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Simulations of composite reinforcements draping use shell finite elements for which the bending behaviour is
very particular. The fibrous composition of the reinforcements significantly reduces the bending stiffness
compared to classical materials. Moreover, the kinematics of the deformation is strongly modified and does not
follow classical theories such as Kirchhoff’s. The objective of this paper is to show that a fibrous shell approach
based on the quasi-inextensibility of the fibres makes it possible to correctly model the deformation during

forming. In particular, the rotation of the material normal is simulated in good agreement with the forming
experiments, which is not the case for the alternative approaches that have been proposed for the draping of

composites.

1. Introduction

Manufacturing processes of composites are numerous and often
complex. To avoid time-consuming and costly developments by trial and
error, simulation of manufacturing processes is an interesting option.
The forming of continuous fibre dry preforms and prepregs is a part of
these processes for which simulation methods have been developed
during the last decades [1-3]. The first approaches that have been
developed (called pin-joined or fishnet algorithm) are geometrical
methods based on the inextensibility of fibres [4-6]. These methods are
very fast and are used in the design phases. However, these approaches
do not consider the mechanical behaviour of the reinforcement nor the
external forces during draping. Finite element forming simulations have
been developed for the different scales of textile reinforcement.
Although microscopic simulations (considering each fibre of the rein-
forcement) [7-10] and mesoscopic simulations (considering each yarn
of the reinforcement) [11-13] have been developed, they require a
significant numerical effort due to the large number of yarns and fibres
of a textile reinforcement, which limits their use in practice. Most sim-
ulations of the forming (draping) of composite textile reinforcements are
done at the macroscopic scale and consider the fibrous reinforcement as
a continuous medium. This assumption is generally verified [1,14,15].
For some thick reinforcements, 3D finite element modelling has been
performed. However, most of the reinforcements have a much smaller
thickness than the other dimensions, and they are modelled by shells or
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membranes. Because the bending stiffness of textile reinforcements is
low, membrane type models (with zero bending stiffness) have been
developed [16-19]. The membrane behaviour of textile reinforcements
is specific with high tensile stiffnesses in the fibre directions and a low
in-plane shear stiffness, but whose behaviour is important for the
simulation of draping because the shear strains (change of angle be-
tween the warp and weft rovings) are large when forming on double
curved surfaces [20-22]. Nevertheless, it has been shown that the
bending stiffness plays a role in the forming of textile reinforcements, in
particular with regard to the simulation of wrinkles [23-27]. Conse-
quently, it is necessary to model the textile reinforcements by shells that
integrate both the membrane behaviour specific to textiles and the
bending behaviour. This last point is complex. Standard plate and shell
theories (Kirchhoff, Mindlin) have been developed for classical contin-
uous materials such as metals. In these approaches, the bending stiffness
is fixed by the membrane stiffness and the plate thickness. Such an
approach leads to a very overestimated bending stiffness for fibrous
media. The low bending stiffness of textiles is due to the possible slip-
page between the fibres and is one of their main characteristics. This
property is used for clothes that can be folded easily and also in the
draping processes of composites that are performed with textile re-
inforcements or prepregs whose matrix is not cured.

To consider this specificity of textiles bending behaviour, several
approaches have been proposed. The textile reinforcement can be seen
as a laminate with several layers of various thickness and different
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Young’s modulus [28-30]. The characteristics of the different layers are
chosen so that the effective membrane and bending properties are
achieved. Another approach is to superimpose a finite element of
membrane and a finite element of pure bending. The Young’s modulus
in the two elements is different. This provides the required low bending
stiffness and large membrane stiffness [31-34]. Beam elements are used
instead of shells in other approaches [35-38]. They are oriented in the
direction of the warp and weft yarns and model tension and bending.
Membrane elements are superimposed with only in-plane shear stiffness.
Finally, stress resultant shells approaches make it possible to use inde-
pendent behaviour laws between stress resultant and membrane de-
formations on the one hand and stress torque and bending on the other
hand [39,40]. The different methods presented above make it possible to
carry out simulations where the bending stiffness/membrane stiffness
ratio corresponds to that of the analysed textile reinforcement. The
deformed mid-surfaces obtained are correct. Nevertheless, these
methods are often based on artificial assumptions that do not reflect the
physics of deformation of the textile reinforcement. In addition, a major
drawback is that the bending modelling is based on a classical theory.
The material normals are the set of points attached to the material that
are perpendicular to the mid-surface in the initial state. They are drawn
on the beams in Fig. 1. This figure compares the rotation of material
normals in a cantilever bending of two materials. One material is a
classical continuous material (thick silica gel) (Fig. 1a), the other is a
fibrous composite reinforcement (Fig. 1b).

