns in the textile and of
fibres in each yarn. Indeed, the multi-scale characteri-
zation is also a considerable obstacle for a complete
understanding of the mechanical behaviour of textile
composite reinforcements.

While the traditional short-fibre and unidirectional
long fibre composites are often investigated at micro-
and macro-scales', textile composites and specifically
woven composite reinforcements have an additional
intermediate level, known as meso-scale. Essentially,
woven fabrics can be considered as structured, hierar-
chical materials, having three structural levels® ™,
namely: macro, meso and micro (see Figure 1). The
micro and meso features are of relevant importance
for the macro mechanical properties of a woven rein-
forcement. They affect the deformation mode during
the complex shape forming process of a woven rein-
forcement in the initial step of the composite
manufacturing, generally obtained by liquid moulding.
In-plane and out-of-plane deformations imparted
during forming have considerable influence on the

mechanical the final
component.
One of the most important deformation modes of

woven composite reinforcement during forming is
5-11

properties  of composite

the in-plane shear, and the number of researches
dedicated to the topic in last two decades highlights

the importance for the textile composite

manufacturing. In the 60s, Lindberg et al.,'!?
Grosberg et al.'*'* and Spivak et al.'® started the
study of the in-plane shear behaviour of technical

textiles. Spivak et al."” proposed a simple experimental
method called “Bias extension test” to analyse the

shear deformation. After that, Wang et al.'®
demonstrated the distribution of the different shear

zones during bias extension test.
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Figure I. Different scale of a woven textile reinforcement: (a) macro; (b) meso; (c) micro.

Besides, recently Alsayednoor et al.'” developed the
modelling and characterisation of technical textiles
during uniaxial bias extension test.

However, the shear deformability of a woven rein-
forcement is connected to specific deformation modes
of the yarn, related to fibres interactions at the micro-
scale, and to the interaction of the yarns, related to the
interlacement at the meso-scale.

Therefore, improving the knowledge on the mechan-
ical behaviour of fibrous textile materials, from the
micro and meso scale, is an important research field
to develop accurate theoretical models, predictive
methods, and experimental approaches.'® %2

Accurate predictive tools are highly on.demand for
the simulation and the prediction of the mechanical
behaviour of textile reinforcements during complex
loading condition as in the forming phase. It decreases
the cost of manufacturing trail, and help to avoid oper-
ational defects.

In this context, the present study adopted a hypere-
lastic constitutive model® to numerically predict the
macro mechanical properties of a glass plain weave
composite reinforcement. The supposed period inter-
lacement allowed to focus the modelling at the meso-
scale, by studying the representative volume element
(RVE) of the textile. The specific deformation modes
of the yarn were considered in the constitutive model,
detailing the strain energy function associated to each
deformation mode, while an accurate three-
dimensional description of the interlacement at the
meso-scale allowed to detect the effect of the interac-
tion of the yarns on the macro mechanical behaviour of
the woven reinforcement.

Beside the numerical modelling, an extensive exper-
imental characterization was performed to provide the
input parameters of the material model of the yarns,

and to measure the mechanical response of the woven
reinforcement for different in-plane loading conditions.
The latter were considered to assess the accuracy of the
numerical model.

The aims’ of this study were: (i) to experimentally
measure some mechanical properties of the yarns and
the textile reinforcement; (ii) to predict the nonlinear
behaviour of the glass plain weave reinforcement for
any in-plane loading conditions; (iii) to compare the
meso-scale finite element (FE) modelling results to
the experimental observations of biaxial tensile and
in-plane shear loadings. Hence, the paper is structured
as: an initial description of the considered glass textile
reinforcement; an overview of the experimental meth-
ods and devices; description of the hyperelastic consti-
tutive model adopted for the yarns; details of the
explicit FE analyses; identification of the model param-
eters; finally, comparison of the numerical results and
the experimental measurements.

Materials and experimental methods

The fabric considered in the investigation is a glass
plain weave composite reinforcement produced by
“Gavazzi Tessuti Tecnici”, Italy. The fibre material is
EC9 glass. Some features of the fibrous textile are listed
in Table 1, according to the producer datasheet. Each
warp and weft yarn consists of four Z twisted filaments
with 125 TPM (Twist Per Meter).

