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1. Introduction

Since the late 1960s, various types of polymer composites rein-
forced with 3D textiles have been developed to overcome some of 
the problems that are inherent with conventional laminates, i.e. 
their low delamination fracture toughness and poor impact dam-
age tolerance [1]. Three-dimensional textile reinforcements include 
yarns oriented not only in-plane but also in the through-thickness 
direction, which results in higher out-of-plane strength and 
stiffness of the final composite component [2]. The versatility of 
their production processes allows for the usage of different types of 
yarns and different weave patterns in various parts of the rein-
forcement, opening a wide design window. In addition, 3D rein-
forcements offer possibilities of improving the manufacturing 
quality by minimizing ply slippage and lowering the manufactur-
ing cost by shortening the preform lay-up time [2].

Composite components with complex shapes are generally 
obtained by liquid moulding (LCM) processes due to their low 
equipment and tooling costs, low pressure requirements, short 
cycle times and ability to yield net-shape parts [3]. The first stage of 
such processes consists in forming a dry fabric reinforcement, by a 
punch and die process, before thermoset resin injection and con-
solidation [4]. The final properties of the obtained composite com-
ponent are largely established during the shaping of the structure.
In fact, this operation determines the fibre orientations and densi-
ty, which influence directly the permeability of the preform, and 
thus the mechanical response of the composite part. Therefore, 
knowledge of the material behaviour and production parameters 
during such a process is important to determine the conditions for 
the successful manufacturing of a composite preform without 
macroscopic defects as wrinkles [5]. Defects also exist at lower 
scales. Their study needs additional mesoscopic and macroscopic 
analyses.

Different numerical models have been developed to study the 
shaping process of 2D composite reinforcements, using hypoelastic 
(see e.g. [6–8]) and hyperelastic (see e.g. [9,10]) constitutive equa-
tions. However, only few studies ([11,12]) have focused their 
attention on 3D woven fabrics. Their behaviour, due to the pres-
ence of through-thickness yarns is specific. Thus, a model capable 
to describe all the mechanisms involved during such a deformation 
process must be adopted. In [12] Charmetant et al. proposed a 
hyperelastic constitutive model for an initially orthotropic materi-
al, to simulate forming and three point bending of a 3D layer to lay-
er angle interlock reinforcement.

In this work, the hyperelastic constitutive model detailed in 
[12] is adjusted to study the formability of a single layer E-glass 
non-crimp 3D orthogonal woven reinforcement (commercialized 
under trademark 3WEAVE� by 3Tex Inc.), on two complex shapes,
i.e. tetrahedral and double-dome. The input data for the constitu-
tive model are the experimental measurements of the in-plane 
shear, in-plane tension, transverse compression and transverse 
shear deformation response of the 3D reinforcement. The
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Fig. 1. Architecture of the yarns inside the non-crimp 3D orthogonal woven reinforcement: (a) l-CT picture and (b) schematic of the unit cell. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Features of the non-crimp 3D orthogonal woven reinforcement.

Fabric plies 1
Areal density (g/m2) 3255

Warp Insertion density (ends/cm) 2.76
Top and bottom layer yarns (tex) 2275
Middle layer yarns (tex) 1100

Weft Insertion density (ends/cm) 2.64
Yarns (tex) 1470

Z-yarns Insertion density (ends/cm) 2.76
Yarns (tex) 1800
experimental details and results for the considered 3D reinforce-
ment are collected in [13,14].

The numerical results point out a good agreement with the 
experiments of such forming processes described in [15], and 
therefore, the capability of the constitutive model to predict the 
mechanical behaviour of the non-crimp 3D woven reinforcement 
during complex shaping.
2. Features of the non-crimp 3D orthogonal woven 
reinforcement