Fig. 1a and b show that the rotations of the normals in the two cases
are quite different. The rotation of the normals for the continuous ma-
terial case (Fig. la) is consistent with standard shell theory and the
normal remains perpendicular to the mid-surface after bending. This is
not the case for fibrous materials (Fig. 1b) for which the deformation is
driven by the quasi-inextensibility of the fibres with a possible local slip
between the fibres. The approaches that have been presented above for
modelling bending textile reinforcements all lead to a rotation of the
material normal that remains perpendicular to the mid-surface which is
erroneous. This point is important because the stresses in the fibres at a
given position in the thickness depend on these rotations. The objective
of this paper is to present an approach to model the draping of textile
composite reinforcements and prepregs, called fibrous shell approach
that leads to a deformation of the textile reinforcements with a relevant
rotation of the material normals. These rotations are large during the
forming processes. Bending tests and draping examples are compared
with experiments, especially with respect to the orientation of normals.

2. Fibrous shell approach for textile reinforcement forming

The fibrous shell approach considers the two main specificities of
fibrous reinforcements: the quasi-inextensibility of the fibres and the
possible slippage between fibres. For this purpose, a particular form of
internal virtual work Wi, is considered in the virtual work theorem:

Wexi — Wiy = 6Woee (1)

Here 6W.,,, is the exterior virtual work and 6W, is the virtual work of
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acceleration quantities. For a fibrous domain the virtual work of tension
SWren jg:

int
Nwarp Nweft
Wi =% /UT'” 8¢}, dL+ Z/UTW 8eh, dL (2
7= 7=1

The superscript f indicates the fibre under consideration. T'Y and
T?¥ are the tensions in the fibre in warp and weft directions, Nwarp and
Nweft are the number of fibers in warp and weft directions. 5¢}, and 8¢},
are the virtual axial strains in the fibres in warp and weft directions. This
form allows to integrate the quasi-inextensibility of the fibres because
the tensions are linked to the deformations in their direction by a stiff-
ness which is great compared to the other stiffnesses of the textile
reinforcement. The quasi-inextensibility of the fibres is taken into ac-
count for all fibres through the thickness. This is a key point for the
orientation of material normals.

The virtual bending work sW&end is:

Nwarp Nweft
owiet =3 [ oy e S [ o ®
f=1 f=1

where MY and M?¥ are the bending moment in the fibres in warp and

weft directions, dy;, and 5)/22 are the virtual curvatures in the fibres in
warp and weft direction. When draping on a double-curved surface,
shear deformations play an important role. The virtual in-plane shear
work Swﬁﬁe‘” is:

Nfibres

SWhear — / MY &/ dQ (€))
int f; o

where M¥ is the in-plane shear moment, 8y is the virtual in-plane shear
angle. The internal virtual work is the sum of the three virtual works of
tension, bending and plane shear:

5W,',,t — 6WTM +6W~de + 6W~Shmr (5)

int int int

There is no virtual transverse shear work, which reflects the possible
slippage between the fibres. Nevertheless, there is some friction between
these fibres during relative sliding. These are taken into account in the
virtual work of bending by using the bending stiffness of the textile
reinforcement (which integrates these frictions) instead of the sum of the
stiffnesses of the fibres in Eq. (3). Thus, bending deformations in
agreement with experiments are obtained without complicating the
approach [41].

To simulate large deformations of textile reinforcements and in
particular draping processes, the particular form of internal virtual work
(Eq. (2)-(5)) is integrated in degenerate shell finite elements. In this
approach, 3D finite elements are degenerated into shells and the dis-
placements of the points are obtained from those of the mean surface
and the rotation of material normals which remain straight. This
approach is one of the main ways to develop finite element shells
[42-45]. It is based on material normal rotations but does not contain

(b)

Fig. 1. Rotation of the material normal during a bending test. (a) Classical continuous material. (b) Fibrous material.
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any Kirchhoff or Mindlin assumption. It is possible to integrate the
particular form of the internal virtual works given Eq. (2)-(4). In the
context of an explicit dynamics scheme, the displacement increment
Au = ™lx — ix between time 't and ™'t is interpolated as follows in
the case of a finite 3-node shell element (Fig. 2) [43,44]:

3 3
BulE 1.6 = 3 N+ SN+ 80 ) (A V)
k=1 k=1
. 3 ¢ )
—Ap VS + ZNkEAhﬁ, % (6)
=1

Here ¢, 7, ¢ are the material coordinates in the 3-node element. (V'l‘,
V&, V¥ ) is alocal orthogonal frame defined at each node k (Fig. 2). V¥ is
the material normal at node k. Nj are the linear interpolation function of
the three-node triangle. Auy are the three increments of displacement
degrees of freedom at node k, Aax and Ap, are the two increments of
rotation degrees of freedom at node k. hy, is the thickness in the direction
of the pseudo normal. The thickness h in the direction n, perpendicular
to the mean plane defined by the nodes (k = 1,2,3) is the sum of the fibre
thicknesses in this n,, direction. This thickness h is assumed to be con-
stant during the deformation. This assumption is verified experimen-
tally, consequently:

[T
" Ve,

)

The kinematics Eq. (6) is used to calculate the increments of tension
and in-plane shear strains as a function of the degrees of freedom of
displacement and rotation in the whole shell. Regarding the curvatures,
they are not connected to the rotation of the normals of the element.
They are calculated from the position of the neighbouring elements
(Fig. 2) following the method proposed for rotation free finite elements
of shells with three nodes [46,47]. This way to calculate the curvatures
is important in the present approach because for fibrous reinforcements,
the curvature of the shell is not related to the position of the material
normal (Fig. 1). The tensile, in-plane shear strains and curvatures being
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function of the degrees of freedom of the element, the forms of the
virtual works Eq. (2)-(5) give the nodal internal forces corresponding to
the degrees of freedom of displacements and rotations [48,49].

3. Bending tests on textile reinforcement
3.1. Presentation of the studied reinforcement

The G1151® fabric is based on an interlock weaving, three yarns are
linked by the weaving in the thickness. The properties of the G1151®
reinforcement are given in Table 1. The bending behaviour is measured
from 3-point bending test and the in-plane shear behaviour is measured
from bias-extension test [50]. Tensile and bending behaviour are
assumed to be linear for simplicity, in-plane shear behaviour is non-
linear.

3.2. L-Flange forming

The L-Flange forming test is carried out on a stack of ten plies of
parallel Hexcel G1151® reinforcement. The left end remains horizontal
and is not tightened, allowing the sliding between the fibres meanwhile
the displacement and the rotation of 90° are imposed at the right side
(Fig. 3a) [51]. A bevel due to the quasi-inextensibility of the fibre and
the deformed geometry is observed at the left end of specimen (Fig. 3b).
The measured angle between the bevel direction and horizontal direc-
tion is 32°. A simulation using the proposed fibrous shell approach is
shown in Fig. 3c. The simulated bevel angle is 32.3° which is in good
agreement with experiment. Besides, the proposed shell approach uses
only one element in the thickness. This considerably reduces the size of
the numerical model used in [51] which is based on a stack of shell el-
ements in contact and friction. The directions of the material normals in
the experiment and obtained by simulation are compared in Fig. 3. They
are in good agreement.

Fig. 2. Fibrous shell finite element.
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Table 1
Characteristics and mechanical property of G1151® reinforcement.
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Manufacturer fibres

Hexcel carbon 6 K

Weave pattern

Interlock (see the picture on the left)

Yarn density Areal density Single layer thickness
7.5 yarns/cm 630 g/ m? 1.3 mm
Tensile Bending In-plane shear
T* = Cytqa M = By} o M =Ky +ky® + Kiy°K; = 4.467E72 N mm
(@ =1o0r2) (@ =1 or2) K, = —4.425E"2 N mm
C, = 2300 N/mm B, =6.5 N mm ki =5.292E72 N mm
U, = 70mm
(a) U, = 105mm Y
h =13.6mm u
X
E L ] 0; =90°
~ 62mm " 188mm "

(b)

Clamped

Fig. 3. L-Flange forming (a) Test conditions (b) Experiment, (c) Simulation.

3.3. Thin specimen bending

The objective of this test is to show that the bending of fibrous media
does not tend towards the Kirchhoff solution when the thickness is very
small and that the fibrous shell approach presented in this paper pro-
vides good orientation of the normals in this case.

The specimen consists of 20 sheets of paper as a substitute of the fibre
layers (the properties are given in Table 2). Stacks of sheets of paper
constitute a model fibrous material [41]. The thickness of the specimen
is 2.3 mm which is small compared with the length of specimen which is
297 mm. The specimen is subjected to bending by imposing the rotations
at the two ends. The right end was clamped, and the left end made
possible slippage between fibres (Fig. 4).