The textile was experimentally studied to get the
mechanical behaviour of the yarns, extracted from
the fabric, and of the glass reinforcement, as well. An
overview of the experimental methods, devices and
some results are presented here.
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Table I. Feature of the glass textile.

Weave Plain weave
Fibres Glass EC9
Filament diameter (um) 9

Ends count (yarns/cm)
Pick count (yarns/cm)
Yarn linear density (tex)
Areal density (g/m?)

Warp: 9.7 £5%

Weft: 9.4 +5%

Warp: 136 x 4; Weft: 136 x 4
1100+ 5%

Yarn: Tensile test

Tensile tests were carried out by an INSTRON device
(load cell S00N) on warp and weft yarns extracted
from the glass plain weave reinforcement. The clamp-
ing system consisted of epoxy reinforced plates (3 mm
thick). Yarns were fixed by epoxy glue (LOCTITE® EA
3430 two components epoxy adhesive) and cured at
room temperature (one hour) and 40°C (3h). The
gauge length was 150 mm and testing speed 5 mm/min
(ASTM D2256-15). Five tests were performed for each
yarn direction.

Figure 2 details the tensile force vs. strain curves of
the glass yarn, considering the free length as base
length and the cross-head displacement for strain cal-
culation. Comparison of yarn tensile test in warp and
weft directions showed that the weaving process had
negligible effect on tensile behaviour of yarns extracted
from specimen. Besides, glass yarns depict an approx-
imately linear tensile behaviour.

Fabric: Uniaxial bias extension test

Bias extension test is extensively adopted to character-
ize the shear behaviour of fabrics.%** Rectangular
specimen of textile are loaded.such that the warp and
weft directions of the yarns are orientated initially at
+45° to the direction ‘ofithe applied tensile load.?

In the investigation, the specimen had free length/
width ratio A = Hy/ W, = 2 (Figure 3(a)) in order to
guarantee a pure shear zone in the centre of the speci-
men (Figure 3(b), region A).*> Assuming no sliding
between the warp and weft yarns during the deforma-
tion,>* the shear angle y can be related directly to the
displacement (d) of the crosshead, by the equation

T i D +
y==—20=>—2cos [ ——— 1
=T 20=T =) o

Two pairs of aluminium tabs were glued
(LOCTITE® EA 3430 two components epoxy adhe-
sive) on the specimen and placed in the clamps of the
tensile machine. All tests were performed at room tem-
perature and speed of 10 mm/min. During loading, a
digital camera recorded images for digital image

180
_ [
Warp yarn
1 —
>0 S Weft yarn
120 —
z
g 90—
o
5 _
= -]
60 —
30 —
] Glass yarn
0 IIIIIIIIIIIIIIIIIII
0 0.1 0.2 0.3 0.4 0.5
Strain [%]

Figure 2. Tensile response of glass yarns extracted from the
textile reinforcement. Average and standard deviation (error
bars) of five tests:

correlation (DIC) analysis (see details in a below sec-
tion). Post processing of the displacement field, mea-
sured by DIC, allowed calculation of the shear angle
distribution on the reinforcement surface.

The comparison of the theoretical based on kine-
matic analysis (equation (1)) and the local shear angle
measured by DIC in the centre of specimen showed
that shear angles is in good agreement up to =25°
(Figure 4), and then they start to diverge. It depends
on some deformation mechanisms, such as local com-
pression and bending of the yarns, neglected in the
kinematic model. The measured shear angle distribu-
tion by DIC on the complete surface (200 x 100 mm?)
of a bias specimen for an applied theoretical shear
angle of ~30° is depicted in Figure 5. The assumption
of the kinematic model distinction of three zones was
clearly observed in the experiments (see Figure 3).

Fabric: Uniaxial and biaxial tensile tests

The uniaxial and biaxial tensile tests of the glass woven
reinforcement were performed by using a home-design
device equipped with 12 independent jacks along two
orthogonal axes (Figure 6(b)). The jacks can slide on
two rails, on each side, to allow for transversal dis-
placements in the direction orthogonal to the load.
The jacks are connected by hinges to allow self-
alignment to the load direction. Each jack has a brush-
less motor equipped with an absolute encoder and
coupled with a planetary gearbox to transform rota-
tional into linear motion through a ball screw mounted
on the axis.
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Figure 3. Scheme of the specimen for uniaxial bias extension test. In-plane shear angle distribution; (a) before shear deformation;

(b) after shear deformation.

