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The simulation at meso-scale of textile c
density of the fibres that condition the
analyses are highly dependent on the
reinforcement geometries. The obtained
paper presents a direct method using
reinforcement. The FE model is obtained
determination of the fibre direction at e
between FE models obtained from lCT a

first one leads to a better result.
ite reinforcement deformation provides important infor- mation. In particular it gives the direction and
bility of the textile reinforcement and the mechanical properties of the final composite. These meso FE

of the initial geometry of the model. Some softwares have been developed to describe composite
tries imply simplifica- tion that can disrupts the reinforcement deformation computation. The present
uted tomography to determine finite element models based on the real geometry of the textile
y specificity or variability of the textile reinforcement. The interpenetration problems are avoided. The
nt of the model is detailed. It is a key point for the quality of the deformation simulation. A comparison

a textile geometrical modeller shows that the description of the variability taken into account by the
1. Introduction

Finite element modelling methods applied to design and manu-
facturing processes are under investigation as a means of generat-
ing a predictive design tool for engineers to use when designing
composite parts. A large part of these simulations are performed
at the macroscopic scale (the global scale of the composite part)
(Fig. 1a). In particular, the simulations of the reinforcement pre-
forming [1–3] and of the resin flow in L.C.M. processes (Liquid
Composite Moulding) [4–6] are performed at the macroscale.
Nevertheless it is necessary to carry out analyses at lower scales
to analyse some phenomena. Some studies are conducted at the
scale of the fibre (microscopic scale Fig. 1c) to analyse motion
and friction between the fibres [7–9]. At the mesoscopic scale
(Fig. 1b) the composite is seen as a set of tows (warp and weft
yarns in case of 2D woven reinforcements) with or without resin
depending on the type of analysis. For periodic structures, meso-
scopic models consider the smallest elementary pattern, which
can represent the whole fabric by in-plane translation. That
domain is called the representative unit cell (RUC) [10–13]. The
mesoscopic analyses allow to compute homogenised properties
of the composite [10,12,14], damage initiation and propagation
[12,15]. The deformation analysis of a reinforcement RUC (with
no resin) during the preforming stage provides the geometry of
the yarns when the resin is injected. The simulation of the resin
flow within these deformed tows allows to compute the perme-
ability of the reinforcement for different local deformations
[16,17]. The deformation of the mesoscale geometry of the rein-
forcement during manufacturing can also be taken into account
in the mechanical behaviour of the composite part [18].

The quality of the result of the meso FE modelling strongly
depends on the initial FE mesh, its geometry and the associated
data in particular the fibre directions. The geometry can be
obtained from textile geometrical modelers such as TexGen or
WiseTex [19,20]. Nevertheless they provide a simplified geometry
of the reinforcements. Moreover the reinforcement architecture
are numerous especially for the 3D fabrics [21,22] and they are
not all described by these modelers. Finally some interpenetrations
can occur between the yarns defined by the modelers in some
configurations. In the present study, the initial geometry of
meso-FE analyses is directly achieved from a X-ray Micro Tomog-
raphy (XRMT) [23–27] also called micro computed tomography
(lCT). This fairly recent technics allows detailed, accurate and



(a) Macroscopic scale (b) Mesoscopic scale (c) Microscopic scale

Fig. 1. Different scales for a woven composite reinforcement.

Table 1
Characteristics of G0986 carbon twill.