The textile is a single layer E-glass non-crimp 3D orthogonal 
woven reinforcement (3WEAVE� by 3Tex Inc.). The fibre architec-
ture of the preform has three warp and four weft layers, interlaced 
by through-thickness (Z-directional) yarns (Fig. 1). The fabric con-
struction results in �49%/�49%/�2% ratio of the fibre amounts (by 
volume) in the warp, weft and Z fibre directions, respectively. The 
same 3D woven reinforcement was used in the composite 
experimentally investigated in [16–18]. A detailed description of 
the 3D orthogonal weaving production process is presented in 
[19,20]. The fibre material is PPG Hybon 2022 E-glass. Some fea-
tures of the non-crimp 3D orthogonal weave reinforcement are 
listed in Table 1. The reader is referred to [21] for observations of 
the reinforcement architecture in the composite.
3. Continuous hyperelastic model for large deformation 
analyses

The hyperelastic model adopted in this study is constructed on 
the hypothesis of an initially orthotropic material whose principal
directions are: the warp direction M1, the weft direction M2 and a 
through-thickness direction M3. It also assumes that the contribu-
tion of each deformation mechanism is independent from the 
others (i.e. neglects the eventual coupling between different defor-
mation modes). Therefore, the strain energy density function can 
be expressed as the summation of different strain energy density 
functions (each being a function of only one deformation mode).
The model considers as main deformation modes occurring dur-
ing shaping and moulding processes of 3D textile composite rein-
forcements: (i) stretch in the warp direction; (ii) stretch in the 
weft direction; (iii) transverse compaction; (iv) in-plane shear;
(v) transverse shear in the warp direction; and (vi) transverse shear 
in the weft direction.

For each deformation mode, a physical invariant and a strain 
energy density function based on the experimental behaviour of 
the reinforcement is defined (c.f. experimental results presented in 
[13,14]). The experimental behaviour is fitted analytically using an 
identification function based on a polynomial of the involved 
invariant. The experimental strain energy is used to determine the 
model parameters by means of a least squares algorithm, which 
minimizes the difference between the calculated and experimental 
energies (i.e. strain energy potential). The adopted strain energy 
density functions are presented in the following.
3.1. Stretch in warp and weft directions

The strain invariants (Ielong
1 and Ielong

2 in the warp and weft direc-
tions), which measure the Hencky deformations of the yarns, are 
calculated from the experimental results (see [13,14]). In Fig. 2 
the tensile load-stretch invariant curves in warp and weft direc-
tions for the 3D woven fabric are depicted.

The strain energy density functions have been specifically cho-
sen to describe the mechanical behaviour of the non-crimp 3D 
orthogonal weave reinforcement. The potential associated to 
stretch in warp direction (see Fig. 2a), is defined as:
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L4 are parameters of the strain densi-
ty function. The corresponding second Piola–Kirchhoff stress tensor
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Selong
1 ¼ 1

I41
M11 2Kelong

L1 Ielong
1 þ 3Kelong

L2 ðIelong
1 Þ

2
þ 4Kelong

L3 ðIelong
1 Þ

3h
þ5Kelong

L4 ðIelong
1 Þ

4i
ð2Þ

At last, parameters KL1
elong; KL2

elong; KL3
elong; KL4

elong are identified fol-
lowing the mentioned identification procedure (see red line in Fig. 
2). The structural tensors Mij are constructed from the dyadic 
product between directions Mi and Mj. The mixed invariants I4i

are built from the right Cauchy-Green tensor C such that

I4i ¼ C : Mii. The complete description of the invariants as function 
of the strain tensor is detailed in.
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in: (a) warp and (b) weft direction for the non-crimp 3D woven reinforcement. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
welong
2 ¼

Kelong
T1 ðIelong

2 Þ
2
þKelong

T2 ðIelong
2 Þ

3
þKelong

T3 ðIelong
2 Þ

4
; if Ielong

2 6 Ielong
T

Kelong
T4 Ielong

2 þKelong
T5 ðIelong

2 Þ
2
þKelong

T6 ðIelong
2 Þ

3
þKelong

T7 ðIelong
2 Þ

4
; else

8<
:

ð3Þ

where Ielong
T is the invariant which determines the threshold

between the initial and final behaviour. The associated second
Piola–Kirchhoff stress tensor is:
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Currently, an experimental method to quantify longitudinal
compression of woven fabrics (i.e. compression in the yarns direc-
tion) does not exist. Therefore, compression rigidity of the

The fibre architecture of the preform (see Fig. 1) is different in 
warp and weft directions (see Fig. 2). Therefore, a strain energy 
density function for stretch deformation in weft direction (see Fig. 
2b) is defined by:
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Fig. 3. Shear torque vs. strain invariant for the non-crimp 3D woven reinforcement.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
reinforcement is assumed to be 1% of the tensile one. This value 
makes compressive rigidity negligible without introducing numer-
ical instabilities.

