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The mechanical behaviour of textile composite reinforcements is characterised by a tensile
stiffness in the two fibre directions, which is very large in comparison with the in-plane
shear rigidity. The in-plane deformations of these materials are mainly due to the shear
angle between warp and weft yarns. The finite-element analysis of these deformations
leads to locking phenomena if the mesh is not aligned with the fibre directions. In this
case the calculation gives spurious tensions in the fibres that make the analysis inaccurate.
In the present paper, this phenomenon is highlighted and analysed in the case of the
four-node finite element. In particular, a two-element example shows the impossibility of
obtaining solutions without tensile strains for unaligned meshes. A solution to this tension
locking is proposed for the four-node quadrilateral. It is based on a one-point quadrature
and a specific stabilisation reduced to non-constant in-plane shear strains.

© 2013 Published by Elsevier Masson SAS on behalf of Académie des sciences.

RESUME

Le comportement mécanique des renforts de composites textiles est caractérisé par
une rigidité en tension dans les deux directions de fibres trés grande devant celle
de cisaillement dans le plan. Les déformations dans le plan de ces matériaux sont
principalement obtenues par changement d’angle entre les réseaux chaine et trame. Lors
d'une analyse par éléments finis de ces déformations, un phénoméne de verrouillage
apparait lorsque le maillage n’est pas aligné avec les directions des fibres. Dans ce cas,
le calcul conduit a des tensions erronées, qui perturbent I'analyse de fagon majeure.
Dans le présent article, ce phénomeéne est analysé dans le cas de I'élément fini a quatre
nceuds. En particulier, un exemple a deux éléments montre I'impossibilité d’obtenir des
solutions sans extensions des fibres pour des maillages quelconques. Une solution a ce
probléme de verrouillage est proposée pour le quadrangle a quatre nceuds. Elle utilise une
intégration réduite et une stabilisation spécifique réduite aux termes de cisaillements plans
non constants sur I'élément.

© 2013 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction

Composites with continuous fibre textile reinforcements [1] bound with a thermoplastic or thermoset matrix are used
to manufacture low-weight parts with strong stiffness and strength. The applications are numerous today in the field of
aeronautics [2], automotive [3] or civil engineering [4]. The composite parts are generally thin, i.e. with a small thickness
in comparison with the two other dimensions. Their shapes are often complex with double curvatures. To obtain these
shapes, the initially plane fibrous reinforcement is formed on the surface. This forming is often called “draping” for textile
reinforcement. In the case of double curve shapes, the draping process needs in-plane deformation of the reinforcement
and especially in-plane shear strains. The reinforcement used for double curved parts are generally woven fabrics or NCF
(Non-Crimp Fabrics). The warp and weft yarns permit large in-plane shear strains and the weaving (or the stitches in case
of NCF) insures cohesion to the reinforcement during the shaping process. During the forming process, the matrix is absent
or not hardened and in-plane shearing of the reinforcement is possible. The mechanical behaviour of textile reinforcement
(dry textile or prepreg) is characterised by a very strong tensile stiffness in the two fibre directions. All the other rigidities
are weak, especially the in-plane shear stiffness. The numerical simulations of textile reinforcement forming processes are
important in order to determine the conditions for a successful draping and to know the direction of the fibres in the
part. To simulate draping of textile composite reinforcement, several software packages have been developed based on
“kinematical models” [5,6]. This method is very fast, but does not take into account two important points: the mechanical
behaviour of the woven reinforcement and the load boundary conditions. Consequently, some draping simulations have been
developed in the framework of the finite-element method [7-9]. The reinforcement is considered as a continuous material
with a specific mechanical behaviour [10-13].

An important problem in FE simulation of fibre reinforcement has been identified by Yu et al. [14,15]. The in-plane shear
deformation of textile reinforcement can lead to spurious tensions (or compressions) in the fibres for arbitrary meshes.
The specificity of the textile reinforcement that leads to this phenomenon is the very large tensile stiffness of the fibres in
comparison with the in-plane shear stiffness that is close to zero. These spurious tensions vanish if the mesh is aligned with
the yarn directions. This problem is important because the use of meshes aligned with the element can be not convenient,
in particular when the fibres are not aligned with the edges of the ply. It also renders impossible the use of automatic
meshing and remeshing. In practice it is impossible to use a mesh that leads to spurious tensions for a draping simulation
because these tensions lead to spurious wrinkles.

