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Abstract

The deformation of textile composite reinforcement is influenced by its fibrous compo-
sition. In-plane bending behaviour is an inherent aspect of textile reinforcement, yet it is
frequently overlooked. The paper elucidates the significant influence of in-plane bending
behaviour on fibre orientation during forming process and emphasizes the necessity of
accounting for in-plane bending virtual work to prevent non-physical deformation mode.
To this purpose in-plane bending calculation is implemented into a fibrous shell finite
element by using the neighbouring elements method.Numerical spurious mode involv-
ing in-plane shear is avoided due to the new approach. Finally, the model is validated
by comparing with composite reinforcement draping experiments: fibre orientations and
distributions of shear angles are simulated in good agreement with experiments and give
better results than the simulations neglecting the in-plane bending behaviour.

Keywords: Fabrics/textiles, Composite forming, Finite element method, In-plane
bending, Rotation-free shells, Neighbouring element.

1. Introduction

Composite materials are widely used in different sectors due to their high perfor-
mance and low weight [1, 2, 3, 4, 5, 6, 7]. The manufacture of textile composites of-
ten requires Liquid Composites Moulding (LCM) process or thermoforming of prepregs
[8, 9, 10, 11, 12, 13]. In both processes, the preforming process is an important step
driven by deformations of textile reinforcement. However, this process is often com-
plex. To avoid time-consuming developments by trial and error, it is necessary to apply
manufacture process simulations [14, 15, 16, 17]. Different numerical models have been
developed for this purpose. Kinematic models were the first methods developed for
the forming simulations [18, 19, 20, 21, 22, 23|; these models are very fast, neverthe-
less, the mechanical behaviour of materials is not considered. Then, some membrane
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models have been developed neglecting the out-of-plane bending stiffness of textile rein-
forcements [24, 25, 26, 27, 28], meanwhile, they consider the in-plane shear and tensile
behaviour which are specific to fabric. Although the bending stiffness is relatively low
due to the possible slippage between fibres [29, 30], the importance of bending stiffness
was highlighted with regard to the simulation of wrinkles during the forming of textile
reinforcements [31, 32, 33, 34, 35, 36]. Classical shell approaches were adapted to fibrous
material, in which the bending stiffness of textile reinforcement will be overestimated if
it is deduced from membrane stiffness and section geometry. To consider this specificity,
several approaches have been introduced tailored to this challenge. Laminate shell with
several layers of different thicknesses and different membrane stiffness were developed
[37, 38, 39, 40]. Hybrid element with a combination of a membrane element and a pure
bending element with different Young’s modulus were proposed [41, 42, 43, 44, 45]. Stress
resultant finite element was also proposed to decouple bending and tension modes [46].
All these methods allow a low out-of-plane bending stiffness together with a large mem-
brane stiffness. However, they are based on artificial assumptions that do not reflect the
transverse shear along thickness piloted by the quasi-inextensibility of fibre and possi-
ble slippage between fibres [47, 48, 49, 50]. In this case, classical shell theory (Kirchhoff,
Mindlin) fails to predict the correct solution [51, 52, 53]. The so-called fibrous shell based
on the quasi-inextensibility of fibre and the possible slippage between fibres is developed
to fill this gap [54]. It has shown that this element provides the correct rotation of ma-
terial normal by applying the quasi-inextensibility of the fibres at different positions in
the thickness.

The majority of numerical approaches based on finite element separate accordingly
the internal virtual work into a tension along fibre direction, an in-plane shear and an
out-of-plane bending part [55, 56, 57, 58]. However, in-plane bending deformation mode
is often overlooked, this mode is related to the in-plane bent fabrics. The in-plane
bending deformation of fibre was first observed during the analyses of in-plane shear test
including picture frame test and bias-extension test (BET) [59, 60, 61], in these tests, it is
possible to see transition zone of shear angle, i.e., in-plane bent fabric. In-plane bending
of fabrics was also observed during forming process and related to the occurrence of yarn
buckling [62, 63, 64]. Second gradient methods have been proposed for the modelling
of this specific phenomenon during BET [65, 66, 67, 68, 69] and were applied to actual
forming [70]. However, the implementation of second gradient methods in finite element
codes and the determination of associated material parameters are not direct. The use
of a non-local finite element technique called neighbouring element technique has been
proposed as alternative to higher gradient mechanics [71]; equivalence between the two
approaches was discussed on 2D examples in fibrous media. Pentographic beam and
membrane meshes were alternatively used in [72, 73, 74] to take into account both in-
plane bending and torsional behavior of the textile. In the context of material failure in
continuum media, equivalence between non-local integral approaches and gradient-based
approaches has been discussed in the past [75, 76]. More specifically in the context of
textile forming the two approaches were shown to be equivalent [77, 71]. Nevertheless,
most of these studies focus on describing the transition zones in planar tests like BET.

