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Abstract

Full-field strain measurements are applied in studies of textile deformability during composite processing: (1) in testing of shear and ten-
sile deformations of textiles (picture frame, bias and biaxial extension test) as an “optical extensometer”, allowing accurate assessment of the
sample deformation, which may differ significantly from the deformation applied by the testing device; (2) to study mechanisms of the textile
deformation on the scale of the textile unit cell and of the individual yarns (meso- and micro-scale full-field strain measurements); (3) to mea-
sure the 3D-deformed shape and the distribution of local deformations (e.g., shear angles) of a textile reinforcement after draping, providing
input data for the validation of material drape models and for the prediction of the consolidated part performance via structural finite ele-
ment analysis. This paper discusses these three applications of the full-field strain measurements, providing examples of studies of deforma-
bility of woven (glass, glass/PP) and non-crimp (carbon) textile reinforcements. The authors conclude that optical full-field strain techniques
are the preferable (sometimes the only) way of assuring correct deformation measurements during tensile or shear tests of textile.

Keywords: A. Fabrics/textiles; B. Mechanical properties; D. Mechanical testing; E. Forming

1. Introduction

The deformability of textile fabrics and its dependency
on the fabric structure is an important issue for technical
as well as for apparel textiles. Research work of the
1950s—-1970s has established theoretical understanding
and methods of experimental characterisation of deforma-
tion of (primarily apparel) textiles, based on descriptions
on the mesoscopic structural level (unit cell of the fabric)
[1]. New challenges for textile mechanics were opened when
different processes of draping of composite textile performs
came in the order of the day in the 1990s. Deformability of
textile preforms plays a key role in the quality of a compos-
ite part formed into a 3D shape. Comparing with the ear-
lier apparel-oriented models, textile mechanics of
composite performs must include a description of their

* Corresponding author. Tel.: +32 16 32 12 10; fax: +32 16 32 19 90.
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behaviour under high loads, with deformations close to
the jammed, or “locked” structures, and under combined
shear — biaxial tension — compression loading conditions.
Textile architectures of greater complexity need to be stud-
ied, as three-axial and three-dimensional weaves or braids,
non-crimp fabrics with complex stitching patterns. Charac-
terisation of the deformability of reinforcements via testing
and/or meso-modelling of deformation provides input for
macro-modelling of the drapability, used for optimisation
of the preform architecture and process conditions. High
cost of the materials used make adequate simulation tools
essential for industry and drive the wide research efforts
worldwide [2-5].

When applied to forming of composite reinforcements,
experimental textile mechanics face new challenges, rising
from the complexity of deformations close to the extreme
states of the material and from the specific needs of the
applications, which could be effectively addressed by full-
field optical measurements:



1. Reliability of experimental devices and test protocols. We
will consider picture frame and bias extension tests for
shear and uniaxial and biaxial tension tests. The exper-
imental device is supposed to apply a certain deforma-
tion to the sample; however, due to the clamping
constraints the actual deformation of the sample may
differ from the assumed one. Correct deformation state
of the sample has to be measured with a kind of “exten-
someter”’, but measuring strain state which combines
tension and shear.

2. Revealing structural meso-mechanisms of the fabric defor-
mation and their relation with the behaviour of individual
yarns. Models for prediction of resistance of a fabric to
deformation and of change of the internal structure of
the fabric during deformation involve certain assump-
tions on the yarn behaviour. For example, tension and
compression of yarns are coupled during biaxial tension
[6,7], shear resistance of a fabric involves a combination
of yarn rotation, bending, torsion and compression [8,9],
etc. Reliability of the material model can be, of course,
assessed by comparison of the predicted load-deforma-
tion diagram of the fabric with experimental data; how-
ever, much better confidence of a model (or more
convincing critique) is created if the theoretical hypoth-
eses could be verified by direct observation and
measurement.

3. Measurement of the local deformation state of a 3D-
draped preform. Impregnation of the preform and
mechanical properties of the ready 3D-shaped compos-
ite part depend on the local deformations of the preform
during its draping. These deformations are predicted by
drape simulation software, but all the existing drape
models use simplifying assumptions for description of
the behaviour of the preform (the most approximate
being kinematic draping) and have to be scrupulously
verified against measurement of actual local deforma-
tions of the preform.