3.2. In-plane shear

In the present hyperelastic constitutive model, the bias exten-
sion test (see details in [13]) is adopted to characterize the in-plane 
shear deformation mode. From the experimental results in Fig. 3 it 
is possible to distinguish two different behaviours. For small shear 
angles, the behaviour is nearly quadratic and becomes exponential 
for larger angles.

The in-plane shear invariant Ips selected represents the sine of 
the shear angle. The threshold between both behaviours is given
by invariant I0

ps. Thus, the strain energy density function is defined:

wpsðIpsÞ ¼
w1

psðIpsÞ; Ips 6 I0
ps

w2
psðIpsÞ; else
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ð5Þ

with
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The second Piola–Kirchhoff stress tensor is given by:
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Finally, parameters I0
ps; Kps0; Kps1 are determined by means of the 

mentioned procedure (see red line in Fig. 3). The identification 
procedure followed for in-plane shear deformation mode is based 
on the energy approach proposed by Harrison et al. in [22].

3.3. Transverse compaction

The transverse compaction deformation mode for the non-
crimp 3D woven reinforcement is investigated by transverse
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Fig. 4. Transverse compaction deformation mode: (a) strain energy per undeformed volume vs. stretch invariant and (b) cauchy stress vs. stretch invariant. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
compression tests (see details in [14]). In Fig. 4 are depicted for the 
3D fabric: strain energy per unit undeformed volume vs. transverse 
compaction invariant (Fig. 4a) and Cauchy stress vs. strain invari-
ant (Fig. 4b). The transverse compaction invariant Icomp describes 
the Hencky strain of the thickness variation.

According to the behaviour observed in Fig. 4, the strain energy 
density function is assumed to be:

wcomp ¼ Kcomp 1� Icomp

I0
comp

 !�p

� p
Icomp

I0
comp

� 1

" #
ð8Þ

And, the corresponding second Piola–Kirchhoff stress tensor is:
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Parameters I0
comp; p; Kcomp are determined following the identi-

fication procedure above mentioned.
The material parameters identified in Sections 3.1–3.3 are listed 

in Table 2.

3.4. Transverse shear

Transverse shear plays a key role in bending deformation when 
the reinforcement is described as a 3D media. Numerical modelling 
of the bending behaviour of composite reinforcements during
Table 2
Identified parameters for the hyperelastic constitutive model of the non-crimp 3D 
weave E-glass composite reinforcement.

Stretch in warp direction (MPa) Transverse compaction

Kelong
L1

50.14 I0
comp

�1.675

Kelong
L2

7494.69 p 8.613

Kelong
L3

19816948.88 Kcomp 0.008

Kelong
L4

129459569.30

Stretch in weft direction (MPa) In-plane shear

Kelong
T1

60.18 I0
ps

0.076

Kelong
T2

�22312.10 Kps0 0.371

Kelong
T3

10056816.47 Kps1 0.068

Kelong
T4

�3.40

Kelong
T5

3151.09

Kelong
T6

�958953.86

Kelong
T7

104667095.12

Ielong
T

0.003
draping process is of first importance. The adopted transverse
shear invariants Its

1 and Its
2 represents the sine of the shear angle

in the warp and weft directions.
A purpose-built device has been developed in [12] in order to 

determine directly transverse shear properties of thick interlock 
reinforcements. The thickness of the reinforcement shown in 
Fig. 1 and analysed in the present paper is �2.54 mm, which is 
not enough for the transverse shear device to give meaningful 
results.