Characteristics Values

Weave style Twill 2/2
Weight distribution warp/weft 50%/50%
Fibres/yarn (warp) 6 K
Fibres/yarn (weft) 6 K
Nominal construction (warp) 3.5 yarns/cm
Nominal construction (weft) 3.5 yarns/cm
Nominal weight 285 g/m2

Young’s modulus (6 K carbon yarn) 228 GPa
Thickness 0.29 mm
non-destructive 3D observations inside the material [24]. It allows
to distinguish yarns and even fibres defining the anisotropy
directions of the material. In the present paper, a methodology is
proposed to build automatically finite element models from
X-ray micro CT images of the composite or composite reinforcement.
These models take into account the specificities of the geometry of
the analysed material. They can be obtained for any type of weaving
or architecture of the reinforcement. The meso FE modelling of the
deformation of a carbon twill weave reinforcement is taken as an
example. The determination of the fibre directions within the yarn
is a point of main importance. The hypoelastic behaviour used for
the FE analysis of the deformation is based on the fibre rotation
[28,29]. The meso FE model obtained from lCT images of the
carbon twill are used first to identify the parameters of the hypoelas-
tic model of the tow and secondly to simulate biaxial tensile and
compaction tests. In the latter case, it is shown that the meso FE
model obtained from lCT gives a result closer to experiments than
a model built from a textile geometrical modeler.
2. Image processing

2.1. Material and method

The Hexcel G0986� fabric (Fig. 2a) is taken as an example to
present the different stages of the method. This fabric is a 2 � 2
carbon twill weave which characteristics are summarised in
Table 1. Images have been acquired using a laboratory tomograph
Phoenix V tome X which principles and main functionalities are
described in [23–27]. The size of the focus, and thus the resolution
is adjustable from 1 to 5 lm. The detector used is made of
1920 � 1575 pixels each with a size of 127 � 127 lm. Scans
performed in this study used beam values close to 90 keV and
170 lA without additional filter. The trade-off between the resolu-
tion and the maximum specimen dimension (i.e. yarn width)
allows a maximum resolution of 2 lm. The complete sample must
(b(a) G0986 carbon twill 2/2 

Fig. 2. Hexcel G0986
indeed be contained within the cone beam, i.e. in the field of view
of the detector. The uncertainty of the measures made by tomogra-
phy can be estimated to ±1 voxel. Fig. 2b shows the 3D reconstruc-
tion by tomography of a G0986 carbon twill reinforcement.

2.2. G0986 carbon twill segmentation

The different processes described below are applied succes-
sively on each cut of the image stack. The methodology is illus-
trated for the segmentation of G0986 fabric. Image segmentation
consists in partitioning a digital image into multiple segments (sets
of pixels). It is sometimes named as superpixeling. In the present
case, the goal of segmentation is to separate warp and weft yarns.
The first operation consists in obtaining a tomography cut (Fig. 3a)
that has undergone an internal treatment by the tomograph soft-
ware to clean as far as possible the various acquisition artefacts.
Orientations of the image are computed thanks to the calculation
of the structure tensor [30,31]. This tensor is defined for each pixel
as a 2 � 2 symmetric positive matrix J, where fx and fy are the
partial spatial derivatives of the image f(x,y), along the principal
directions x and y, respectively:

J ¼
hfx; fxiw hfx; fyiw
hfx; fyiw hfy; fyiw

� �
ð1Þ
) G0986 3D reconstruction
 from µCT 

� carbon twill.



(a) Cut of G0986 (b) Anisotropy directions

(c) Color deconvolution 

(d) Binarization (e) Median filter (f) Closing

(g) Gaussian blur   (h) Threshold  (i) GL assignation

(j) Final result 

Fig. 3. Steps of G0986 carbon twill segmentation.



Fig. 4. Skeleton examples.
The weighted inner product between two arbitrary images g and h
is defined as:

hg;hiw ¼
ZZ

R2
wðx; yÞgðx; yÞhðx; yÞdxdy ð2Þ

w(x, y) P 0 is a weighting function that specifies the region of inter-
est (ROI). It is typically a normalised square window of size L that is
centered on a location of interest (x0,y0). The norm associated with
this inner-product is kfkw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
hf ; f iw

p
.