The experimental deformed shape is shown in Fig. 5a, and the cor-
responding simulation using the proposed fibrous shell approach is
displayed in Fig. 5b. Fig. 5¢ compares the experimental and numerical

Table 2
Properties of a single sheet of paper.

Areal density Single layer thickness

80 g/m? 0.1 mm
Tensile stiffness Bending stiffness
C = 230 N/ B =04 N mm

mm

rotations of the material normal and Fig. 5d compares the thickness
along material normal direction. It can be seen that the normals do not
remain perpendicular to the mid-surface and that their orientation is
well simulated by the fibrous shells presented here.

3.4. Bending with fibre orientation at +45°

In Fig. 6a, a stack of ten layers of G1151® oriented at +45° is sub-
jected to a bending with the two ends clamped [51]. In this bending test,
the material normals remain perpendicular to the mid-surface (Fig. 6).
This deformation corresponds to positive in-plane shear in the rein-
forcement in the upper part of specimen and negative in-plane shear in
the bottom. Fig. 6 shows the angle between the warp and weft directions
on the top and bottom of the specimen after bending. There is no fibre in
the principal direction of the specimen and consequently no quasi-
inextensibility condition.

The proposed fibrous shell is used to simulate this experiment con-
dition. A single element in the thickness is used. The numerical result
(Fig. 6b) is in good agreement with experiment. The in-plane shear angle
for top and bottom layer and rotation of material director are correctly
obtained by the simulation. In the experiment as in the simulation, the
material normals remain perpendicular to the mid-surface of the
specimen.
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Free slippage Fibroku?pecimen Clamped
L ———
0,4 i 0,
50mm 175mm 72mm

Fig. 4. Bending test of a thin fibrous material: Test conditions.

Angle(®)

® Simulation
70 A Experiment

1 2 3 4 5 6
Position along the midline

(c)

1 Clamped
3 7
(b)
6
5
» "
A A =
€4
g n
z
is ‘
=2
25 ® Simulation 1 .
. A Experiment
1
0
1 2 3 4 5 6 7
Position along the midline
(d)

Fig. 5. Bending on a thin specimen (a) Experiment, (b) Simulation, (c) Angles between material normal and horizontal direction, (d) Thickness along mate-

rial normal.

6 = 85°

_l_
6 =95°

Clamped Clamped

(b)

Fig. 6. Bending of a specimen with fibres oriented at +45° (a) Experiment, (b) Simulation.

4. Composite reinforcements forming. Comparison between
simulation and experiment

4.1. Hemispherical forming

The hemispherical shape (Fig. 7) is the most commonly used double
curved geometry to analyse the forming of textile composite re-
inforcements [52-61].

A universal testing machine is used to quasi-statically impose the
displacement of the punch. The die and blank holder are transparent and
allow the cameras to capture the deformation of the upper and lower
surfaces of the specimen (Fig. 8). In particular, the two cameras measure

the position of marker points that give the in-plane shear angle on the
upper and lower surfaces of the reinforcement and also give the orien-
tation of the material normals after forming by considering two marker
points facing each other on the upper and lower surfaces. The direction
of material normal is represented by the angle between material normal
and horizontal direction.

The punch, the blank holder and the die were modelled as rigid
bodies. Contact was modelled using forward increment Lagrange mul-
tipliers and applying the Coulomb friction model [48]. The friction co-
efficient was 0.2
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o150mm

[ ——
i . i
H i

Blank holder Textile reinforcement

. i Die

; : j

160mm
300mm

Fig. 7. Geometry of the tools of the hemispherical forming.

4.1.1. Textile reinforcement oriented at 0-90°

The fabric blank is composed of four parallel plies of G1151 initially
oriented at 0/90° (properties given in Table 1). The results of the
simulation for the upper and lower surfaces are shown in Fig. 9a and b.
Fig. 9c and d display the corresponding experimental results. No wrin-
kles were observed. The measured in-plane shear angles are obtained
from the position of the neighboring marker points. They are in good
agreement with the in-plane shear angle derived from the simulation.
The shear angles on the upper and lower surface were close but slightly
different.