The development of these spurious tensions falls within the finite-element locking phenomena. This locking appears
because the finite-element interpolation and the physics of the textile reinforcement are not compatible. This incompatibility
leads to a far too stiff behaviour. There are several other locking phenomena. Volumetric locking of 2D and 3D finite
elements [16-19], shear locking of quadrilaterals in-plane bending [17-19], transverse shear of plate elements [20-22],
membrane locking of shell elements [23-25] have been intensively studied in the last decades to propose solutions to avoid
these locking phenomena.

The locking in FE simulations of textile reinforcement deformation has been called “intra-ply shear locking” in [14,15].
Nevertheless, the reasons for this locking are spurious tensions in the yarns. In order to be consistent with the other locking
phenomena, this locking will be called “tension locking” in the present paper. All the locking phenomena listed above have
the name of the spurious energy leading to locking.

In the present paper, the tension locking during simulations of textile reinforcement in-plane deformation is highlighted.
The analysis is carried out for different four-node quadrilateral meshes. The deformation of an initially rectangular textile
reinforcement strip on a circular part is taken as an example. It leads to an in-plane shear that is variable in the deformed
reinforcement. The tension locking is highlighted in the case of unaligned meshes. The reasons for the locking are analysed
on a two-element mesh. Then a solution to avoid tension locking is proposed. It is based on a one-point quadrature and
a specific stabilisation of the hourglass modes. The hourglass control concerns the in-plane shear angle between warp and
weft fibres and is orthogonal to any tensile strains. It is shown that this approach avoids the tensile locking phenomena
highlighted with the full integration. In addition, the proposed procedure is numerically efficient, because it is based on a
one-point quadrature. Some multi-field elements have been proposed in [26] in order to avoid locking of textile reinforce-
ments. These elements involve both displacements and strain degrees of freedom. This is very numerically costly and cannot
be used in dynamic explicit approaches.

2. Highlighting and analysis of tension locking
2.1. Mechanical behaviour of textile composite reinforcements

The specificities of the fibre reinforcement’s mechanical behaviour come from their internal structure. Textiles are com-
posed of warp and weft tows, themselves made up of thousands of fibres (Fig. 1). A key consequence of this structure is
the possible relative motions between fibres and between yarns that leads to a very specific mechanical behaviour. The only
high stiffness is the tensile stiffness in the fibre direction. All the other rigidities (in-plane shear, bending, and compaction)
are much weaker. Depending on the specific application of interest, the analyses of these textile reinforcements can be made
at the microscopic scale, i.e. the scale of the fibre (Fig. 1c) or at the mesoscopic scale, i.e. the scale of the unit woven cell
(Fig. 1b) or at the macroscopic scale, i.e. the scale of the part (Fig. 1a). If some local analyses are made at the microscopic
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Fig. 1. The different scales of the textile composite reinforcements.
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Fig. 2. Deformation of a textile reinforcement strip on a circular obstacle.

[27] or the mesoscopic scale [28], the forming simulations of the textile preforms are performed at the macroscopic scale
in most cases [7-9]. The textile reinforcement is meshed by finite elements made of fibrous materials. The rigidities in the
directions of the warp yarns and weft yarns are very large in comparison to all the other stiffnesses.

2.2. Tension locking in a textile strip deformation

The in-plane deformation of a 40 mm x 60 mm rectangular woven textile strip is analysed (Fig. 2). The inferior edge
of the strip is clamped. The displacement in the x direction (horizontal) is prescribed on the right edge to reach a 55-mm
circle without stretching of the vertical fibre on the right edge. The warp and weft yarns are in the x and y directions in
the initial state (horizontal and vertical). The yarns are assumed to be elastic. Their stiffness in the warp and weft direction
is 10 N/mm. The in-plane shear stiffness is assumed to be equal to zero. Consequently, the deformation of the fabric strip
is performed without force and the tensions and tensile strains in the fibres must be equal to zero. The calculations are
performed with standard 4-node quadrilaterals implemented in the code Plasfib [9]. The in-plane shear angle is zero at the
bottom of the strip and reaches 60° at the top of the deformed strip. It is continually variable in the height of the strip.
The fabric strip is meshed with four node elements. First, a rectangular mesh aligned with the warp and weft fibres is used
(Fig. 3). The computed stretching strains in the warp and weft fibres are equal to zero (inferior to 2 x 1076).