From this tensor that contains the relevant directional
information, three features [32,33] are calculated: the local
orientation h, the energy E and the coherency C. The local predom-
inant orientation h in the considered region corresponds to the
direction of the largest eigenvector of the structure tensor. It is
thus given by

h ¼ 1
2

arctan 2
hfx; fyiw

hfy; fyiw � hfx; fxiw

� �
ð3Þ

The energy parameter E is defined as the trace of the tensor matrix

E ¼ TraceðJÞ ¼ hfx; fxiw þ hfy; fyiw ð4Þ

Pixels with higher energy values correspond to less isotropic and
more clearly oriented structures. The coherency parameter C is
defined as the ratio between the difference and the sum of the max-
imum and minimum tensor eigenvalues.

C ¼ kmax � kmin

kmax þ kmin
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hfy; fyiw � hfx; fxiw
� �

þ 4hfx; fyiw
q

hfx; fxiw þ hfy; fyiw
ð5Þ

Coherency is bounded between 0 and 1, with 1 indicating highly
oriented structures and 0 indicating isotropic areas.

Depending on the orientation h, each pixel is assigned a colour.
Because the textile materials analysed in the present study exhibit
two directions of anisotropy in warp and weft direction, the asso-
ciated orientation map mainly presents two distinct colours
(Fig. 3b). A colour deconvolution (Fig. 3c), allows to separate pixels
with the same colour and to produce images representing only
warp or weft directions.

The next operation of that segmentation is the binarization
(Fig. 3d). Such operation produces two classes of pixels: black pix-
els and white ones. A median filter (Fig. 3e) is firstly used to ‘‘clean’’
the image. Each pixel of the image to be filtered is replaced by the
median value of neighbouring pixels. The aim is to get a plain
shape representing the yarn. To achieve this objective, a binary
closing operation is applied (Fig. 3f), which is made of a dilation
followed by an erosion. This technique allows to remove small
holes, to preserve the size and shape of the element and to merge
elements that are very close. A Gaussian blur filter (Fig. 3g) fol-
lowed by a threshold (Fig. 3h) allows to get filled yarn sections.
Finally, a gray level is assigned (GL) (Fig. 3i) for images in the warp
direction and another one for images in the weft direction. Images
in the warp and weft directions are then superimposed (Fig. 3j).

2.3. Skeletonisation

Skeletonisation provides a compact representation of the
objects even in the case of complex shapes and topologies. In 2D,
the skeletons are inter-connected lines in the image centre, as
shown in Fig. 4. Skeletons are widely used in image analysis and
pattern recognition, since they allow to describe synthetically not
only the shapes but also mathematical properties of objects, such
as length or surface. They are also used in image compression
because they describe the objects in a compact way. Several
algorithms have been proposed to compute skeletons [34]. In the
present study, the algorithm used is the method developed by
Fouard et al. [35]:
2.3.1. Definition
A skeleton is a subset of the foreground object that verifies the

following properties:

– Homotopy: the skeleton is topologically equivalent to the origi-
nal image. It has the same number of connected components,
holes and cavities as the original image.

– Thinness: the skeleton is one point wide except at junction
points, where the connectivity can require several points.

– Medialness: the skeleton is centrally located within the fore-
ground object.

Skeletons can be built in the continuous space using Voronoï
diagrams. Discrete points are chosen on the object contour. The
skeleton is the subgraph of the Voronoï diagram of these points,
which is entirely included within the object. The obtained skeleton
is connected, topologically equivalent to the object, centred and
thin. But this method rises difficulties when applied in the discrete
space.

2.3.2. Skeletonisation discrete methods
The algorithm complexity and the computational time are an

encumbrance for heavy images. Discrete methods are generally
fast and easy to use. The skeletonisation process can be based on:

– Thinning: the skeleton is computed by iteratively peeling off
the boundary of the object, layer-by-layer. The deletable points
(simple points that are also border points and non-end points)
are removed either sequentially [36] or in parallel [37,38], or
with morphological operations [39]. These methods lead to a
skeleton homotopic to the object, by construction, thin and geo-
metrically representative (if the endpoints have been correctly
characterised), but not necessarily centred.