To the author’s knowledge, there are few quantitative analyses of this deformation
mode and its influences on textile reinforcement forming and yet this point is important
since it will influence fibre orientation and distribution during draping. The objective
of this article is to highlight the importance of in-plane bending behaviour for textile
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reinforcement forming and the specific role of in-plane bending in the occurrence of
numerical spurious modes (Section 2). The development of a macroscopic 3D numerical
model considering the in-plane bending deformation of textile reinforcement is presented
(Section 3). The formulation is implemented in the continuum-based shell specific for
fibrous material [78], the calculation of in-plane bending deformation uses the spatial
curve constructed with the positions of neighbour elements. The numerical model is first
applied to show the influence of in-plane bending behaviour on numerical spurious mode,
then the approach is tested through an elementary virtual pull-out test and validated
by comparisons with forming experiments (Section 4). The relevance of this approach is
validated by the analyses of fibre directions and in-plane bending curvature both in good
agreement with experimental results.

2. The influence and importance of in-plane bending deformation

The influence and importance of in-plane bending behaviour are firstly discussed from
the experimental point of view and followed by the discussion of the importance of the
in-plane bending virtual work in numerical modelling.

2.1. Ezxperimental analyses

2.1.1. Bias-extension test

In Fig. 1a, a specimen of one-layer twill flax is subjected to a bias-extension test. The
dimension of the specimen is 210 mm x 70 mm, one end is clamped, and a displacement
of 60 mm is imposed at another end. The BET test is considered as a pure shear test
to identify the in-plane shear behaviour of textile reinforcement. However, there exists a
transition zone visible on Fig. 1a where fabric has a change of in-plane curvature in this
zone, this phenomenon is also founded in [60].

2.1.2. Textile composite reinforcement forming test

Textile composite reinforcement forming tests are carried out. A ZwickRoell universal
testing machine is used to impose the displacement of the punch. The die and blank
holder are transparent and allow the cameras to capture the deformation of the specimen.

For the hemisphere forming test, a specimen composed of four plies Hexcel G1151®
initially oriented at 0°/90° is applied. The material properties of Hexcel G1151 are
introduced in Tablel. Punch diameter is 150 mm, and punch displacement is 75 mm.
In-plane bent yarns and transition zone with gradual change of shear angles are shown
in Fig. 1b. Out-of-plane buckling of the fabric is avoided thanks to the blank holder.

Manufacturer Fibres Yarn density ~ Areal density  Thickness

Hexcel Carbon 6K 7.5 yarns/cm 630 g/m? 1.3 mm

Table 1: Hexcel G1151 material properties

Fig. 1c shows a tetrahedron forming test of two layers G1151® with the fibre orien-
tation of 0/90°, and the punch displacement is 90 mm. In-plane bent yarns are observed
at different zones, which has an influence on the fibre distribution of deformed textile
reinforcement. It should be noted that local buckling and yarn slippage occurs in areas

3



with significant in-plane curvature (zone 1 and 3), indicating that this deformation mode
is an important factor for the occurrence of this type of defect [79, 80, 81]. Zone 2 shows
a smooth variation of shear angle, related to the variation of curvature. Consequently,
considering the in-plane bending behaviour during textile reinforcement forming study
has practical significance.

2.2. Numerical analyses

2.2.1. Fibrous shell without in-plane bending virtual work

Numerical analyses proposed in this section are based on a previously developed
fibrous shell approach without in-plane bending virtual work [78] which is embedded in
the research software Plasfib [82]. This approach considers the possible slippage between
fibres through the thickness without adding the virtual transverse shear work. Transverse
shear is deduced by the rotation of material director piloted by the quasi-inextensibility
of the fibres at different altitude along thickness (Fig. 2). A brief introduction is given
below.