Optical full-field stain measurements start to being used
in textile deformability research quite recently, in the work
of the present authors [10-19] and others [20-22]. The
paper systematises these studies together with the latest
results, aiming at demonstrating that state-of-the-art full-
field optical measurements are “a must” for any laboratory
doing research in deformability of textile reinforcements.

2. Full-field strain measurement: digital image correlation

Digital image correlation (DIC) offers qualitative and
quantitative information on the heterogeneous deforma-
tion of an object surface. The image correlation technique
requires a sequence of digital images of a deforming object
and a reference image of the object. On the object surface a
random isotropic (natural or artificial) grey speckle pattern
is required; for textile materials this can be natural texture
of the fabric or additionally applied paint. A subset win-
dow (or correlation window) is subsequently defined in

the reference image as a neighbourhood of m x m pixels
that forms a unique stamp of the centre point of this neigh-
bourhood. The speckle pattern of this neighbourhood
should hold enough contrast and directional information
to track the local deformation to the first order of approx-
imation (affine transformation) by using a cross-correlation
algorithm. In the correlation algorithm the centres of the
neighbouring subset windows are shifted by a step size of
n pixels. n must be smaller than the subset size to enable
overlapping of the subsets (e.g. subset 15 x 15 pixels, and
step 13 pixels). Once these settings are defined, the displace-
ment field is calculated as an updated displacement for
every subset centre. Strains are subsequently derived
through differentiation of the displacement field. The differ-
entiation algorithm uses a strain window, typically defined
by the number of neighbouring p X p subset windows, thus
involving a strain reference length of m + n(p — 1) pixels.
The size of the subset window (and strain window) is a
compromise of spatial resolution and noise reduction.
The larger the strain field, the less noise, but also the less
spatial resolution. In general one can increase both spatial
resolution and reduce the noise by improving the speckle
pattern or increasing the magnification factor (pixels/
length), e.g. by reducing the field of view of the camera.

Two-dimensional DIC requires one camera to be posi-
tioned perpendicular to a flat surface. The displacement
field obtained is only reliable under the assumption that
out-of-plane deformation can be neglected. Three-dimen-
sional DIC requires two cameras to be installed at different
angles with respect to the object. First a stereco-correlation
and calibration of the camera set-up is performed from
which the relative camera position and lens distortions
are identified. This information is needed in the temporal
matching (object tracking) and enables to estimate the
DIC accuracy. From the 3D displacement fields, strains
are calculated in the tangential plane of the object.

When the in-plane deformation of a textile is studied,
transition from 2D to 3D measurements does not improve
the quality of the measurements — on the contrary, it makes
them worse. By definition, in-plane deformation of a textile
is characterised by the strains of the fabric middle surface.
3D measurement gives strains in the tangential plane to a
local point on the fabric surface, which is defined by
micro-relief of the fabric, and which deviates largely from
the middle surface — hence the strains measured by 3D
DIC cannot be used to characterise in-plane deformations
of the fabric. In meso-scale the 3D assessment of yarn
undulations might be interesting for model verification.

3. Materials and DIC equipment

Table 1 lists fabrics, for which the deformability was
studied with full-field strain measurements using DIC
[16,17,19,23-25]. Four types of fabrics, representing a vari-
ety of composite reinforcements, are covered by these
studies:



Table 1

Fabrics

Manufacturer’s style or fabric ID RS144/255 R330 R580 RR1 RR2 RR3 G1151

Woven fabrics

Weave Twill 2/2 Plain Plain Twill 2/2 Twill 2/2 Plain Interlock,
see Fig. 4

Fibres Glass Glass Glass Glass/PP Glass/PP Glass/PP Carbon

Areal density, g/m? (specified) 255 330 580 1816 1485 743 630

Yarns linear density, tex (specified) 280 480 1200 2x2400 1870/2x 1870 1870 396

Ends count, yarns/cm 4.46 3.64 2.27 2.6 4.1 1.9 7.5

Picks count, yarns/cm 4.27 3.30 2.27 0.76 1.9 1.9 6.0

Warp width, mm 1.78 £ 0.07*  2.67+0.11* 3.2440.33*  4.58 +0.52*  3.26 + 0.52° 4.35 + 0.59° 1.92

Weft width, mm 1.89 £0.11 2.56 +£0.10 3.244+0.33*  7.84+0.70"  4.64 +0.26" 496 +£0.33" 221