4.1.1.1. Analysis of the rotation of material normals. Furthermore, the
rotations of material normals were studied at specified positions.
Fig. 10a shows the initial and deformed geometry of the specimen. The
studied positions are initially positioned along the axis of symmetry and
are marked from letter a to e. Along with the displacement imposed by
the punch, the positions of the markers are changed but remain along
the axis of symmetry. The opposed markers give the orientation of the
material normals. Fig. 10b shows the deformed shape given by the
simulation in the plane of symmetry where the position of the markers a
to e is highlighted. Markers a and b remain in the plane. Markers c, d, e
are located in the hemispheric part after forming. Moreover, analytical
results can be obtained for the orientation of the normals based on the
quasi-inextensibility of the fibres and the hemispherical shape of the
punch (Fig. 10c).

Fig. 11a compares the experimental and numerical rotation angles of

____________ Camera 2
(Top)

Blank holder

Camera 1
(Bottom)
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the material normals. The correlation between the simulation and the
experiment is good. At positions a and b situated in the die plane, there is
no rotation of the material normal. At positions c, d, e, there is a sig-
nificant rotation of the normal which is necessary to ensure the quasi-
inextensibility of the fibres. Fig. 11b shows a good agreement between
the rotations of the normals obtained in simulation, and by analytical
calculation. This orientation of the normals is important because it de-
termines the tensions in the fibres. In contrast to this correct orientation
of the material normals after forming, which has been obtained here, all
the alternative methods presented in the introduction of the article lead
to normals that are perpendicular to the mid-surface and whose di-
rections are therefore incorrect.

4.1.2. Textile reinforcement oriented at +45

Fig. 12a show the position of the marker points. Points a, b, c, d are
located on the axis of symmetry and thus no more in the direction of the
fibres, consequently there is no inextensibility condition between them.
The comparison of the orientation of the normals after forming is shown
in Fig. 12b. They are in good agreement. Marker points e, f, g h are
situated along the fibre direction which is almost inextensible. Marker
points e and f remains on the plane of the die, marker points g and h are
in contact with the hemispherical punch after the draping. Orientations
of the materials normal obtained by the simulation are in good agree-
ment with experimental results (Fig. 12c).

4.2. Forming with a tetrahedron tool

The tetrahedral geometry is of particular interest because it is the
shape of the case corner parts [34,62-64]. It is a strongly double curved
geometry.

4.2.1. Textile reinforcement oriented at 0-90°

The geometry of the tools is given in Fig. 13. The fabric blank is
composed of four parallel plies of G1151 initially oriented at 0/90°
(properties given in Table 1). The comparison of the deformed shape
obtained in the experiment and in the simulation are shown in Fig. 14.
They are in good agreement. For simplicity reason, only the top layer is
presented. There is no wrinkle detected in both the experiment and the
simulation in all areas. The experimental deformed geometry shows
several zones with quasi constant in-plane-shear. For zone 2 and 3, a
change of in-plane shear angle is detected (From 0° to 30°). The

Displacement

l —» Punch
NN

Fig. 8. Experimental device for material forming.
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In plane shear angle (°)

10 20

(a)
Top

Zone 2: 35.6°

Zone 1: 50.2°

(©)

Zone 1: 50°

Zone 2: 35°

30
(b)
Bottom
Zone 2: 39.7°
Zone 1: 48.3°

(d)

Zone 1: 45°

Zone 2: 37°

Fig. 9. Hemispherical forming of a textile reinforcement at 0°/90° and in-plane shear angle comparison: Simulation (a) Upper surface, (b) Bottom surface.

Experiment (c) Upper surface, (d) Bottom surface.

Deformed

Initial

40ntm *

Fibres

(b)

Top Layer
X
hece |

Bottom Layer a

Fig. 10. (a) Position of markers at initial and deformed configuration, (b) Numerical deformed configuration, (c) Theoretical analyse.

simulation well described this distribution of in-plane shear strains
(From 0° to 31.8°) (Fig. 14). Other zones are also compared between
simulation and experiment and show a good agreement.

4.2.1.1. Analysis of the rotation of material normals. Fig. 15a shows
respectively the initial and deformed configuration. The marker points
a-g are on the axis of symmetry and therefore along a direction of fibre.
The marker points a-d situate in the tetrahedral zone after forming.
Fig. 15b shows the comparison of the rotation angle of the material
normals in experiment and simulation. They are in good agreement.