Alternatively, an inverse identification is performed on bending 
tests in order to determine the transverse shear properties. 
Cantilever bending response of specimens in warp and weft direc-
tions under own weight are numerically simulated and compared 
with the experimental results presented in [15]. The Levenberg–
Marquardt algorithm is then used for the inverse identification 
[23]. The criterion adopted in this context was related to the bend-
ing performance, in particular to the curvature. Nevertheless, in 
order to reduce the complexity of the analysis, the total deflection 
at the tip of the specimen was selected as inspected value. This 
leads to assume that if the deflection of the numerical simulation is 
close to the experimental data, the curvature is also comparable. 
Initial calculations are performed assuming the transverse shear 
rigidity equal to the in-plane one, as tentative value, and an initial 
error is calculated, using the least squares method. Identification of 
one parameter, for each transverse plane (u = 1, 2), is thus per-
formed by the optimization. The strain energy density function is 
assumed to be in the form:
wts
uðI

ts
uÞ ¼ Ktsu

1 ðI
ts
uÞ

2 u ¼ 1;2 ð10Þ

Specimens are discretized with hexahedral elements of size 
2 mm � 2 mm  � 0.5 mm. Four elements are used in the thickness 
(see Fig. 5a) in order to display a proper deflection.

Comparisons in terms of maximum tip’s deflection between 
experimental and numerical simulations of bending tests are listed 
in Table 3. The use of only one parameter for each direction leads to 
higher differences for some lengths. Additional parameters would 
improve the numerical behaviour but would increase the inverse 
identification complexity. Finally, the transverse shear parameters 
as input in the hyperelastic model, adopted for the simulation of 
the formability of the non-crimp 3D woven reinforcement, are list-
ed in Table 4.

Three dimensional finite elements with displacement degrees of 
freedom do not have directly identifiable bending rigidities. 
Bending of thick fabrics is governed by the transverse shear and 
tensile rigidities. When the current material is submitted to in-
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Fig. 5. (a) Mesh for cantilever bending test numerical simulations and (b) non-physical wrinkling with compression stiffness.

Table 3
Tip deflection in the warp and weft directions for transverse shear parameters identification.

Warp Specimen length L (mm) 200 250 300 350
Experimental tip deflection (mm) 52.71 163.15 245.72 281.17
Numerical tip deflection (mm) 79.9 153.4 224.5 289.4
Difference to experimental data (%) +51.6 �6.4 �8.6 +2.9

Weft Specimen length L (mm) 200 250 300 350 400 450 500
Experimental tip deflection (mm) 5.47 13.54 29.78 49.98 103.20 184.26 296.87
Numerical tip deflection (mm) 5.5 15.1 31.6 59.3 98.1 151.7 214.4
Difference to experimental data (%) 0 +11.9 +6.0 +18.6 �4.9 �17.7 �27.8

Table 4
Transverse shear parameters for the hyperelastic model of the non-crimp 3D weave
E-glass composite reinforcement.

Transverse shear in warp
direction (MPa)

Transverse shear in weft
direction (MPa)

Kts1
1

0.7345 Kts2
1

43.207

Table 5
Parameters for numerical simulations of bias extension test.

Type of analysis Dynamic, explicit

Imposed displacement (mm) 40
Time period (s) 100

Mesh size 11.78 mm
Element type C3D8
Total number of elements 162
Total number of nodes 398

Mesh size 3.53 mm
Element type C3D8
Total number of elements 1660
Total number of nodes 3562
plane compression, non-physical wrinkling (see Fig. 5b), which 
lead to local bending, appears easily thanks to the extremely low 
transverse shear rigidities. The sharp angles in Fig. 5b between ele-
ments are obviously not observed experimentally. In order to pre-
vent this phenomenon, a method to introduce a bending rigidity 
linked to the change in curvature should be implemented as in 
[12]. Such a feature inside three dimensional elements imply the 
use of a more complex continuum theory, as the second gradient 
one [24], which is not available in commercial codes.