Crimp®, % 0.2/0.2 0.5/0.5 0.5/0.5 1.9/0 9.7/0.1 2.0/2.0 1.2/0.5

Fabric ID Bl B2

Non-crimp carbon fabrics

Fibre orientation +45/-45 0/90

Areal density, g/m> 322 329

Stitching pattern (7.6 tex polyester yarn)  Tricot Tricot/chain

Stitching spacing, mm 49x1.7 5.0x2.6

# Standard deviation.
® Difference between the length of the yarn in the fabric and the length

— glass woven fabrics, plain and twill weave, with balanced
structure, areal density 250-600 g/m* made of flat
rovings;

— fabrics woven from commingled glass/polypropylene
thick two-strand yarns, with very unbalanced structure
(zero weft crimp), areal density 700-1800 g/m?;

— non-crimp carbon biaxial fabrics, stitched (warp-knit)
with thin polyester yarn;

— interlock carbon woven fabric, areal density 630 g/m”.

The software for DIC and image capturing equipment:

1. The ARAMIS® software (http://www.gom.com) for
DIC with 2D and 3D registration with image size
1280 x 1024 pixels.

2. The LIMESS software (VIC 2D) (http://www.limess.
com) for DIC with 2D and 3D registration with image
size 1392 x 1040 pixels.

3. The ICASOFT software (http://www.techlab.fr/
Strain.htm#Icasoft) for DIC with 2D registration with
CCD 8 bits (1024 x 1024 pixels) Kodak Mega+ Cam-
eras. This software has been developed at LaMCoS-
INSA de Lyon [26,27].

All these hard- and software are easy to use, preparation of
the optical system is simple (even calibration is not needed
for 2D measurements) and does not produce experimental
“overheads”. Processing of the images (calculation of the
displacement/strain fields) may take few minutes; further
processing of the displacement/strain fields (e.g., calcula-
tion of local shear angles, statistical parameters of the field,
etc.) is done automatically (either using internal commands
of the DIC software, or external processing of output
ASCII files).

of the fabric.

4. “Optical extensometry” for textile deformation
4.1. Picture frame test

The picture frame test [25,28-33], one of the two de facto
standard tests for characterisation of the shear resistance of
composite reinforcements (the second being bias extension
test), measures shear behaviour of the fabric in a wide
range of shear angles, up to 45-60°, sometimes even up
to 75°. The scheme of the test is shown in Fig. 1. The fabric
is clamped in the frame, which is mounted on a tensile
machine. The load registered by the load cell of the tensile
machine is recalculated into shear force (per unit fabric
width) using the kinematic scheme of the frame, equiva-
lence of the mechanical work and the shear deformation
energy of the fabric (assuming homogeneous deformation
state) and a normalisation method [34]. When processing
the results, two assumptions concerning the deformation
of the fabric sample are made:

— The shear deformation of the sample is homogeneous.
— The average shear angle of the fabric is the same as the
shear angle of the frame.

DIC measurements provide data on the variations of the
local shear angle of the fabric, calculated from DIC data
as the angle between the diagonals of initially square facet
of the image (Fig. 1b, see [16] for details of the data pro-
cessing), hence estimate likely deviations from these two
assumptions. Averaging the DIC-measured shear angle
over the sample, one relates the measured shear force to
the real fabric shear instead of to the shear of the frame;
having assessed the difference between the two in relation
to different test conditions, it becomes possible to validate
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Fig. 1. Picture frame: (a) the device; (b) typical shear angle field for fabric B2, frame shear angle 14°; inset: scheme for calculation of the local shear angle

(c) histogram of the distribution of the shear angle (frame shear angle 14°).

(or disqualify) results obtained without full-field strain
measurement.

Looking on the example of the registered field (Fig. 1b
and c) one notices that the shear angle field is indeed rea-
sonably homogeneous (average 13.5°, standard deviation
0.5°). The extreme values of the local shear (12° and 16°)
are very localised or happen at the edge of the image, where
the precision of the DIC algorithms is low. Table 2 gives an
overview of the parameters of the shear angle scatter in a
sample for all the studied fabrics (measurements with
ARAMIS system). A frame shear angle of 30° is chosen
as a representative reference. For all the fabrics, not with-
standing the difference in tightness, balance, thickness of
the yarns or even architecture (woven-NCF), the standard
deviation of the shear angle scatter lies between 0.5° and
2.2°, or 1.5-7.3%. The highest value of 2.2° (7.3%) is
reached for the highly unbalanced and thick fabric RR2.