4.2.2. Textile reinforcement oriented at +45

A tetrahedral forming of a textile reinforcement made of 4 plies of
G1151 oriented at +45° is shown in Fig. 16a. The marker points a-g are
on the axis of symmetry, but they are no longer in the fibre direction.
Consequently, the distance between each marking point is not fixed by
the quasi-inextensibility of the fibres. After deformation, markers a and
b situate in the tetrahedron zone. Other markers remain in the plane
zone. The corresponding rotation angles obtained by the simulation are
compared with experiment in Fig. 16b. The maximum difference be-
tween the experimental and numerical direction of material normal is



R. Bai et al.

* Experiment
@ Simulation

2}
; i G
i ?
< 80 s
g 75
3 70
a 65
60
a b c d e

Position

—_

=3
~
)

Composite Structures 285 (2022) 115202

. = Simulation
a_105 -
= A Theoretical result
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Fig. 11. Directions of the normals after forming:(a) Simulation versus Experiment, (b) Simulation versus Analyse.

Initial f Deformed

I’iber><

120
=110
(b) £100® [
S 90
2 80 \
g ¢ '
2 7
é 60
S 50
g 40 | ®Experiment
k=] = Simulation
g‘j 30
A a b c d
Position
120
=110
¢ =
© £ 100
g2 9
= [} [
E 80 * s L
27
E 60
S 50 -
S 40 0}".‘\pum‘\uu
51 m Simulation
S 30
a e f g h

Position

Fig. 12. Hemispherical forming of a textile reinforcement oriented at £45°: (a) Position of marker points in the initial and deformed configuration, Directions of the

normals after forming: (b) on the axis of symmetry (c) in the fibre direction.

138mm
- g
30mm g
2
62mm >
Textile reinforcemem\ Blank holder

Die
150mm ‘

300mm

Fig. 13. Geometry of the tools of the tetrahedral forming.
less than 7%.

4.3. Hemispherical forming without blank holder

Wrinkling is one of the main defects that can develop during textile
reinforcement draping. Their simulation is of great interest and is the
subject of many studies [65-72]. To analyse the capability of the pro-
posed fibrous shell approach to describe the development of wrinkles
during forming, the hemispherical forming is performed without blank
holder. The experimental deformed geometry is analysed by Digital
Image Correlation (DIC). The DIC result is shown in Fig. 17a. Wrinkles
develop along the symmetry axe x, y, and diagonal directions of the
fabric. There are no wrinkles in the hemispherical zone.

The simulation using the proposed fibrous shell approach is

In plane shear angle (°)

0 5 10 15 20 25 32
| | | |
—_— o
Zone 4: 0°

Zone 4: 0°

Zone 3: 3.2° Zone 3: 0°

Zone 2:30°

Zone 1: 24° Zone 1: 25°

Fig. 14. Tetrahedron forming of a textile reinforcement at 0°/90° and in-plane
shear angle comparison: Simulation vs Experiment.

displayed in Fig. 17b, there is a fair correlation between experiment and
simulation. The deformed geometry and the wrinkles are correctly
described by the fibrous shell approach even if there is some difference
between simulation and experiment.
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5. Conclusion

Simulation of textile reinforcement draping based on the proposed
fibrous shell approach provides normal orientations consistent with
forming experiments. This is not the case for the decoupling approaches
that have been proposed previously which use the Kirchhoff assumption
for the bending part. The fibrous shell approach is based on the effective
physics of deformation of textile media. The quasi-inextensibility of the
fibres at different positions in the thickness and the possibility of slip-
page between the fibres are the two main aspects that lead to a different
kinematics of the deformation than in classical continuous materials.
The material normals do not remain perpendicular to the mid-surface in
most cases. This is important because the tensions in the fibers located at
different positions in the thickness depend on the orientation of the
material normals. Due to the high tensile stiffness of the fibers, a wrong
orientation of the normals leads to tensile deformations and thus to high
tensions in the fibers.

The fibrous shell approach presented in this paper may give rise to

some extension in future works. The transverse compaction of the
fibrous reinforcement that can be generated by the forming tools can be
taken into account. This compaction of the textile reinforcement take
place in particular before resin injection in RTM processes and for the
consolidation of composite parts made by thermoforming of thermo-
plastic prepregs. For this purpose, the fibrous shell approach must be
integrated into solid-shell finite elements that have been developed
recently and that consider the transverse deformation of the shell.

Another point concerns the forming of multi-layered textile com-
posites. The fibrous shell approach proposed in this paper assumes that
the fibres are oriented in single warp and weft directions. If the stack is
composed of plies of different orientation, the forming is modified with
slippage between plies. The extension of the fibrous shell approach to
this case is one of the future development objectives.
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