In the current case, the choice of the in-plane compression stiff-
ness was as mentioned in Section 3.1. The compression parameters 
are taken as one percent of the initial tensile rigidities in each 
direction.
Fig. 6. Finite element model for: (a) tetrahedron and (b) double-dome forming
tests. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
4. Finite element simulations and comparison with 
experiments

Finite element simulations of the non-crimp 3D orthogonal 
weave E-glass composite reinforcement forming are performed 
using Abaqus/Explicit finite element code [25]. The explicit ana-
lyses have been demonstrated to be suitable for non-linear 
geometric and material problems, in particular where a large num-
ber of contacts between the parts occur ([26,27]). The hyperelastic 
constitutive model for an initial orthotropic material is implement-
ed through a user material subroutine VUMAT within Abaqus/
Explicit.

The validity of the continuous hyperelastic constitutive model is 
first assessed by comparing experimental and numerical main 
deformation modes (e.g. in-plane shear) and then the forming of 
the non-crimp 3D orthogonal woven reinforcement.



4.1. Features of the finite element modelling of bias extension test

Bias extension tests involve rectangular specimen of material 
such that the warp and weft directions of the tows are orientated 
initially at ±45� to the direction of the applied tension load. Bias 
tests, as well as picture frame tests, are adopted to characterize 
the in-plane shear behaviour of textile reinforcements for 
composites.

Three regions with different shear angles develop during bias 
extension test of a woven fabric [28]. At the macroscopic scale, the 
shear angle is discontinuous at the borders of these shear regions. 
These discontinuities cannot be modelled within the stan-dard 
finite elements, which exhibit tension locking (also called
Table 6
Parameters for tetrahedron and double-dome forming simulations.

Parameter Tetrahedron

Type of analysis Dynamic, e
Punch displacement (mm) 65
Time period (s) 400
Mass scaling factor 10
Material density (kg/m3) 1.596 E�4

Fabric to tools interaction Type of contact Surface-to-s
Tangential behaviour Friction (co
Normal behaviour Exponentia

Mould Type 3D rigid bo
Element type R3D4
Total number of elements 105
Total number of nodes 120

Open die Type 3D rigid bo
Element type R3D4
Total number of elements 116
Total number of nodes 99

Blank 1 Mesh size (mm) 5
Element type C3D8
Total number of elements 24,000
Total number of nodes 30,855
Elements through thickness 4

Blank 2 Mesh size (mm) 3
Element type C3D8
Total number of elements 66,400
Total number of nodes 84,420
Elements through thickness 4
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intra-ply shear locking, i.e. the inability of standard finite elements 
to represent accurately the in-plane shear deformation in fibre 
reinforced materials). This results in unrealistically high fibre 
stresses in non-aligned elements and makes the elements overly 
stiff [29].

In order to overcome this problem, the simplest way is to align 
the element edges with the direction of the fibres ([29–31]) (see 
Fig. 8a and b). When the element edges coincide with the lines of 
discontinuity in the shear field, the discontinuities in the shear 
angle can be represented correctly and no locking is present in the 
simulation.

In the current case, as shown in Fig. 8a and b, the element edges 
are oriented with warp and weft (i.e. at ±45� with respect to the
Double-dome 0�/90� Double-dome ±45�

xplicit Dynamic, explicit Dynamic, explicit
65 65
400 400
30 30
1.596 E�4 1.596 E�4

urface Surface-to-surface Surface-to-surface
efficient 0.2) Friction (coefficient 0.2) Friction (coefficient 0.2)
l Exponential Exponential

dy 3D rigid body 3D rigid body
R3D3 R3D3
496 496
278 278

dy 3D rigid body 3D rigid body
R3D4 R3D4
816 816
831 831

5 4.24
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sides of the specimen). In addition, two distinct element sizes are 
utilized to assess the sensitivity of this parameter on the numerical 
results. The specimen’s geometry and testing conditions detailed in 
[13] were adopted in the finite element analyses. Some details of 
the numerical models are reported in Table 5.
(a)

Shear angle 
[deg]

Shear angle 
[deg]