60 —
50 —

?‘J —

o -

3 —

o 40—

=0 —]

= —

«® —

g 30—

L —

=

@ -

S 20—

a -
10 —
0 |||IIIIIIIIIIIIIIIIIIIIIIIIII

=]

10 20 30 40 50 60
Kinematical shear angle [deg]

Figure 4. Comparison of measured and theoretical shear angle
for bias extension tests of four specimens.

Cross-shaped specimens (Figure 6(a)) were adopted
for biaxial loading. Arms of the specimens had width of
100 mm to create a biaxial loaded portion of 100 x 100
mm?. A pair of aluminium tabs were glued
(LOCTITE® EA 3430 epoxy adhesive) on the clamping
zone of each arm of the specimen. Strip of width and

length of 100 mm and 400 mm, respectively, was used

Shear angle [deg]
Fas

40

Figure 5. Contour plot of the DIC measured shear angle dis-
tribution during bias extension test for a theoretical shear
angle of ~30°.

for uniaxial tensile loading (ASTM D5034-17). All tests
were conducted at room temperature. The biaxial tests
were performed with different ratio R of the warp to
the weft displacement rate (e.g. R21 means a displace-
ment rate in warp direction double than the weft one).

As for the bias test, a digital camera recorded images
of the specimen centre for measurements of the dis-
placement field and calculation of the strain distribu-
tion by the DIC technique. To avoid the effect of the
boundary on the strain measurements (e.g. corners at
the intersection of arms of the cruciform specimen), the
area of interest (AOI) for the DIC was a square portion
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Figure 6. (a) Cross-shaped fabric specimen dimensions, (b) device for uniaxial and biaxial tensile tests.

(side 4cm) in the centre of the specimen. Results of
uniaxial and biaxial tensile tests are presented and com-
pared to the numerical predictions in the sec-
tions below.

Fabric: Out-of-plane bending behaviour

For the sake of completeness of the experimental meas-
urements and due to the importance of the out-of-plane
mechanical behaviour, bending test results are here
summarized, although they are not considered for.the
numerical assessments. Woven textile haswa unique
structure and the bending properties. cannot be
deduced from in-plane properties such as isotropic con-
tinuous materials.’® Two standard. tests, namely
Kawabata test and Cantilever test, are commonly
adopted to deduce the bending properties. In the pre-
sent context, the cantilever test'method coupled with
and optical measurement 'was selected to measure the
bending behaviour of the yarns and fabrics under their
own weight (Figure 7). The cantilever setup was pro-
posed first by Peirce.?” Assuming linear elastic relation-
ship between the bending moment and the curvature of
the strip, the bending stiffness is calculated.

Bending test procedure had two steps. First, the
specimen of the selected length and width of 50 mm
was positioned in the clamping system, with the correct
alignment of the considered yarns in the bending direc-
tion (see Figure 7). Second, image of the bent under its
own weight specimen was analysed to detect and mea-
sure the deformed shape.

Fitting of the bent shape of four different overhang-
ing lengths L in the range of 50-80 mm (coefficient of
correlation  R?>0.97) is depicted in Figure 8.
Increasing the overhanging length, the curvature in

X

P i
Specimen

Clamping system
|

Figure 7. Bending test setup.

both warp and weft direction raised uniformly
(Figure 8). The balanced fabric allowed recording of
very similar shape for both warp and weft directions.
The estimated bending moment and curvature of the
glass textile are collected in Figure 9 for the different
overhanging lengths.

Details for the DIC

The bias tests, as well as, uniaxial and biaxial tensile
tests were assisted with a digital camera (Nikon D800)
acquiring frames of the full specimen at a frequency of
1 Hz with a resolution of 7000 x 4000 pixels. The mea-
surement of the full field displacement and the calcula-
tion of strain on the external surface of the specimen
during loading were achieved by the DIC technique®
using the software VIC-2D.* For this purpose, the
surface of the specimen was randomly speckled with
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Figure 8. Sixth order polynomial fitting of bent shape with different overhanging length: (a) warp direction, (b) weft direction.
Average and standard deviation (error bars) of three tests.
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Figure 9. Bending behaviour of the glass composite reinforcement: (a) curvature vs. overhanging length; (b) bending moment vs.
overhanging length; and (c) bending moment vs. curvature.
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black acrylic paints (see e.g. a patter on a specimen for
bias extension test in Figure 10). Some of the adopted
parameters for correlation were: subset size 40, step
size 4, filter size 15. Those were selected assessing that
lower values of subset and step sizes did not provide
considerable variation of the calculated strain filed.