In a second time, the strip is meshed with irregular elements (Fig. 4). Consequently, the edges of the elements are no
more aligned with the warp and weft directions. The computed stretching strains in the warp and weft yarns are much
larger (up to 9.5 x 1073). These tensile strains in the yarns lead to spurious tensions and loads on the right edge are
necessary to perform the deformation. Fig. 5 shows the resultant load on the strip during the deformation in function of
the horizontal displacement at the top of the strip.

This load is almost zero with the aligned mesh, but it reaches 140 N with the irregular mesh. These tensions in the
yarns and loads required to shape the strip are spurious loads since the in-plane shear stiffness of the textile reinforcement
is equal to zero. They are due to the inability of the 4-node quadrilateral to obtain solutions without tensile strains in
the fibre directions when the mesh is unaligned. This inability of finite elements made up of textile material to compute
the in-plane deformation when the elements are not aligned with the warp and weft fibre directions is the tension locking
phenomenon. This phenomenon has been highlighted in some other situations, in particular in the case of the bias extension
test and cylindrical cup forming [14,15].
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Fig. 3. Simulation of the deformation of a textile reinforcement strip using an aligned mesh. Tensile strain in the warp and weft yarns and shear angles.
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Fig. 4. Simulation of the deformation of a textile reinforcement strip using an irregular mesh. Tensile strain in the warp and weft yarns and shear angles.
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Fig. 5. Load on the textile reinforcement strip during the deformation. Aligned mesh: blue; non-aligned mesh: red.
2.3. Tension locking in a two-element mesh

A set of two elements is considered in order to analyse the reasons for the tension locking. A textile reinforcement strip
is meshed with two elements (Fig. 6). The nodes 1 and 2 are clamped. The fibres are oriented in the e; and e; directions
(horizontal and vertical). The side 1-2 must be in a fibre direction, otherwise the reinforcement is blocked in its entirety.
The question is whether it is possible to prescribe nodes 3 and 6 velocities that lead to a deformed state of the same nature
as those of Fig. 3. In other words, is it possible to prescribe independent velocities in 3 and 6 without tension in the fibres?
The directions of the fibres are denoted k; and k;. In the initial position, k; = e; and k, = e,. At a point M, the material
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Fig. 6. Set of two 4-node elements made up of textile reinforcement.

coordinates £ € [—1,1] and n € [—1, 1] are used to define the interpolation of the displacement (or velocity) and position.
The interpolation function of the node i (i € [1,4]) is:

Ni(§,m) =1/4(1 = §&) (A —nin) (1)
The material covariant vectors are obtained from the derivation of the position x of a point M with respect to & and 7.
ox  OJN; oX JN;
glzgzgxi, gzzﬁzﬁxi (2)

The related contravariant vectors g* are such as:

g g5 =0§
« and B take the value 1 or 2.
The inextensibility conditions in the directions k; and ky are:

l(]~k1=0, l(z-kz:O

where X is the time derivative of a quantity X.
Taking into account the fibre orientations in the stripe (Fig. 6),

1, 2; 1, 2
8x81x+83x8x=0,  g,81y+ 882y =0
where ay =a-e; and ay = a- e;. These inextensibility conditions are written at the Gauss points of the elements such as

£ :i%, n:i%@ (GP; to GPy in Fig. 6).