The incremental displacement of any point within an element is interpolated as fol-
lows:

3
Au (fa m, C) = Z NkAuk
k=1
3 ¢ . ,
+)° Nki("hfn + ARE Y (Ao VE — ABLVE) (1)
k=1
3 C )
+ ]; NkiAhﬁjV’jn ,

where &, 7, ( are the material coordinates, (V’f , V. Vﬁl) is a local orthogonal frame
defined at each node k where V¥ is the unit material director. Ny is the shape function
at node k. Awuyg is the incremental displacement at node k, Aoy and AS, are the
incremental rotation of material director at node k. h% is the thickness along material
director direction.

The internal virtual work of this classical approach is the sum of different virtual
works of tension SWI¢", out-of-plane bending §W.B¢"d, in-plane shear SW5". The
assumption that these mechanical behaviours are decoupled is adopted in the proposed
approach; it has been shown that the conventional uncoupled model could be accept-
able in predicting the general deformation pattern [83], meanwhile the coupling effect is
highlighted when the tensile strain is relatively large [84].

The expression of these three terms of virtual work is shown in Eq. 2-4:
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Figure 1: In-plane bending deformations of textile reinforcement. (a) Bias-extension test of Twill Flax.
(b) Four layers G1151 hemisphere forming. (c) Two layers G1151 tetrahedron forming.



Figure 2: Fibrous shell finite element with 3 nodes where different fibres situated at different altitude
along thickness [78].
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The superscript f indicates the fibre under consideration at different altitudes. Nyqrp
and Ny.f: are the number of fibres in warp and weft direction. 56{1 and (5652 are the
virtual axial strains in the fibres in warp and weft direction, 7'/ and T?%/ are tensions
in the fibres in the warp and weft direction. 6)({1 and 5)&2 are the virtual out-of-plane
curvatures in the fibres in warp and weft direction, M and M?%f are out-of-plane
bending moment on the warp and weft yarns. 67/ is the virtual in-plane shear angle,
M7/ is the in-plane shear moment. Note that torsional stiffness of the fabric [74] is
neglected in our model and has no virtual work associated to it.

All the numerical simulations presented in this article were carried out for the G1151
material. Table 2 presents the tensile, out-of-plane bending and shear properties for the
this material which have been identified for this model based on previous works [78].
General material properties are already listed in Table1. In-plane shear behavior is
considered non-linear, while tension and out-of-plane bending stiffnesses are assumed to
be linear; this is a simplification since numerous tests have shown that the moment-
curvature relationship is non-linear in woven reinforcements [34, 32]. However, to discuss
the role of in-plane bending in more detail below, we will keep the hypothesis of a linear
bending relationships. The in-plane bending stiffness BIPP and the in-plane bending
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Tensile Bending in and out-plane  In-plane shear (IPS)

Tcxa = Cozgozoz Macx = BaXaa M’y = k;”V + kg’YJ + kg’YF)
Cs = 1200 N-mm ™! B, = 6.5 N-mm k) = +4.467¢"? N-mm
(a=1,2) P85 = BLPByILE k] = —4.425¢~2 N-mm
BIPB = 92B, kY = 4+5.292¢7% N-mm

(a = 172)

Table 2: Mechanical properties of Hexcel G1151 reinforcement for the proposed numerical model

moment M5y are discussed in details later.

2.2.2. A patch test to highlight in-plane bending contribution

A patch test with four elements is proposed in Fig. 3, the model without in-plane
bending work is applied to show its influence. A constant displacement u, is imposed
at nodes 3, 6. For nodes 1, 4, a displacement +u, or —u, is applied respectively to
obtain the first configuration with a curved fibre (Case 1) and the second configuration
with a straight fibre (Case 2). For both configurations, there is a constant shear angle
of 45° for each element, the deformed fibre is represented by abc and a’bc respectively.
The conventional numerical model with in-plane shear virtual work but without in-plane
bending virtual work led to the same external work for both configurations, the value of
absolute external force at 1-4 side is shown in Fig. 3c. These two different modes cannot
be distinguished when neglecting the in-plane bending deformation. This test provides
a first justification for the introduction of in-plane bending in the fibrous shell element.
Next, we propose a second one.