Theoretical background of the
hyperelastic constitutive model

The yarn is an assembly of fibres oriented approximate-
ly in the same direction. The textile weaving conditions
(e.g. yarns tensioning) and the interlacement consider-
ably constrain the movement of the fibres in the yarn.
Hence, the yarn can be considered as a compact, homo-
geneous and continuum material. The deformation of a
homogeneous yarn is a combination of four modes:
elongation, compaction, distortion and longitudinal
shear (see Figure 11).

Constitutive equation for the yarn

The mechanical behaviour of the yarns is here modelled
by a hyperelastic material model.*>*' An elastic strain
energy potential per unit volume w exists which only
depends on the current strain state. Assuming: (i) revers-
ible behaviour of materials, (ii) no dissipate energy, and
(iii) fulfilment of Clausius—Duhem inequality, the con-
stitutive equation of a hyperelastic material is written

S(F) =2 " (Q 2

Figure 10. Speckle pattern on a specimen surface for uniaxial
bias extension test.

(@)

Here F is the deformation gradient tensor and S is
the second Piola—Krichhoff stress tensor. The potential
energy can be written as a function of the right
Cauchy-Green strain tencor C

w:w@)mmng?E (3)

The invariants of tensor C are

11 = T’(g), 12 :%(TF(C)z — TI‘(Cz)), 13 = det g
“4)

The local change of volume during deformation
is described by the JacobianJ = v/I; = det F.

For a unidirectional fibrous transversally isotropic
material, a unit vector M in the direction of the fibre
allows the definition of.a structural tensor>?

M=MeoM Q)

Then, the strain energy density function for
transversal isotropic material is defined by the
three “invariants of C and of the two mixed

invariants, as>>>* o

w=w(li, b, Iz, 14,Is) (6)

Iy = (N

o

M 15222:

I=

Strain energy function based on different
deformation modes

The strain energy potential can be defined as function
of invariants directly related to the deformation modes
of the yarns (Figure 11), namely: /., for the elonga-
tion in the direction of the fibres, /.,n, for the trans-
verse compaction, I,y for the distortion (change of
angle) in the transverse section and [y for the shear
along the fibre direction. These physically based

Figure |1 Four different deformation modes of the yarn: (a) elongation, (b) compaction of the cross section, (c) distortion of the

cross section and (d) longitudinal shear.
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invariants are function of the invariants defined in
equations (4) and (7)

1 I
Ie[ong = Eln(14)7 Imm[’ 1n< 3>

Iy
1. (L1 —Is LIy — 15\’
Ly = ~In —1},
Wt =2\ 2L + ISP ®)
I5
Ip= . ]——1
sh ]i

Elongation strain energy. The strain energy functions cor-

responding to the linear (Long < 13;,,,) and non-linear

Distortion strain energy. The numerical modelling consid-
ers constant distortion stiffness, which leads to the fol-
lowing strain energy function

(14)

The second Piola—Kirchhoff stress tensor associated
to the distortion strain energy is then

1
2
Waist = 5 Kiisi

S = 2Kdist1dist

=dist

2041 — (s — I5)C”!

+<11—|—§>M 2(c M+ M- C)

Letong > 12,0ng) parts of the elongation behaviour of the 4\/(11 I — [5)2 — 4L
yarn are * (15)
wihn = Ketong — Kglong ( P )2 The parameter K, isidentified considering an equi-
elons 650 cons biaxial tensile test, as for the compaction parameters.
B Kelong - Kglong (]O 1, ) + Ke[ong (12 )
2S0 elong*elong 250 elong
(9) Longitudinal shear strain’energy. A linear elastic behaviour
KO K.,  _ KO is assumed for the longitudinal shear deformation
wit = s ( 2 ) —clons __elong (13, ) (10) mode. Henge, the strain energy potential is
elong 2S() elong 650121(}"& elong
1 Kl (16)
Wsp = 5 1
The second Piola—Krichhoff tensor becomes Ty s
Kejong = K°
elong lon, elong .
1 S - (Ielong) Q) e;; 10 : (Iglong) if ]elvng < Iglgng
S = ZM 0 KO 0%elong (1 1)
—elong e Kelong 4 long K]
_ Delong —Brelong (10 ) Deong p N A Ly, > 10
250 ( elong + SO ( 1 ls) 1 long elong
The parameters I(e)long, Kglang7 K.iong are here identified The second Piola—Kirchhoff stress tensor is
assuming results of tensile test of yarns.
1 1 215
5, =38l (Cwc)Fu| )