Fig. 8. Comparison between numerical and experimental shear angle distribution during
for a mesh size of (a) 11.78 and (b) 3.53 mm. (c) Shear angle distribution on the reinforce
figure legend, the reader is referred to the web version of this article.)
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modelling are the same adopted in the experiments (see details 
in [15]). As shown in Fig. 6, due to the symmetries of the 
moulds, only half and quarter of the experimental set-up are 
considered for tetrahedron and double-dome numerical models, 
respectively. Blanks are discretized with hexahedral elements, 
while steel open dies and punches are treated as rigid bodies 
using four-node rigid elements. Moreover, due to the importance 
of out-of-plane properties of the 3D reinforcement, the specimen 
thickness is discretized with four elements. The parameters for 
tetrahedron and double-dome shaping simulations are listed in 
Table 6.

Tetrahedron forming simulations are performed for two 
different mesh sizes (i.e. 3 and 5 mm), to evaluate the effect of this
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Fig. 10. Shear angle distribution at the end of tetrahedral mould shaping for numerical sim
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Fig. 11. Map of shear angles at conclusion of double-dome draping. Finite element simul
±45�, mesh size (c) 4.24 and (d) 2.12 mm. (For interpretation of the references to colour
parameter on the results. Numerical analyses are carried out on 
blanks having the initial direction of the warp and weft parallel 
to the sides of the die (see Fig. 6a).

Double-dome shaping simulations are carried out on blanks 
having the initial direction of the warp and weft parallel to the 
sides of the die (orientations named 0�/90�, Fig. 6b), and with yarns 
at ±45� with respect to the sides of the open die (orientations 
named ±45�). Two different element sizes are adopted for blanks 
initially oriented at 0�/90� (mesh size of 3 and 5 mm) and 
±45�(mesh size of 2.12 and 4.24 mm). In the case of yarns 
orientation of ±45�, the element edges are oriented with warp and 
weft direc-tions, to overcome the numerical artefact of 
intra-ply shear locking.
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Fig. 12. Tetrahedral shape forming test. Shear angle distribution at the end of draping process: (a) experimental; (b) numerical simulation for a mesh size of 5 mm; (c) along
paths L1 and L3 (error bars give the standard deviation of four tests). (d) Experimental deformed shape of the 3D woven reinforcement at the end of the forming. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
4.3. Validation of finite element simulations with experiments

4.3.1. Bias extension test
Fig. 7a presents the comparison between experiments and finite 

element simulations of bias extension test for the 3D woven rein-
forcement. The force vs. displacement curves show a good agree-
ment between experimental and numerical results up to an 
imposed displacement of �30 mm, corresponding to a kinematical 
shear angle of about 44�. As detailed in [13], measured and kine-
matical shear angles are in good agreement up to �30� (see Fig. 7b). 
In fact, for a theoretical shear angle of �22� (see Fig. 8c) the shear 
angle distribution on the specimen surface, measured by means of 
digital image correlation ([13]), is the one assumed by the 
theoretical model [22].

Moreover, the comparison illustrated in Fig. 7a demonstrates a 
good agreement between finite element simulations with two dif-
ferent mesh sizes. From the results in Fig. 8a and b, it can be noticed 
that decreasing the mesh size, the capability of the numer-ical 
model to describe the experimental shear angle distribution 
increases. Nevertheless, the mesh size does not affect the accuracy 
of the results in terms of force and displacements (see Fig. 7a).
4.3.2. Tetrahedron and double-dome forming simulations
The quasi-static response in the numerical analysis using an

explicit numerical code is demonstrated with a negligible inertia
effect. This requirement is satisfied when the kinetic energy (Ekin) of
the blank is lower than 5% of the internal energy (Eint), after a
certain time of the deformation process ([32]).

Fig. 9 depicts the ratio of kinetic (Ekin) to internal energy (Eint) of
the blank, during tetrahedral and double-dome shape forming pro-
cess simulations. The curves in Fig. 9a–c, for all the element sizes
adopted, show that the kinetic to internal energy ratio of the blank
is smaller than 5% of the strain energy. This means that the finite
element simulations are not affected by dynamic effects.