2.2.3. Non-physical deformation during forming

In the context of forming simulation, spurious deformation mode can be seen when in-
plane bending behaviour is not considered. A hemisphere forming simulation is performed
without in-plane bending virtual work; nonlinear shear constitutive law is given in Eq. 5,
where 7 is in-plane shear angle

M® = kv +k37° + kIy°. (5)

Non-physical zig-zag edges are found at the deformed model (Fig. 4a). For selected
elements, the simulation shows unstable evolution of shear angle (Fig. 4b). Indeed, in
this area, the fibres are subjected to axial compression and in the absence of in-plane
bending stiffness, two solutions are possible for the same in-plane shear field. The fibres
will tend to buckle in the plane with this non-physical pattern. The second reason to
introduce in-plane bending is to avoid bending spurious mode in forming simulations.

3. Modelling in-plane bending behaviour in textile reinforcement

The specificities of in-plane bending behaviour are discussed in section 3.1 and fol-
lowed by the development of the numerical model considering in-plane bending deforma-
tion.
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Figure 3: A patch test with two different deformed geometries, (a) Initial mesh, (b) Curved schema
(Case 1), (c) Straight schema (Case 2), (d) External force at 1-4 side for cases 1 and 2.
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Figure 4: Forming simulation without in-plane bending virtual work: (a) Deformed geometry with non-
physical deformation, (b) Variation of shear angle at selected elements.

3.1. Specificity of textile reinforcement in-plane bending behaviour

According to experimental results, in-plane bending occur in many cases. It is likely
to have a non-negligible impact on the final deformed geometry and on the effective reori-
entation of the fibres during forming. It might be an important factor in the occurrence
of defects like buckling (i.e. out-of-plane wrinkling [72]) and yarn slippage. Therefore,
the specificity of in-plane bending is studied below following the development of a fibrous
shell element considering the in-plane bending behaviour.

First of all, it is important to point out that, as same as out-of-plane bending stiffness,
in-plane bending stiffness cannot be deduced directly from the large membrane stiffness
of textile reinforcement, because slippage between fibres may occur in and out of the
textile reinforcement plane.

In-plane bending deformation causes a relative rotation between warp and weft di-
rection, therefore in-plane bending deformation is kinematically related to the gradient
of in-plane shear deformation [71, 85]. Both in-plane shear mode and in-plane bending
mode contribute to friction between yarns, consequently, it is difficult to design an exper-
iment to identify separately the in-plane bending constitutive law and the in-plane shear
constitutive law. Nevertheless, it is necessary to highlight that these two deformation
modes can be decoupled when writing internal virtual work. Similar hypothesis is done
in second gradient models where the hyperelastic second gradient strain energy density
is supposed to be a function of Cauchy-Green strain gradient only (whereas the first
gradient energy is only a function of Cauchy-Green strain) [67, 68, 70]. The in-plane
bending behaviour is part of the nature of textile reinforcement: even if there is only one
yarn direction (in this case shear angle definition is not straightforward), it is still pos-
sible to define in-plane bending field as the gradient of fiber direction. Having two fiber
directions means that curvature can be calculated in both directions. In any case the
material tends to resist to this deformation, and has a corresponding bending stiffness.
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Figure 5: Loads on a representative unit cell: (a) Tensions, in-plane shear moment and out-of-plane
bending moment, (b) In-plane bending moment.

Textile reinforcement can be seen as continuous material made up of woven unit cells
(RUC = Representative Unit Cell), thickness of RUC is much smaller than its width.
Loads on a RUC are shown in Fig. 5 and are characterized by different load resultants.
Three classical behaviours often considered in textile composite are shown in Fig. 5a. In-
plane bending loads are shown in Fig. 5b, a local orthogonal frame (xruc, yruc, 2rRUC)
is defined at the centre of RUC where xgyc — yruc situate at the plane of RUC, zryco
axe is perpendicular to this plane, M}} 5 and M7% 5 are in-plane bending (IPB) moment
on the warp and weft yarns. The direction of out-of-plane bending moment and in-
plane bending moment are different, therefore the role of so-called width and thickness
of flexural section is converted for these two cases. This modification of bending section
geometry leads to the significant difference between in-plane bending stiffness and out-
of-plane bending stiffness.