2.3.1. ElementA
Taking into account Eqgs. (1) and (2), the material covariant vectors g; and g, in the element A have the following form:

1
g1= 5[0 M2 —x1) + 1+ (x5~ x0)]

1
g = Z[(l —E X —X)+ (1+8)(x3 —xp)]

Taking the clamping of nodes 1 and 2 into account, the inextensibility conditions in the element A are:

[gr(Q+m+ g2 +8)]us +[-gr(A+n) +g2(1 —&)]us =0 (3.1)
gy +m+ga+6)]vs+[—gyA+n+g2(1—&)]va=0 (32)

where the velocity of a node i is v; = u;e; + v;e;. These equations written at the four Gauss points give two systems of
four scalar equations with two unknowns each. The first one concerns the horizontal velocity components us and u4 and
the second one concerns the horizontal velocity components v3 and vg4.
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0.38225928u3 — 0.57338893u4 =0 (41)
0.30311866u3 — 0.45467799u4 =0 (4.2)
1.13125423u3 — 1.69688134u4 =0 (4.3)
1.42661107u3 — 2.13991661u4 =0 (4.4)
0.38225928v3 + 1.42661107v4 =0 (5.1)
1.13125423v3 + 0.30311866v4 =0 (5.2)
1.13125423v3 + 0.30311866v4 =0 (5.3)
0.38225928v3 4 1.42661107v4 =0 (5.4)

The equations of the first system ((4.1) to (4.4)) concerning the horizontal velocity components u3 and u4 are dependent.
These four equations are equivalent to us = 1.5ug4.

The equations of the second system ((5.1) to (5.4)) concerning the vertical velocity components v3 and v4 are not all
dependent; consequently vz = v4 =0.

It is therefore possible to prescribe a horizontal velocity, for instance at node 3, and all the velocities of the element A
are fixed and verify the fibre inextensibility.

2.3.2. ElementB
Taking into account (1) and (2), the vectors g; and g in element B have the following form:

1
g = Z[(1 — (X3 —X4) + (14 1) (X5 — Xp)]

1
g2= 4 [(1 - §)0 —x0) + (1 + )X — x3)]

The inextensibility conditions in element B are:

[—ex(1+m +g:(1 = 5)]us + [gx(1 +m) + gz (1 +&)]ue

=[~g (1= m + g1 +8)us + gy (1 —m) + g5 (1 = §)]us (6.1)
[—g,(A+m+g5(1—8)]vs+[g,(1+n) + g5 (1 +8)]ve

=[-g,A-mM+g0+8]vs+[g,(1—m+g5(1—&)]va (6.2)

Taking into account that us = 1“—% and denoting ws = Z—; and wg = ﬁ—g Eq. (6.1) gives, at the four Gauss points:

—0.86874577ws + 0.30311866we = —0.94271186 (7.1)
—0.57338893ws — 0.13991661we = —1.18884256 (7.2)
—1.61774072ws 4 1.42661107we = —0.3185494 (7.3)
—1.69688134ws + 1.54532201we = —0.25259888 (7.4)

The rank of the four Eqs. (7.1) to (7.4) is 2. They lead to:
ws = wg = 1.66667, i.e. us=1ug=1.66667us3

Taking v3 = v4 = 0 into account, the four-equation system given by (6.2) is a homogeneous system with a determinant
different from zero, consequently vs = vg =0.

This highlights the tension locking of this two-element set. In the same way, it is not possible to obtain a deformation
such as those of Figs. 3 and 4 without tensions of the fibres. Only the deformation of Fig. 7a is possible when the inexten-
sibility conditions are verified (constant shear angle within the two elements). Any deformation of the type of those shown
in Fig. 7b is impossible without fibre tensile strain.

2.3.3. Aligned two-element mesh

The same analysis is made in the case of a two-element mesh aligned with the fibre directions (Fig. 8a). In this case,
the system (4.1) to (4.4) leads to u3 = ug4, the system (5.1) to (5.4) still imposes vz = v4 = 0. In the system (7.1) to (7.4)
corresponding to the inextensibility in the ki direction, the second member is equal to zero and the four equations give
us = ug. Consequently, it is possible to have a deformation of element B independent from those of element A and with
a different angle between the fibres (Fig. 7c). This situation is similar to those of Fig. 3 using an aligned mesh for the
reinforcement strip that can be deformed without tensions.
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Fig. 7. Deformation of a two-element mesh. (a) Deformation without fibre tensions. (b) Deformation impossible without fibre tensions. (c) Deformation
possible without tensions in the case of aligned elements.
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Fig. 9. Absence of tension locking in the case of a horizontally aligned mesh.