It is recommended to use DIC measurements routinely
to validate this homogeneity (hence the correctness of the
sample mounting) in a particular study.

Two mechanisms leading to the difference between the
shear angle of the frame and average shear angle of the fab-
ric can be identified, depending on the size of the sample in
relation to the size of the frame (Fig. 2).

When the sample size is close to the size of the frame
(Fig. 2a, “large sample configuration’) and especially when
the “arms” of the sample (connecting the central part with

Table 2
Difference between the local shear angle and average shear angle of the
fabric at the frame shear angle of 30°, average values in five tests

RS144/ R330 R580 RR1 RR2 RR3 Bl B2
255

Maximum positive 3.1 30 15 48 60 48 18 1.6
difference

Maximum negative 3.7 26 08 40 58 49 21 20
difference

Standard deviation of 1.3 1.2 05 08 22 0.7
the difference

0.65 0.74

the frame clamps) are kept intact, the bending of the yarns
near the frame clamps affects the fabric shear. The dotted
line in Fig. 2a shows the yarn path, which is close to the
normal to the frame side near the gripping (line 1). Line
3, connecting the points of gripping of the yarn, is parallel
to the frame side. Hence, shear angle of the yarn, defined
by its direction (line 2), tends to be larger then the angle
of the frame.

When the bending stiffness of the arm parts is low
(Fig. 2b, “small sample configuration”), a different mecha-
nism works. The shear deformation of the frame cannot be
any more transferred to the sample through shear/bending
deformation of the arms. This has to be done purely by ten-
sion of the arms as shown in Fig. 2c. The corresponding
deviation of the yarns in the arms from the non-tensed
ideal paths (shown as dashed lines) makes the fabric shear
to retard behind the frame deformation, and the fabric
shear angle is less then the frame shear.

The two mechanisms work together when the yarns are
not taken out of the “arms’ of the sample, leading to the
combined effect of positive (the first mechanism) and nega-
tive (the second) difference between the fabric and the
frame angle.

Fig. 3 show the results of DIC measurements for all the
fabrics ([16,23], measurements with ARAMIS system). The
graphs of Fig. 3 slightly differ from the previously pub-
lished in [16,23] due to the corrected processing of the
frame kinematics; the changes do not affect the conclusions
of [16,23]. Fig. 3 shows the data for both large and small
sample configuration for RR2 sample only; other graphs
give data for large sample configurations.

There are two different patterns of the difference
between the fabric and frame shear angle for the “large
centre”’ configuration:

— Not-too tight, not-too-heavy (areal density well below
1000 g/m2) woven fabrics RE144, R330, R580, RR3
and NCF B1 and B2. The difference is mainly negative,



Fig. 2. Two types of samples on picture frame: (a) large sample, fabric shear is higher then the frame shear; (b) small sample, yarns in the “arms” are

drawn out, fabric shear is less then the frame shear; (c) scheme of the positions of the yarns in the case (b).
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with the positive values at the end of the graph. The dif-
ference is not greater than 2°.

— Tight heavy woven fabrics RR1 and RR2. The differ-
ence is positive, and reaches value of 4°, which by no
means is negligible value in composite forming.

These differences between shear obtained by optical mea-
sures and the shear of the picture frame are in good agree-
ment with those presented in [25].

DIC measurements (LIMESS system) for the ‘“small
centre”’ configuration of fabric RR2 confirm the mecha-
nism explained above for this type of samples (Fig. 3,
RR2). The difference between the average fabric shear
angle and shear angle of the frame is negative. It is of the
same order of magnitude as positive value for large sample
configuration. It may be interesting to optimise the sample
configuration minimising this difference.

We can conclude that DIC measurements reveal differ-
ences between the actual strain state of the sample and
the strain imposed by the picture frame. The differences
can be significant and “optical extensometry” should be
routinely used in picture frame tests to ensure adequate
results. The data presented in Fig. 3 can be used for estima-
tion of errors in measurements done without full-field
strain registration.