8.2. Numerical model with in-plane bending virtual work

The numerical model considering the in-plane bending behaviour is developed in the
framework of fibrous shell approach [78], where a new term of in-plane bending internal
virtual work §W.PB is added.

int

6I/Vint — 5WTen + 5VViEtend + 5VVii£Lear + dvvélfB ) (6)

int

The expression of in-plane bending virtual work is shown:

Nwa.rp
f
et = 37 [ ) @™ i
f=1
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w3 [ oy e i,
=1 I
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Figure 6: Calculation of In-plane bending behaviour: (a) Algorithm flowchart, (b) Schema of IPB
curvature calculation.

(0x35B)F and (6xZLB)/ are the virtual in-plane curvatures in warp and weft direction
at different fibres, they are calculated from the position of the neighbouring element which
is developed for rotation free element [51, 86].

Fig. 6 shows the algorithm flowchart of the developed finite element and the schema
of in-plane bending curvature calculation. To avoid numerical locking issues in the tri-
angular element [87], the element edges are aligned with fiber directions; therefore each
fibre can pass through the studied element and its two neighbours.

It is possible to define the two endpoints of fibre that pass through each element
(Fig. 6b), e.g., four points set (d’,a,b,c’) are defined at the middle of the element edge
and constitute the warp fibre. For the deformed configuration, these four points are
possible to situate at different spatial planes, however, the in-plane curvature of fibre is
defined in the 1/ — 2f — 3f plane, the projection of d’ and ¢ to this plane is therefore
calculated and represented by d and ¢. A local orthogonal co-rotated frame x — y is
defined where the point a is the original point, x axis is along the a — b direction, y axis
is perpendicular to the  axis and remains in the 1/ — 2/ — 37 plane. A local third order
2D curve w is fitted using the coordinates of these four points a, b, ¢, d at local co-rotated
frame. This method provides the relation between nodal rotation 61, 6> and @1, 2 angles
between ad — ab, bc — ab at point a and point b:

BEEE I EM] ®

The values of matrix A are shown below where [y, 5, [3 are lengths of ab, be, ad.
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With the incremental displacement of a, b, ¢, d, the incremental angle can be deter-
mined:

A(p (Aug—Auz)‘ng (Au{:—Auﬁ)‘nl

1 — - l - l — !

[ Agps } = | au-au)me  (auf-auhm, | T G2x2AUw, (10)
lz B ll

where ny, ns, ng are normal vectors of segment ab, be, ad at local frame:

N = Vpg X Ngeg, N2 = Vep X Ngeg, N3 = Vg X Ngeg (11)

Auf;bc 4 is incremental displacement matrix for fibre points a, b, ¢, d. The displacement
of point ¢ and d is the projection of the displacement of point ¢’ and d’ at 1/ -2f -3/
plane.

Aul = Auz, — (Auf, .nf, ) n/

seg seg ’ (12)
Auﬁ; = Auﬁz, - (Aug, . nfeg) : ngeg.

By applying the scalar product with respect to ns, n3, and because ny and njz are

perpendicular to n{eg , Eq. 12 becomes:

Au£ ‘ng = Aug, ‘ny, (13)
Aug ‘ng = Aug, ‘ns.

Consequently, the incremental nodal rotation Af;, Afy is shown below where the
Augbcd is replaced directly by Aul{bc, &

A92><1 = A2X2G2X12Au£bc’d’ . (14)

Meanwhile, the curve function can be transformed into the expression below by ap-
plying the cubic interpolation:
x5 22z
w=2x(l—--)%0+—(— —1)bs. (15)
L Ll
With an imposed virtual displacement, the virtual curvature of fibre in warp or weft
direction at different fibre along thickness is given by:
12
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The virtual displacement of a, b, ¢/, d’ is interpolated from the displacement of 17, 21,
37, 4f, 57, 6f, for example, dul = Suys + dugs /2, therefore, this interpolation is given

by S12x1g matrix and the in-plane bending strain-displacement matrix (B/L5)f is given
below.
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The calculation of in-plane bending internal nodal forces is shown in Eq. 18 where

the in-plane bending moment (M¢55)/ is defined as a function of (xiLP)f. Meanwhile,

the membrane force at different fibres in the thickness generates the moments at node
k, which contribute to the rotation of material director Eq. 19. The in-plane bending
internal load could be obtained by assembling the nodal forces and the nodal moments.