2.3.4. Horizontally aligned two-element mesh

The alignment of elements with the fibres is only necessary in the horizontal direction (those of the clamping of nodes 1
and 2). The two-element mesh defined in Fig. 8b leads to a system (7.1) to (7.4) with a second member equal to zero and
permits an independent horizontal velocity us = ug. This is confirmed in Fig. 9 by a simulation of the deformation of the
textile reinforcement strip meshed with elements only aligned in the horizontal direction. There is no tension locking in
this case. If the mesh is aligned only in the vertical direction, tension locking occurs (Fig. 10).

2.3.5. One-point quadrature elements
The 2 x 2 quadrature elements used above lead to inextensibility conditions that cannot be simultaneously verified in
most deformation field in the case of an arbitrary geometry of the element relatively to the fibre directions. This is the
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Fig. 10. Tension locking in the case of a vertically aligned mesh.

reason for tension locking in the case of textile reinforcement materials. For several locking phenomena, the underintegra-
tion has proved to be a possible solution to avoid locking, because the number of constraints is reduced in this approach.
It is analysed in the case of the textile reinforcement deformation. The two elements defined in Fig. 6 are considered with
one-point quadrature.

In element A, the inextensibility conditions (3.1) and (3.2) are written at the centre Oa of the element (§ = = 0). The
inextensibility in the k; direction (3.1), gives:

0.8u3 —1.2us4 =0

This equation is the same as Egs. (4.1) to (4.4), given by the horizontal inextensibility in case of 2 x 2 quadrature.
The inextensibility in the ky direction leads to:

V3 =—V4 (8)

There is only one equation for two unknowns in both directions (rank = 1 for the two systems with two unknowns). The
inextensibility of the fabric on the whole element leads to v3 = v4 = 0. This is possible in Eq. (8), but this is not ensured
by the one-point quadrature, and spurious modes (hourglass) can develop.

In element B, the inextensibility condition in the k; direction at point Op gives:

—1.2ws 4+ 0.8wg = —2/3

Consequently, it is possible to prescribe an arbitrary velocity ug while verifying the inextensibility condition. This FE solution
may not be the exact solution (in the present case, the exact solution requires ws = wg), but it does not lead to spurious
tensions in a situation such as that in Fig. 7b.

The inextensibility condition in the ky direction (6.2) at point O gives:

0.825 +0.8z6 =1.6
where z5 = :—2 and zg = 5—2

Similarly to element A (rank = 1 for the two systems with two unknowns), there are possible spurious vertical velocities
of nodes 5 and 6 that do not lead to tensile strains at point O.

In conclusion, the one-point quadrature is a possibility to avoid tension locking of quadrilateral made of stiff fibres.
Nevertheless, in this case, the 4-node element is rank-deficient [19,29]. A stabilisation procedure is proposed in the next
section for the one-point quadrature 4-node element made up of textile reinforcement in order to avoid tension locking
without spurious modes.

3. Hourglass control
3.1. Interpolation of the velocity gradient

It has been shown in Section 2.3.5 that reduced integration can avoid tension locking of the 4-node finite element.
Unfortunately, spurious zero energy mode can develop and the direct use of the one-point quadrature element is not
possible. Stabilisation procedures have been proposed [19,29] and are used in F. E. codes for standard materials but these
methods do not work well for very anisotropic materials and especially in the case of textile composite reinforcements that
are considered in the present study. A stabilisation procedure is proposed for the 4-node quadrilateral element made of
fibres in two directions using a one-point quadrature. It only concerns the in-plane shear strain energy.
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The gradient matrices at the centre of the element (¢ = n =0) are defined as:
T 1
b, =N,x= ﬂ[yz —Y4,Y3—Y1,¥4— Y2, Y1 — ¥3]
bl =N

Y=Y T oA
A is the area of the element. For the purpose of hourglass control, the p vector is introduced [17-19]:

[X4 — X2, X1 — X3, X2 — X4,X3 — X1]

y = ;(h— (Wb, — (W'y)by).  T=;(1— (b~ (1"y)b,)

where 1T =[1,1,1,1] and h" =[1, —1,1, —1]. h is the matrix of the nodal values of h = £7.