Compaction strain energy. A power-based strain energy
function was proposed >

if ]L'()I'Hp S 0
it Leomp >0

Klf()nzp | I comp |1’

(12)

Weomp =

Assuming no energy for yarn section expansion, the
second Piola—Kirchhoff stress tensor is:

P - !
— 5 K(:on1p|llf0mﬂ |p (E - I_4K>

(13)

S (]c'ump < 0) =

=comp

The parameters K., and p are identified consider-
ing an equi-biaxial tensile test of the woven fabric.

The parameter K, is identified by a uniaxial tensile
test of the woven fabric whose elongation parameters
have been previously determined.

Combination of all deformation modes

Each contribution of deformation mode is considered
as independent from the other

S _ ) ow elong a1, elong 0 Weomp 8150}17[) awdi.\'t 81511'.\'1‘ aw.\'h 81.\'11
= 8Ielong 32 aImmp 32 aldist 3£ a]sh 3£
=S +S +S +S§
—elong =comp =dist =sh

(18)
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Figure 12. Representative volume of the glass plain weave composite reinforcement.

The hyperelastic constitutive model was imple-
mented in a user material subroutine VUMAT for
the FE code ABAQUS/Explicit.*

Features of the FE model

The FE discretization of the representative volume of
the glass plain weave composite reinforcement adopted
eight nodes hexahedral elements (C3DS).

Periodic boundary conditions, based on Carvelli
et al.,**” were adopted to simulate the realistic repét-
itive nature of the RVE (see Figure 12). To reproduce
the 3D geometry of the plain weave textile, some textile
samples were embedded in a transparent resin and.a set
of geometric features were measured by an. optical
microscope, namely: yarn cross-section,. length, width
and thickness of the unit cell. Average measurements
are listed in Table 2. Those observations allowed to
create the 3D solid model of the RVE assuming: len-
ticular cross-section of the yarns with the measured
section surface, and constant cross-section along the
yarn path. Besides, the contact of the yarns in the dry
textile was set by a model implemented in ABAQUS/
Explicit.>> The model considers a surface-based hard-
contact between the surfaces in normal direction and a
frictional contact in the tangential ones, assuming the
friction coefficient as 0.18, similar to the measurements
on 0°/90° glass yarns detailed in Montero et al.*®

The proper material orientations of the yarn were
enforced in the numerical model by a local coordinate
system encompassing in each element the local direc-
tion of the tangent to the direction of the fibres
(Figure 13).

Parameters identification

For each deformation mode (see Figure 11), a strain
energy density function was defined based on the exper-
imental behaviour of the glass plain weave composite

Table 2. Size of the plain weave textile unit cells (in mm).

Length Width Thickness

4.24+0.05 4.12£0.035 1.09 +0.05

1-axis

2| 7}

Local coordinate

Global coordinate

Figure 13. Local coordinate system for the yarn material
orientations.

reinforcement. Afterwards, the strain energy density
was considered to determine the parameters of the con-
stitutive model.

Tensile tests of yarns, extracted from the textile after
the weaving process, were considered to get realistic
mechanical behaviour. The initial section of the yarn,
So, was measured by optical microscope, while Iglong,
Kglong and K,j,,, were identified by means of the sum of
differences squared algorithm (see Figure 14).

The parameters K., Kqis; and p were identified by
an inverse analysis based on equi-biaxial tension test
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Figure 15. Identification of the parameters of compaction and distortion using biaxial RI | tension test. Effect of parameter (a) Kcomp

and (b) Peomp-

(R11) of the glass textile. The inverse analysis allowed
having the equi-biaxial response very close to the mea-
sured one, with few iterations (see Figure 15). Figure 15
(a) and (b) illustrates the sensitivity of Ke.omp and peop,.
It shows that the stiffness increased when increasing
Kcomp, while increasing p...,, the tensile stiffness of
glass fabric decreased significantly. The adopted iden-
tified parameters Keopp, Kaie and peopn, are 14500 N,
0.035 MPa and 3.2, respectively.