n

fr f fr f
FIPE 37 ( / B8 (M) dL + / @ (B an), )
=1

— Chy, /
MIPP =" T((F?DB) Vi),
n (19)
MIPB — _ Z Chi ((FIPB)f ) Vk)
k - 9 k 2/
f=1

where ¢ and h%, are respectively the reference coordinate and the thickness at node
k along the material director.

3.3. IPB stiffness value

IPB stiffness is sometimes assumed to be the same as out-of-plane bending stiffness
[73, 71]. Although the exact value is not known, Harrison et al. proposed the relation
Bép B = 9B, based on inverse method on a BET test [72]. Following the same hypothesis,
the IPB stiffness used here is settled as 13 N-mm. The choice of a specific procedure to
determine the IPB stiffness must be the subject of more in-depth work.

4. Numerical simulations with in-plane bending energy

Numerical tests are now performed to show the relevance of introducing in-plane
bending virtual work. Then, experimental forming tests (hemispherical and tetrahedron)
are compared with simulations.
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Figure 7: External force at 1-4 side of curved schema (Case 1) and straight schema (Case 2) for simula-
tions considering the in-plane bending virtual work.

4.1. Patch test accounting for the in-plane bending virtual work

The patch test already introduced in section 2.2.2 was conducted without in-plane
bending virtual work: in this case the two deformation modes cannot be distinguished
numerically. In this section, the same test is performed considering in-plane bending
virtual work by using the developed approach. Now the two configurations led to different
results: due to the additional term in energy, the force of the bent configuration is larger
than the force of the straight configuration (see Fig. 7). In the next section, we show
that this addition makes it possible to stabilize in-plane bending spurious modes.

4.2. Stabilization of spurious in-plane bending modes

Forming simulation of section 2.2.3 is now performed with the additional bending
energy, all other parameters remain identical. The deformed geometry is shown in Fig. 8a.
Stabilization by the bending energy makes it possible to regularize the in-plane shear field.
For the selected elements, the effect of stabilization is significant (Fig. 8b).

4.8. Virtual in-plane pull-out test

The pull-out test is initially designed to study yarn buckling, the specific device
allows the flexural deformation of fibre (Fig. 9a and Fig. 9b) [63, 80]. For the present
work, the kinematic principle of experimental pull-out test will be turned into the virtual
in-plane pull-out test, as shown in Fig. 9c¢, a constant displacement is imposed at the
centre of the model, meanwhile, the two ends of the model are free for translation along
warp direction. Because of the quasi-inextensibility of fibre, the warp fibre will bear the
pull-out deformation at the weft direction.

In-plane bending (IPB) curvature and in-plane shear (IPS) angle are compared be-
tween two simulations with and without IPB stiffness, the deformed geometries are shown
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in Fig. 10. Without IPB stiffness, the displayed IPB curvature is very large at the centre
of model, other part remains straight along warp direction (xIf'Z = 0) with a nearly
constant shear angle field. This result is not consistent with experimental deformed ge-
ometry and is not physical. The deformed model considering IPB virtual work shows
a smoother curved edge which corresponds with the experiment, meanwhile, gradual
variation of IPB curvature is obtained. The evolution of IPB curvature and IPS angle
along the A-B-C path is shown in Fig. 10c, the negative and positive shear angle is dis-
tinguished, and curves show that the IPB curvature occurs in shear gradient zones for
both two test conditions. Consequently, considering the IPB stiffness provides a realistic

deformation with a reasonable distribution of IPB curvature and IPS angles.

4.4. Reinforcement forming: comparison between experiments and simulations

To confirm the importance of in-plane bending (IPB) behaviour and the benefit of
the developed approach for textile reinforcement forming, a hemisphere forming test and
a tetrahedron forming test are carried out on four plies parallel Hexcel G1151® rein-
forcement and two plies parallel G1151® reinforcement respectively. Details on forming
experiments are presented in section 2.1.