Since the shear deformation is the primary deformation
mechanism during shaping, Figs. 10 and 11, illustrate the map of
shear angle on the blank at the end of tetrahedron and double-dome
draping processes. The plots demonstrate a negligible influence of
the mesh size on the shear angle distribution.

The experimental investigation detailed in [15] provides mea-
surements of the shear angle distribution during the forming pro-
cesses with the two moulds by 3D DIC. The comparison of the finite
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Fig. 13. Double-dome forming tests for fabric with yarn orientations 0�/90�. Shear angle distribution at the end of draping process: (a) experimental; (b) numerical simulation
for a mesh size of 5 mm; (c) along path L (error bars give the standard deviation of four tests). (d) Experimental deformed shape of the 3D woven reinforcement at the end of
the forming. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
element and experimental shear angle distribution are detailed in 
Figs. 12a and b, 13a and b, and 14a and b, at the end of tetrahedron 
and double-dome forming (i.e. mould displacement of �65 mm). 
The contour maps demonstrate global agreement between 
experimental and numerical shear angles distribution on the entire 
external surface of the 3D fabric. Moreover, shear angles are 
detailed along some selected paths (lines L1, L3 in Fig. 12a and line 
L in Figs. 13a and 14a).

The numerical predictions in Fig. 12c show similar results to the 
experimental value of the local shear angle along both paths at 
conclusion of tetrahedral shape forming, mainly with the coarse 
mesh. Judging the graphs in Fig. 13c, experimental and numerical 
analyses provide analogous shear angles distributions for speci-
mens initially oriented at 0�/90�. While, for blanks initially orient-
ed at ±45� (see Fig. 14c), finite element simulations provide quite a 
bit higher shear angles than those experimentally observed.

The agreement of the above mention experimental and numer-
ical distributions of the shear angle, as well as the global shape 
without wrinkles (as observed in the experiments Figs. 12d, 13d 
and 14d), points out the capability of the adopted hyperelastic 
model to describe the correct deformation behaviour of the non-
crimp 3D orthogonal weave textile. Nevertheless the numerical
and experimental onset and development of wrinkles should be
compared on other tests and other reinforcements.
5. Conclusions

In this work, a hyperelastic model is implemented to study the
formability of a single layer E-glass non-crimp 3D orthogonal
woven reinforcement (commercialized under trademark
3WEAVE� by 3Tex Inc.) into tetrahedral and double-dome shapes.

The input data for the material model are obtained by the
experimental response of the 3D fabric under different deforma-
tion modes, presented in previous publications.

The adopted hyperelastic model takes into consideration the
contribution of in-plane and out-of-plane deformation mechan-
isms as independent each other: stretch in warp and weft direc-
tion; in-plane shear; transverse compaction; and transverse
shear in warp and weft direction. The model was first assessed
comparing the experiments and finite element simulations of bias
extension test for the 3D woven reinforcement, being the in-plane
shear one of the most important deformation modes. The good
agreement was observed with different mesh sizes in predicting
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Fig. 14. Double-dome forming tests for blank with yarn orientations ± 45�. Shear angle distribution at the end of draping process: (a) experimental; (b) finite element
modelling for a mesh size of 4.24 mm; (c) along path L (error bars give the standard deviation of four tests). (d) Experimental deformed shape of the 3D woven reinforcement
at the end of the forming. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
the global response up to about 44� and the shear angle
distribution.

Finally, the numerical simulations were focused on forming of a
tetrahedral and a double-dome shape, using an explicit numerical
code, showing: the negligible influence of the mesh size; the global
good agreement between experimental and numerical shear angles
distribution on the entire external surface of the blanks; the similar
to the experimental local shear angle along some paths at conclu-
sion of the forming.

Finite element simulations and experimental results demon-
strated the adequacy of the adopted hyperelastic model to describe
the deformation mechanisms involved during draping and the effi-
ciency to predict the global behaviour of the non-crimp 3D woven
reinforcement during complex shape forming.

The hyperelastic model presented in this study provides an effi-
cient numerical tool useful for the optimization of the forming pro-
cess of any complex shape with such 3D reinforcement.
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