4.2. Bias extension test

For in-plane shear behaviour measurement, the “bias
test”, i.e. a tensile test at 45° is an alternative to the pic-
ture frame analysed above. In this experiment, a tensile
test is performed on a rectangular specimen in which
the warp and weft directions of the tows are orientated
initially at +45° to the direction of the applied tensile
load (Fig. 4) [21,35-39]. When the specimen is stretched
from L to L+ d (see Fig. 4 for notations), the possible
motion between the yarns and their large tensile stiffness
lead to the deformed shape shown Fig. 4c. In zone A the
warp and weft yarns have both a clamped end and there
is no deformation in this zone. The zone C is the active
zone of the test. The warp and weft yarns have free ends.
The non-sliding at crossovers and the global stretching of
the specimen leads to a pure shear deformation related to
d, the displacement of the mobile grip. In zone B, one
yarn direction is clamped at one end, the other direction
is free at both ends. The global stretching of the specimen
leads to a shear strain of a value half of that of the zone
C.

In this test the zone C is in pure shear. The first advan-
tage of this test with respect to the picture frame lies in its
simplicity of implementation. In addition the yarns of the
central zone in pure shear are free at their ends. Conse-
quently they are not subjected to tension (or to very weak
one). The nature of the test thus leads more naturally to a
shear state without tension than the picture frame test.
Conversely the intermediate zones B make the test analysis
more delicate because the force measurement on the

machine is global and concerns the deformation of all
zones at the same time.

The measure of the load on the tensile machine and the
measure of the shear angle y give the shear load per unit
fabric width.

DIC measurements are made to determine the shear
angle during the bias extension test. Fig. 5 show results
of the optical measurements for 30 mm and 70 mm grid
displacements (5 mm displacement increments) that corre-
spond to theoretical shear angles in central zone C equal
to 18.8° and 55.3°, respectively. The textile reinforcement
is a G1151® interlock fabric. From the DIC data, the soft-
ware ICASOFT [26,27] calculates the rotation R of the
polar decomposition F= RU. From these polar rotations
on two warp and weft yarns, the angle variation y is
calculated.

Table 3 shows, for the different grip displacements, the
value of the shear angle y obtained by the optical measure-
ments and the theoretical values deduced from the geome-
try (shown in Fig. 4¢). In the first part of the loading, i.e.
for shear angle smaller than 40°, there is only a small differ-
ence between theoretical and measured angle. For displace-
ments corresponding to shear angle larger than 45°, the
difference between measured and theoretical shear angles
become important in the central part of the specimen (zone
C). For these angles the kinematics of the bias test is no
more the theoretical one. This is probably due to sliding
between the warp and weft yarns (see [22]).

The load versus shear angle diagrams obtained from this
bias test are discussed in Section 5 together with the anal-
ysis of mesoscopic deformations.

4.3. Biaxial tension

Biaxial tension tests with full-field strain registration
were performed with samples of fabric RR2. The biaxial
tensile machine (Fig. 6a) is made up of four rigid U-shaped
grip bodies, each mounted on a ball-screw spindle and
actuated by a DC motor. The velocity can be controlled
independently in both tensile directions. Grip displacement
was measured with laser sensors over the grips, to avoid
any influence of machine compliance. Tests were per-
formed with warp/weft velocity ratio 1/1 (equal velocities)
and 1/free (uniaxial warp test), at velocity 0.1 mm/s and
1 mm/s at room temperature. For every test condition,
three repeats have been undertaken. Optical measurements
were performed using the ARAMIS system. All cross-
shaped square specimens contain 28 warp and 14 weft
yarns (Fig. 6b). As a standard the unloaded yarns in the
arm parts are removed (left-hand side of Fig. 6b). Three
samples were tested without yarn removal (right-hand side
of Fig. 6b) in order to compare the influence of sample
preparation on field homogeneity. The side of the woven
central part is about 70 mm.

The same questions as for the picture frame tests can be
presented: is deformation of the sample homogencous?
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Fig. 4. Bias extension test: (a) the device (inset: weave structure of the fabric G1151); (b) initial rectangular specimen with yarns oriented at +45°;
(c) deformed specimen; (d) shear load curve for G1151 interlock fabric. Angles calculated from the mesoscopic analysis.

AB=-1.7° A=t
ABFl .70
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Fig. 5. Optical measurements of the polar rotation A and the shear angle Ay on warp and weft yarns during a bias extension test for displacement of the
grip from 25 mm to 30 mm, in zone C (a) and B (b) and for displacement of the grip from 65 mm to 70 mm, in zone C (c) and B (d).