– Distance maps: the skeleton is defined as the locus of the local
maxima of the distance map [40,41]. The principle of these
methods is to calculate the distance map of the object, to find
local maxima and to reconnect these maxima. The resulting
skeleton is centred by construction, thin, depending on the local
maxima threshold, but not necessarily homotopic, depending
on the path reconstruction.

Hybrid methods have been recently introduced to take advan-
tage of both of these approaches [42]. These methods, called
Distance Ordered Homotopic Thinning (DOHT), use a homotopic
thinning, i.e. an iterative deletion of simple points, leading to a



Fig. 5. Skeleton of G0986 carbon twill. Fig. 7. Spline on neutral axis.

Fig. 8. Yarn geometry.
homotopic skeleton, but in the increasing distance map order lead-
ing to a centred skeleton.

Applying these technics [35] to composite reinforcement leads
to the skeleton shown Fig. 5 from 3D reconstructed reinforce-
ments. This looks like ‘‘fishbones’’.

From this fishbone-like skeleton, it is necessary to recover the
‘‘backbone’’ which represents the neutral axis of each yarn. To
achieve this aim, a nodes retrieval algorithm of the ‘‘backbone’’
has been developed. From the voxels coordinates of a yarn, the
number of connectivity (number of links of a voxel with its neigh-
bours) greater than one is calculated (Fig. 6a). While the number of
connectivity greater than one is superior than the minimal number
of connectivity equal to one (number of extremity of each yarn),
the algorithm removes the nodes attached to these connectivities
(Fig. 6b). Thus, the nodes of the ‘‘backbone’’ are cleaned of their
transversal edges (Fig. 6c). The subsequent operation is to con-
struct a B-spline curve through these nodes to get the neutral axis
(Fig. 7).

The main objective of the skeletonisation is to provide the mate-
rial orientation of the yarns. For that, a direction vector is assigned to
each node of the spline. In the specific case of yarn modelling, it is
assumed that the yarn is characterised by (Fig. 8):

– The middle line where the centre G of the curvilinear abscissa is
positioned by X(s).

– Its cross section at the curvilinear abscissa s.
– A local material coordinate system (Frenet–Serret):
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Fig. 9. Labelling of G0986 carbon twill. Fig. 10. Mesh of G0986 carbon twill.
~u2 ¼
d2~X

ds2 ¼
~n
q

with q ¼ 1
d~t
ds

			 			 ð7Þ

~u3 ¼~t ^~n ¼~b ð8Þ
3. Mesh generation

At mesoscopic scale, the mechanical analysis of composite rein-
forcements is based on the finite element method. This method
relies on subdomains that are defined by a mesh. The mesh gener-
ation boils down to building a ‘‘triangulation’’ that precisely
catches the domain described in practice by a discretization of its
boundary [43]. The aim of the present section is to transform the
tomography image into discrete geometry.

3.1. Surface generation

After the segmentation step described in the previous section, a
labelling of 3D images is carried out. Voxels that belong to the
same gray level are grouped and are assigned a mark. Therefore,
it is possible to create a polygonal surface corresponding to the
labelled yarns (Fig. 9) by triangularizing the external surface of
each phase (i.e. each colour) with triangles using the marching
cubes algorithm [44].

3.2. Surface simplification algorithm

The reconstructed surfaces after three-dimensional segmenta-
tion generally involve too many triangles. For a reason of computa-
tion time, the number of triangles of the reconstructed surfaces
must be reduced. This operation is carried out using an algorithm
based on the edges contraction. The algorithm developed by
Garland and Heckbert [45] simplifies polygonal models rapidly
while preserving information. The method relies on successive
vertices pair contractions. It guarantees the surface topology with
a squared error calculation. By contracting vertices pair, the
algorithm can gather disjoint parts of the model. This process is
called aggregation.