4.4.1. Hemispherical forming

Knowing that the fibres are oriented in single warp and weft directions, the hemi-
sphere forming is modelled by the proposed shell approach using only one element in
the thickness; this methodology was validated in [78]. The deformed geometry of the
simulation considering the IPB virtual work is compared with the simulation without
IPB virtual work (Fig. 11a and b), the edge of shear angles transition zone in Fig. 11a
is smoother than that of Fig. 11b.
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Then, a path A-B is defined at the diagonal direction of the model. The variations of
shear angle along A-B for these two simulations and the experiment are shown in Fig. 12a.
The maximum difference between numerical results at the same position reaches 4.6°.
The model with IPB virtual work shows a gradual variation of shear angles which is closer
to the experimental curve (Fig. 12a). The IPB curvature comparison between numerical
simulations and experiment is shown in Fig. 11c and d. The variation of IPB curvature
along A-B path is shown in Fig. 12b: the simulation with IPB virtual work shows a
smooth variation of IPB curvature which is not the case when neglecting the IPB virtual
work. Finally, the punch force applied to the reinforcement model is also plotted for
the two simulations and the experiment (Fig. 12c). Although the punch force is slightly
higher when considering IPB virtual work, the trend of the two curves remains similar,
and small differences can be observed in the results. The two simulations have the same
trend as the experimental result, although with a significant difference in amplitude.
It should be noted on this subject that no friction energy between layers is taken into
account in the model; it is very likely that this is the cause of this discrepancy.

4.4.2. Tetrahedron forming

The tetrahedral geometry requires a strongly double-curved deformed shape [88, 89,
90], therefore the modelling of tetrahedron forming is with great interest. Fig. 13 shows
the comparison between simulations with and without IPB virtual work.

Fig. 13 a shows the comparison from the shear angle perspective: the simulation
with IPB stiffness taken into account gives a more realistic maximum shear angle (61°),
compared to the experimental results (59°), than the simulation without IPB virtual
(75°) at the same position. Fig. 13b and ¢ present the comparison in terms of curvature in
warp and weft direction. The same smoothing effect present on the previous simulations
is observed here on the curvatures, leading to significant differences between simulation
with and without IPB.

Fig. 14 provides zoom-in view of zone A (defined in Figure 13b). This zoom view
makes it possible to more finely compare the changes in orientation of the fibres (Fig. 14a).
It is clear that neglecting IPB lead to abrupt changes in fibre direction and non-physical
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curvatures (Fig. 14b), while results of simulations with IPB stiffness are in excellent
agreement with experimental results (Fig. 14c).

More details are provided in Fig. 15a-c (zone B) and Fig. 15d-f (zone C), where the
contour is shown in details. Once again, the results considering the IPB virtual work
show smoother variations of fibre orientation, and they are in better agreement with
experimental results. Edges of Fig. 15¢/d are already much better that Fig. 15b/e, but
could probably be further improved by a better choice of in-plane bending properties.

5. Conclusion

This work brings various elements showing that it is necessary to take into account
the in-plane bending behaviour of fibrous reinforcements during forming analysis. Firstly
because it is a part of the nature of textile composite reinforcement, and consequently it
has a significant influence on the reorientation of fibre after draping, which was demon-
strated numerically. Moreover taking into consideration the in-plane bending virtual
work allows the stabilisation of the numerical spurious mode involving in-plane shear.
Yet, this behaviour has been so far neglected in most forming simulation approaches.

The fibrous shell approach based on the specific mechanical behavior of textile re-
inforcement was enhanced considering the in-plane bending curvature with the help of
neighbour elements method. The proposed approach has been validated using textile
reinforcement forming tests. It has been shown that the prediction of fiber orientation,
together with the transition zone of shear angle, are in good agreement with experiments
when in-plane bending energy is considered, wheareas neglecting it led to less accurate
results.

However, some limitations of this model can be discussed. The hypothesis of de-
coupling in-plane bending from the other deformation modes should be investigated in
future work. Even if the modes are energetically decoupled in virtual work theorem, it
is however difficult to show this deformation mode independently of the in-plane shear
mode. That is why a direct identification of in-plane bending properties is still a chal-
lenging task. The characterization of in-plane bending behaviour need to be addressed
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in future work.
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