Does it correspond to the deformation applied by the The tests at velocity ratio 1/1 with and without removal
instrument? of the yarns in the arm part show only significant differ-



Table 3
Comparison of measured (DIC) and theoretical shear angles in zones C
and B

Grip displacement Shear angle y (°) (DIC) Theoretical shear angle

(mm) 7 (%)
Central zone  Zone Central zone  Zone
C B C B
5 1.82 1.44 2.90 1.45
30 22.09 7.41 18.81 9.40
50 34.79 1648  34.22 17.11
70 47.34 28.80 5533 27.67
80 55.59 39.22  73.73 36.87

ences in field uniformity for the very exterior yarns of the
rectangular centre (Fig. 6¢). The local variability of the
field represents the woven structure of the fabric: each
hill/valley corresponds to an element of the woven struc-
ture of the fabric. The shear field (Fig. 6d) gives another
assessment of quality of the biaxial tension strain state of
the sample: the shear (which ideally should be zero for
the biaxial tension test) is limited to maximum values of
1.5°.

Fig. 7 shows the tensile diagrams in warp and weft direc-
tion, using both local strain from full-field strain measure-
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crimped (crimp is 9.7%). Consider the samples with
removed yarns in the arms. The tension of the straight
yarns in the arms is transferred to the central sample via
complex interaction of the yarns, causing their decrimping,
which delays the deformation of the central part and
increases the non-linear part of the diagram. The effect is
most pronounced for uniaxial tension; for biaxial 1/1 load-
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Fig. 6. Biaxial tensile machine: (a) general view; (b) samples, left: side yarns removed; right: no side yarns removed; (c) homogeneity of the tensile strains:
first invariant field for test 1/1 with yarns removed; depicted is whole central area minus one yarn on the circumference; applied strain: 1.17% in weft,
2.23% in warp; (d ) Shear angle field (degrees) for test 1/1 with yarns removed; depicted is the whole central area minus three weft yarn and five warp yarns

on the circumference.
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Fig. 7. Tensile diagrams in warp and weft direction, based on DIC-measured average sample strain (“true”) and enforced strain (“clamps”), for samples
with yarns removed (-) and not removed (YNR), together with tensile diagrams of the yarns.

ing the tension in the weft yarns prevents intensive decrim-
ping of the warp, and the difference of the sample deforma-
tion and clamps movement is reduced. For the samples
with non-removed yarns in the arms the effect is reversed:
movement of the clamps is transformed into much lesser
strain in the central part (1/1, warp direction). This is
due to the free (unclamped) weft in the arms. Because of
this, the central part (where weft is clamped and moreover,
tensed) is much stiffer then the arms, which explains the dif-
ference in the warp strain.

The difference of the sample strain and the imposed
strain leads to an important difference of the actual ratio
of strain in warp and weft directions from the ration of
1/1 imposed by the speed of the machine. In the 1/1 test,
for instance, the actual velocity rate measured by the laser
sensors is about 1.2, whereas the velocity ratio in the fabric
is 2 for the test with loose yarns removed, and variable
between 0.27 and 2 in the test without loose yarns removed.
This difference in biaxial loading is very large and can lead
to inadequate conclusions when the experiment is used as
benchmarking for a fabric deformation model or can lead
to errors in forming simulation when a biaxial test is used
to provide input data for them.

We can conclude (also taking into account the results of
[24]) that whilst the strain homogeneity in biaxial test has
proven to be acceptable, the reliable assessment of the
actual strain of the sample is possible only using direct
measurement of the strain of the sample using an optical
strain gauge.

5. Meso-scale strain fields: revealing mechanisms of fabric
deformation

As it has been seen in the previous sections, optical full-
field measurements performed on the specimen permit to
measure the actual kinematic quantities — strain state of
the sample — and to verify the homogeneity of the strain
fields. These measures can be qualified as macroscopic

because they consider the fabric as a continuous material,
the mechanical behaviour of which is analysed in shear,
tension, etc. A second important possibility offered by opti-
cal field measurements is the analysis of the fabric deforma-
tion at lower scale. A textile is a hierarchically organised
multiscale material. If the scale of the textile or of the spec-
imen is called macroscopic (and measured in centimetres or
decimetres), the scale of the yarn or of the textile unit cell is
the mesoscopic scale (measured in millimetres). The yarn is
made of hundreds or thousands fibres and the scale of the
fibre is called microscopic (some micrometres).