3.3. Advancing front mesh generation method

After the surface simplification step, a volume mesh generation
is carried out from a front algorithm [46,47]. The algorithm starting
point is the triangulated surface. The triangles of discretized border
form the initial front. From this front, tetrahedra are generated step
by step until the centre of the domain is reached (Fig. 10). As a con-
sequence, in the domain centre, tetrahedra quality is poorer than in
the external surface due to front collisions. An accurate tuning of
the meshing algorithm can avoid such poor quality.

In order to perform a FE calculation, a specific constitutive
behaviour is needed. Such behaviour must be based on the local
material orientation [28,48]. From the yarn direction obtained by
skeletonisation result, each tetrahedral element of the mesh can
be oriented. The importance of that point will be focussed later.
The yarn is partitioned (Fig. 11) in order to assign local orientations
by zones. It is possible to refine the partition by adjusting the
spline discretization. Then it is sufficient to assign these local ori-
entations to each element in the same zone. An hypoelastic
approach for materials large strains of one fibre direction has been
proposed in [28,48]. It is based on the rotation of the fibre that
must be strictly followed during the deformation.

4. Simulation and discussion

Fig. 12 shows a X-ray tomography imaging of a textile rein-
forcement yarn. This yarn is composed of nearly parallel fibres
and can be considered as a transversally isotropic material. This
has been confirmed by experimental observations [48,49]. In par-
ticular, covariance analyses, providing information about the spa-
tial distribution of fibres for different deformations, justify this
assumption [48]. When the yarn is considered as a continuous
material the main attribute of such a material lies in its strong stiff-
ness in the fibre direction, in comparison to transverse rigidities, so
one of the main issues of the constitutive model is the following of
the anisotropy direction. This problem lies at the crossroads of two
important points: the principle of objectivity on the one hand and
updating stress state during the numerical integration on the other
hand.

4.1. Hypoelastic law

The proposed model must fullfil the large transformation
requirements: the phenomena to be modelled include geometric
nonlinearities due to large displacements and large deformations
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Fig. 11. Yarn partition.

Fig. 12. Transverse isotropy of the yarn in a textile reinforcement. X-ray tomog-
raphy imaging.
of the yarns. It has been chosen in this study to use a hypoelastic
approach. Indeed, the yarns are subjected to large strains and rota-
tions, so that the orientation of the material is significantly modi-
fied and the fibre direction has to be strictly followed. The
hypoelastic laws or the rate constitutive equations [50–52] can
be written as:

rr ¼ C : D ð9Þ

where r and D are, respectively, the Cauchy stress rate tensor and
the strain rate tensor. These two tensors are defined on the current
configuration. rr is an objective time derivative of r. The aim of
this derivative is to avoid the part due to rigid body rotations in
the time derivative of the Cauchy stress. rr is a derivative for an
observer which is fixed with regard to the material,

rr ¼ Q � d
dt

Q T � r � Q

 �� �

� QT ð10Þ

where Q is the rotation from the initial orthogonal frame to the so-
called rotating frame where the objective derivative is made. There
are several objective rates approaching this goal. The Green–Naghdi
and Jaumann objective derivatives are the most commonly used in
the FE software [53,54]. They are respectively based on the rotation
of the polar decomposition of the deformation gradient tensor
F = R � U, and the rotation of the corotational frame. These are rou-
tinely used for analyses of metals at high strains. All of them avoid
the stress change under rigid body rotations.

It has been established that both of them are not suitable for
fibrous material [28,29]. The longitudinal rigidity is very high in
comparison to the transverse behaviour, consequently, the fibre
direction has to be strictly followed. The objective derivative, used
in this study, was defined by Hagege and Badel [28,29] and is based
on the rotation U from the frame based on the initial directions of
the fibres e0

i to the frame of current directions fi (Fig. 12), i 2 [1,3]
where

f1 ¼
F � e0

1

F � e0
1

			 			 ; f2 ¼
F � e0

2 � F � e0
2 � f1


 �
f1

F � e0
2 � F � e0

2 � f1


 �
f1

			 			 ; f3 ¼ f1 � f2 ð11Þ
Eq. (9) is integrated over a time increment Dt = tn+1 � tn using the
Hughes and Winget formula widely used in finite element codes
at finite strains [52]:

½rnþ1�f nþ1
i
¼ ½rn�f n

i
þ ½Cnþ1=2�f nþ1=2

i
½De�f nþ1=2

i
ð12Þ

where ½De�f nþ1=2
i
¼ ½D�f nþ1=2

i
Dt.