Nevertheless, the existence of local minima of the
error estimation highlights that the initial parameters
must be close to the final solution to have convergence.
An initial trial and error approach before starting the
identification procedure allowed having the proper ini-
tial values (Figure 15).

The main deformation modes of a fabric under ten-
sile loading are the yarn elongation and longitudinal
shear. Hence, the parameter of equation (17) was set
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Figure 19. Comparison of simulation and experimental results
for in-plane shear loading.

once the parameters of the elongation were determined.
This is justified being the strain energies associated to
the elongation and longitudinal shear much greater
than the compaction and distortion. The K, was esti-
mated for in-plane shear deformation mode, and the
adopted value was 3 MPa.

Results and comparisons

The hyperelastic constitutive model was adopted to
numerically predict the mechanical behaviour of the
glass plain weave composite reinforcement with uniax-
ial, biaxial and in-plane shear loadings: Preliminary
analyses were conducted for mesh sensitivity and to
select the proper mesh .for all results pre-
sented hereafter.

Mesh sensitivity

An initial mesh sensitivity analysis allowed selecting the
proper discretization for further numerical predictions.
Two meshes were adopted with element size of about
0.3mm and 0.2 mm, respectively. Considering biaxial
tensile loading with ratio R11, the predictions for
both meshes are shown in Figure 16. The very similar
results allowed selecting the mesh with lower number of
elements for simulation of the all considered load-
ing conditions.

Bi-axial tensile and in-plain shear loadings

During tensile loading, the undulated yarns in the plain
weave textile tend to become straight. The yarn crimp
or waviness within the textile is the main reason for the
initial non-linear macroscopic load-strain response.

Once the yarns are straightened, the response changes
into a steep linear behaviour. The tensile behaviour in
one yarn direction is affected by the tensile load
imposed in the other yarn direction and vice versa.
This biaxial tensile coupling was properly simulated
by the present numerical model.

Comparison of experimental measurements and
numerical results of bi-axial tensile loading with differ-
ent displacement ratio R is detailed in Figure 17. The
good agreement between the experimental measure-
ments and numerical predictions for all loading ratios
(R11, R12 and R21) highlights the accuracy of the
mechanical simulations based on a hyperelastic consti-
tutive material model. The balanced glass plain weave
composite reinforcement allowed simulation of the uni-
axial tensile loading only in-warp direction. The model
correctly predicts the nonlinear initial behaviour (see
Figure 17(a)), as observed experimentally.

An insight of the local behaviour of the textile is
only possible by-the numerical model. The predicted
distributions.of the logarithmic strain components, in
the local reference frame of the yarns, are shown in
Figure (18 for biaxial tensile loading with ratio R11
and R21. They show the main concentration at the
contact between warp and weft yarns (zone-B) and at
the gap area between yarns (zone-A).

The drawbacks of the theoretical kinematic model
have been avoided by the numerical model, which pre-
dict a shear behaviour in agreement to the experimental
measurements for shear angles higher than 35° (see
Figure 19). This is due to the complete set of deforma-
tion modes considered in the numerical model includ-
ing the shear and compressive behaviour of the yarns.

Conclusions

The comparison of meso-scale numerical model predic-
tions and experimental results for in-plane deforma-
tions of a glass plain weave composite reinforcement
was presented. The numerical analyses of the represen-
tative volume were performed assuming a hyperelastic
constitutive model for the yarn material. Simulation
was dedicated to the mechanical response of the dry
textile with different loading conditions: uniaxial ten-
sile, biaxial tensile with different displacement ratio in
the warp and weft directions, and bias extension for the
shear behaviour. The numerical results had good agree-
ment with experimental measurements for a large strain
range, above any level for real forming processes.

The accuracy of the model in predicting the macro
response as well as the local distribution of stress and
strain inside the yarns provides a powerful tool to
investigate the mechanical behaviour and to design
such reinforcement for composite materials considering
the variation of the wide range of parameters before the
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weaving manufacturing, e.g. warp and weft spacing,
and yarn material once the parameter of the constitu-
tive model has been identified.
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