The DIC optical measurement can be performed on a
smaller domain and especially on a woven yarn. The main
interest of such analysis is to address internal deformation
mechanisms of fabrics. It permits to show that the strain in
the yarn may be different from the global macroscopic
strain in the fabric. The case of an in-plane shear ‘““bias
test” will be considered here; mesoscopic deformation of
yarns in shear test are analysed using DIC in [14,16,25].
Such analysis can also be done for other elementary tests
such as tensile or bending tests.

The DIC analysis is performed at the mesoscopic level,
i.e. on a zone small enough to be within a single yarn.
Fig. 8 shows the incremental displacements fields at differ-
ent stage of the shear load curve shown in Fig. 4d. The tex-
tile reinforcement is a G1151 interlock fabric (Table 1). The
drawn vectors show the displacement relatively to the cen-
tre of the analysed zone. The angles y and y* refers to the
shear angles in the zones C and B (Fig. 4b and c).

For a moderate shear (grip displacement d = 30 mm,
shear angle y = 22° in the zone C) it appears (Fig. 8a) that
these displacement vectors are perpendicular to the radius
vector “‘the centre of the analysed zone — the point under
consideration” and have a norm proportional to the dis-
tance to the centre — rotation field. Hence the yarn is sub-
jected to a rigid body motion (rotation + translation of the
centre). The macroscopic shear strain of the specimen is
created by the relative displacement of the different yarns.



Fig. 8. Meso-scale analysis: displacement fields within a yarn. (a) Central zone C for d = 30 mm, y = 22°; (b) zone B, d = 30 mm, y* = 8°; (c) central zone
C for d =50 mm, y = 35°; (d) zone B, d =50 mm, y* = 16°; (e) central zone C, d =80 mm, C, y = 56°; (f) zone B, d = 80 mm, y* = 39°.

The strain field within the yarn is null or very weak. In the
intermediate zone B, the displacement field is also a rota-
tion field but with displacements twice smaller (Fig. 8b).

For a grid displacement d = 50 mm, the incremental dis-
placement fields are, as well, close of rotation fields in both
zone C and B (Fig. 8c and d). Nevertheless this begins to be
less true in the central zone C (Fig. 8c) where the displace-
ments with a given norm start to be on an ellipse.

When the shear angle becomes large (d= 80 mm,
y =55°), the relative displacement is no more a rotation
field (Fig. 8e). The shear angle and the geometry of the

woven fabric lead to a transverse compression field. This
compression field is added to the rotation field. The yarn
is no more in a rigid body motion, it is strained but its
strain field is not a shear strain but a transverse compres-
sion field. The similar compression was noted for the pic-
ture frame test in [14,16,25].

For the same grip displacement (d = 80 mm, y = 55°), it
can be seen (Fig. 8f) that the intermediate zone B is still
subjected to a rotation motion. Because the shear angle is
twice smaller in this zone, there is not yet yarn
compression.



This meso-scale analysis shows that the deformation
within a yarn can be very different of the global macro-
scopic deformation. This macro-deformation is mainly
due to the relative displacements between yarns.

This analysis has been made in the case of the bias test
but it could be interesting to perform such meso-scale mea-
surements for other elementary loadings such as biaxial
tensions or bending. For instance it has been shown by
computations at meso-scale level (i.e. 3D finite element
analyses of the unit woven cell) that the transverse com-
pression of the yarn is very important and is a main aspect
of biaxial tests [40]. Optical measures of this compression
would be interesting. Meso-scale analysis have been per-
formed in the case of the picture frame tests and the conclu-
sions are in agreement with those obtained above for the
bias test [14,16,25].

The analyses are performed in this paper on “dry” tex-
tile reinforcements, i.e. without any resin. The conclusions
can be different in case of preimpregnated textile reinforce-
ments because the resin is a brake to relative displacement
of the yarns [41].

6. Local deformations of a 3D-shaped preform

The grid strain analysis (GSA), also called “grid
method”, is used to study sheet forming of metals [42]
and composites [43,44]. This technique requires a grid pat-
tern, attached to the material, in order to track the dis-
placements of the crossings. The DIC is used to measure
these displacements. The grid method is very convenient
for cases where large local deformations (and phase

changes, like polymer melting) occur, since in these cases
a random speckle pattern would often be destroyed and
become useless.