In Eq. (12), the constitutive matrix ½C�fi is expressed in the basis
{fi} based on the fibre orientation at current time (Fig. 12). This is
important because the longitudinal behaviour in direction f1 and
the transverse behaviours in-plane (f2, f3) are distinguished (see
latter).

As previously mentioned, X-ray tomography observations lead
to the assumption of a yarn transversely isotropic behaviour. Based
on this assumption, the constitutive relation used in this paper is
decomposed into two parts. First, the longitudinal direction is con-
sidered; and then, the isotropic transverse behaviour is split into a
‘‘spherical’’ and a ‘‘deviatoric’’ part.

4.1.1. Longitudinal behaviour
The importance of a correct follow up of the fibre direction has

been already pointed out [48].
The material coefficients of the yarn constitutive tensor are

determined from different experimental tests. The longitudinal
Young modulus E is known from a tension test on a single yarn.
To keep the yarn bending stiffness low enough, the longitudinal
shear moduli G12 and G13 low and assumed to have equal values:
G12 = G13 = G. Longitudinal Poisson ratios are assumed to be null.

4.1.2. Transverse behaviour
During the reinforcement deformation, the fibre bundle exhibits

both volume and shape changes. Those observations, lead to use a
decomposition of the strain tensor. The strain field in the trans-
verse plane is split in a ‘‘spherical’’ part, representative to the area
change of the yarn section, and a ‘‘deviatoric’’ part, characterising
the shape change of the fibre bundle. Such as:

½eT �fi
¼

es 0
0 es

� �
þ

ed e23

e23 �ed

� �
ð13Þ

with es ¼ e22þe33
2 et ed ¼ e22�e33

2 .
That decomposition is assumed to be also valid for the strain

increment and for the stress increment tensors. That leads to the
constitutive equation

Drs ¼ A Des

Drd ¼ B Ded

Dr23 ¼ C De23

ð14Þ

in which A, B and C are material parameters depending on both lon-
gitudinal tensile strain and spherical strain es and identified by an
inverse method. Moreover, it can be shown that B = C [48]. Drs,
Drd, Des, Ded are respectively spherical and deviatoric stress and



Fig. 13. A meshed representative unit cell of the carbon twill 2/2 fabric with
material boundaries.
strain increments. A reasonable experimental fit is found with
parameters A and B given by the expressions of equation [48]

A ¼ A0 e�pes ene11

B ¼ B0 e�pes
ð15Þ

Finally, the constitutive matrix of the material in the fibre directions
is in the form

C½ �fi
¼

E 0 0 0 0 0
AþB

2
A�B

2 0 0 0
AþB

2 0 0 0
Symmetry G 0 0

B 0
G

2
666666664

3
777777775

ð16Þ
4.2. Periodic boundary conditions

The periodicity of the reinforcement is used to set the size of the
geometric model. The smallest geometry to be modelled is that of a
representative unit cell of the reinforcement, i.e. the smallest pat-
tern allowing the reconstruction of the whole fabric by translations
only. Its choice is not unique. Nevertheless, the choice of a unit cell
with fibres (and not void) on the boundaries is preferred in the
present study (Fig. 13) because it is possible to prescribe bound-
aries conditions on the complete frontier. The periodicity of the
Fig. 14. Cross shaped specime
reinforcement must be guaranteed during the test, which is
achieved through appropriate boundary conditions. The displace-
ment field is of the form [11,13]:

uðXÞ ¼ umðXÞ þwðXÞ ð17Þ

with um denoting the macroscopic displacement field, and w the
periodic local displacement field. Then periodicity implies

wðX�a Þ ¼ wðXþa Þ ða ¼ 1 or 2Þ ð18Þ

where X�a and Xþa are paired positions on two opposite boundaries,
i.e. they can be deduced by an x or y translation. As a consequence
the corners of the cell must verify w = 0.

Finally Eqs. (17) and (18) lead to the periodic boundary condi-
tions for two paired points of opposite boundaries:

x�a � xþa ¼ umðX
þ
a Þ �umðX

�
a Þ ð19Þ

where xþa and x�a denote the positions in the deformed configura-
tion. The material constitutive model developed in the previous sec-
tion is implemented in a user subroutine. The values of the material
parameters are given in Table 1. Yarn to yarn contacts are assumed
to induce Coulomb friction with a uniform coefficient of 0.24
[56–58]. The calculations have been carried out using 4-nodes con-
tinuum tetrahedral elements.

4.3. Simulation results: material parameters identification

Fig. 14 presents the simulation of the tensile biaxial test of a
G0986 carbon twill specimen. The warp and weft yarns are both
loaded in tension [59]. The cross geometry of the specimen is well
adapted to fibre fabrics. Their in-plane shear stiffness is weak in
comparison to the tensile rigidity, consequently the biaxial tensile
device can prescribe quasi-homogenous strain fields even in the
internal corners of the specimen. In Fig. 15, the red square curve rep-
resents a tensile experimental test on a single yarn. The tensile curve
is linear. The longitudinal Young modulus of the yarn is determined
from this test: E = 116,000 MPa (this value is linked to the initial
cross-sectional area used in the finite element model).

The transverse properties A0, B0, p, n are determined by an
inverse approach based on a Levenberg–Marquardt algorithm
[60]. These parameters are calculated from the tensile equibiaxial
test with identical strain ratio in warp and weft directions
k ¼ ewarp

eweft
¼ 1 (k = strain in the warp direction/strain in the weft

direction). During this test, the yarns in warp and weft directions
are both in tension and submitted to strong transverse compaction
[55]. Thus the hypoelastic law coefficients can be identified
(Table 2). In this equibiaxial tensile test, the curves are plotted in
only one direction because the fabric is quasi balanced. The non-
linearity is due to decrimping and yarn compaction. The stiffness
in the transverse direction (direction perpendicular to the fabric)
n and biaxial tensile test.
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Fig. 15. Tensile test on a single yarn and equibiaxial tensile test simulation (k = 1).

Table 2
Parameters of the hypoelastic law of the carbon yarns of the G0986 carbon twill.

E A0 B0 p n

116,000 MPa 3.73858 10.3798 �0.00111002 2.1905
is weak at the beginning of the loading and increases strongly with
compaction [61,62].

4.4. Validation in biaxial tension

Using the material parameters identified in Section 4.3 (and
listed in Table 2), the biaxial tensile tests are simulated with the
FE model built from lCT for different ratio k and compared to
experiments (Fig. 16). The response depends on the ratio k. In
particular, the initial non-linearity decreases when k increases. A
good agreement is obtained between the simulated curves and
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Fig. 16. Biaxial tests
the experimental curves. The green triangle curve in Fig. 16 is a
unidirectional tensile test on the G0986 fabric. In this test the yarns
in the direction perpendicular to the tension are free (no pre-
scribed displacements). The non-linearity of the tensile behaviour
is maximum. The loaded yarns become straight. Here again the
simulation based on the FE model built from lCT is in good
agreement with the experiment.