In this study the local deformations are measured on a
thermoformed cylindrical-shaped part (Fig. 9a) of a
glass/PP preform (fabric RR2, Table 1), as reported in
[45]. In order to track the fibre orientations during forming,
a reference pattern is sprayed with white paint onto the
black pre-consolidated sheets with the help of a stencil that
has parallel grooves. The pattern consists of a grid, with a
grid size of 5x 5 mm and a line thickness of about 1 mm.
After forming, the composite part is measured with the
LIMESS system using the DIC technique. By interactively
extracting the coordinates of the grid intersection points,
the angles between the grid lines are calculated using the
planimetric law of cosines: « = X (AB, AC). A shear angle
at the point A is then calculated as average of four angles
y, complimentary to the four angles « for the grid lines join-
ing at A (Fig. 9c¢).

Fig. 9b shows the set-up of the LIMESS system to
obtain the surface information. The result is indicated in
Fig. 9c, namely a correlated surface overlaid on a picture
of a deformed sheet. In Fig. 9d the shear angle distribution
obtained from this surface is depicted. Note that the light
reflections can corrupt the DIC measurements at certain
places (“empty” square in Fig. 9d).

The main benefit of this technique lies in the fact that the
surface is measured via a contactless method. Drawbacks
lie in difficulties of tracking the fibre directions. When
applying the reference pattern on the pre-consolidated
sheets, it is assumed that the gridlines are parallel with

Fig. 9. Measurements of the local deformations of the shaped preform: (a) the mould; (b) set-up of LIMESS measuring system; (c) a correlated surface
that depicts the z-coordinate of the surface in grey-scale overlaid on a picture of a deformed sheet; (d) calculated shear angle distribution.



the fibre directions. In practice fibres inside the sheet are
not perfectly straight, which makes it impossible to track
them flawless. Another reoccurring phenomenon is the
destruction of the reference pattern due to friction between
the mould and the deformed fabric, especially pronounced
in high shear zones.

The experimental local deformations are subsequently
compared with the predictions of a kinematic drape
model (QuikForm). Different blank-orientations, specified
as the angle between warp yarns and the long symmetry
axis of the mould are also taken into consideration and
the results are plotted in Fig. 10. The kinematic draping
model adequately predicts the fibre orientations for the
0 and 90°-orientation of the blank. It is believed that
the discrepancy between the model and the measured val-
ues at higher shear angles is due to the fact that the shear
resistance increases rapidly when the locking angle (40°
for the studied fabric [46]) is reached, and the assumption
of the negligible shear resistance is no more valid. For
other orientations the kinematical model gives faulty pre-
dictions of the fibre orientations after draping as illus-
trated in Fig. 10b. This erroneous result is due to the
draping approach of the model, as it starts to drape the
mould from a single point, while in reality the draping
starts from a line of first contact. Kinematic approach
of modelling is too elementary to predict the correct fibre
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Fig. 10. Comparison of the measured shear angles and those obtained via
a kinematical modelling approach for two blank-orientations: (a) 0°; (b)
45°. The “distance to the apex” indicates the distance along the arches
shown in the insets.

orientations of complex shapes after draping. It seems
that a more refined model, like a mixed kinematic-shear
energy model or a finite element model may tackle the
problem — this will be a subject of our future work.

7. Conclusions

Full-field strain measurements should be routinely used
during shear and tension tests of textile reinforcements for:
(1) validation of the test procedure by assessing homogene-
ity of the sample deformation; (2) adequate determination
of the strains (shear angle, tensile strain) of the sample,
which may differ from the strains imposed by the move-
ment of the testing apparatus.

Optical registration of a grid drawn over the textile with
subsequent image analysis can also provide characterisa-
tion of the actual deformed state of the sample. However,
it may be difficult to make a good grid for textiles with
“bumpy” surface. Full-field measurement equipment is
easy to use, does not ask for the sample preparation, and
produces automatically full characterisation of the strain
field.

Meso- and micro-observations of strains in the fabrics
on the scale level of the unit cell provide insight into the
fabric behaviour during deformation, revealing the mecha-
nisms of the yarn interaction.

Full-field measurements of the local deformations on a
composite part after forming provide a convenient tool
for the determination of the local fibre orientations and
shear angles over the part and for assessing the validity
of drape predictions by forming simulation software.
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