4.5. Validation in transverse compaction

Fig. 18 shows the results of a transverse compaction test on the
G0986 carbon twill. The material parameters used in the simula-
tion are those identified in Section 4.3 (Table 2). The simulation
is performed on a representative unit cell (RUC) (Fig. 17) on which
periodic boundary conditions have been prescribed. The behaviour
is non-linear and the transverse stress follows a ‘‘J’’ shape when
increasing the fibre volume fraction Vf where
.3 0.4 0.5
in (%)

sile test (k=2)
)
sile test (k=0.5)
t
nal tensile test

for different k.



(a)

(b)

Fig. 17. Simulation of G0986 carbon twill. (a) Geometry before compaction (b) after compaction.

Fig. 18. Compaction test: simulations and experiment.
Vf ¼
Vfibre

Vsample
¼ msSsample

qSsampled
¼ ms

qd
ð20Þ

– ms : areal mass of the fabric.
– q: density of the reinforcement.
– d : fabric thickness (decreases during the test).

At the beginning of the test when applied forces are low, the
thickness of the reinforcement decreases mainly due to the closure
of the pores between the fibres and the loss of undulation of the
yarns (Fig 17). As this stage is dominated by the bending behaviour
of fibres, the volume fraction of fibres increases quickly with pres-
sure. Then the fibres are laterally in contact and the load increases
(a) Tomo

(b) Geometry obtained by the m

(c) TexGe

Fig. 19. Slices in G09
strongly [61,62]. The load obtained from the meso FE model built
from lCT and from the compaction experiment in Fig. 18 are in
good agreement.

4.6. Comparison with a compaction simulation based on a textile
geometrical modeller

The simulation of the compaction test on the G0986 carbon
twill is performed from a geometrical model obtained with the
TexGen software developed at the University of Nottingham as a
modelling pre-processor for textiles [19,63,64]. The TexGen geo-
metrical model is shown on Fig. 19c. The version 3.6.1 of TexGen
has been used [65]. Interpenetrations are avoided in the G0986
graphy

ethod presented in the present paper

n model

86 warp plane.



carbon twill model. This TexGen model is compared in Fig. 19 to
the tomography slice and to the geometry obtained from this
tomography by the method described in Section 2. Differences
can be noticed. The TexGen model is more regular. The cross sec-
tions of the different yarns are identical while those obtained by
tomography are slightly different. In addition the contact zones
between the different warp and weft yarns varies in the lCT model
while they respect the symmetry of the unit cell in the TexGen
model. Overall this TexGen model well describes the G0986 twill
but does not includes the variability of the specimen that are taken
into account in the model built from lCT. These differences has an
influence on the mechanical response of the reinforcement.

The two models (TexGen and using computed tomography) are
meshed and used to compute the compaction of the G0986 rein-
forcement. The mechanical properties are the same and have been
identified from equibiaxial tensile test (Section 4.3). The results
obtained by the ‘tomography’ model are in good agreement with
the experiments (Fig 18). The TexGen model give a more stiff solu-
tion. This is due to the idealised geometry that does not include
some geometrical imperfections and increase somewhat the
rigidity.

5. Conclusions

X-ray Micro Tomography is one possible way to define meso FE
models directly from a composite or composite reinforcement
specimen. This method can be used for any type of reinforcement
and in particular for those that have not be taken into account in
textile modellers. The specificities and variability of the reinforce-
ment are taken into account. The different steps to obtain the FE
model have been detailed. In particular the definition of the fibre
directions is a key point for the mechanical behaviour. The present
method main advantages are first to avoid the yarn interpenetra-
tions and secondly to take into account the variability of the rein-
forcement that generally decreases its rigidities.

The constructed meshes are made of tetrahedrons because it is
the shape that is the best-adapted shape for automatic meshing.
Tetrahedrons are not always the more efficient elements. It will
be necessary to investigate the possibly to obtain hexahedral
meshes from micro tomography. The carbon twill taken in the
present paper as an example is rather simple. It will be now neces-
sary to obtain meso FE model in the case of complex reinforce-
ments. It is clear that the presented method is particularly
interesting when the geometry of the reinforcement is complicated
(3D, interlocks . . .).
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