A main interest of the p vector is that it is orthogonal to all linear fields [19].

Let us consider the velocity of a point M, v(M) = ueq + ve,. Within the 4-node quadrilateral element with bilinear
interpolation, the velocity components can be written under the form:

U=ox0 +oxiX+ oy + ash
V=0y0+oy1X+ayy +aysh
Denoting u and v the column matrices of the nodal velocity components, the orthogonality properties lead to [19]:
u= (T"u) + (byu)x+ (bju)y + (¥ "'u)h
v=(1"v) + (byv)x + (byv)y + (¥'v)h

The components of the velocity gradient L in the frame (e, e;) can be interpolated as a function of the nodal velocities:

Lyx =1u,x

Lyy=v,y | _ u

Ly=ly |~ (BoL +Bhcl) |

Lyx=v,x

with
bl 0 hyt 0
0 b? 0 h,y"
BoL = Il BycL = Y

b, 0 hyy' 0
0 bI 0 thyT

3.2. Stabilisation procedure

The stabilisation is made on the in-plane shear deformation mode. The angle variation between the warp and weft fibres
due to the deformation is denoted I" [30]. This in-plane shear angle is the principal kinematical quantity that permits to
form the textile reinforcement on double curve shapes [1,30].

f; and f, are the vectors with a norm equal to 1 in the warp and weft fibre directions. f' and 2 vectors such as
fi -2 =f, - f! =0 with a norm equal to 1. The shear angle velocity I" is related to the velocity gradient [31]:

f:fz-L-f1+f1-L~f2=fT(BOL+BHGL)[3]

where
fT=[fx2f1x+fx1f2x fffly"‘f;ny fx2f1y+fxlf2y f}%f]x‘f‘f;fo]

The in-plane shear internal virtual power on the element is:

se Trse 3
Pt =v* Fim:/F*Ms ds
se

M is the moment per surface unit due to in-plane shear. F{, is the in-plane shear nodal load vector. Consequently,

Fii = / (BEL + Bl )fMs dS
Se
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Fig. 11. Simulation of the deformation of a textile reinforcement strip using an irregular mesh and one-point quadrature and stabilisation for three different
parameters Cs.

A one-point quadrature is used for the first term:

Fiye = ABg (Of(0)Ms(0) + g

The second term defines the stabilisation nodal force matrix F:fab'

4

~ A ~
T T
Fiab = / By fMsdS = > BlcufiM
ge k=1

at time t;, denoting At =t; —tj_q

Ms(ti) = Ms(ti—ﬂ + MsAt
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Fig. 12. Load on the textile reinforcement strip during the deformation with different approaches. Top to bottom: fully integrated, Cs =10, Cs =1, Cs = 0.01.
with

o~ fTpT u

Ms = Csf'Bi; [ V}

The stabilisation nodal force matrix only concerns the non-constant part of the in-plane shear. The objective of the param-
eter Cs is to stabilise the quadrilateral but not to overwhelm the one-point quadrature stiffness.

3.3. Textile strip deformation

The stabilisation procedure defined in Section 3.2 is used to analyse the textile strip deformation defined in Section 2.3.
Three values of the parameter Cs are considered: Cs =1, Cs =0.01 and Cs = 10.

The tensile strain in the fibres in the deformed strip are given in Fig. 11. For Cs = 1, the maximum tensile strain is equal
to 5.39 x 1074, i.e. twenty times less than in the case of full integration (Fig. 4). The load necessary to bend the strip is
nearly negligible in comparison with full integration (Fig. 12). The computation with Cs =1 is acceptable and the tension
locking can be considered to be avoided.

If the parameter Cs is decreased (Cs = 0.01, Fig. 11b), the maximum spurious tensile strain decreases to 2.33 x 107>,
That is very low (and 400 times less than in the case of full integration). The load necessary for the deformation is very
close to zero (Fig. 12). If these results are very good, they must be moderated because the top edge of the deformed shape
is not completely aligned as it should be.

When the parameter Cs is increased to Cs = 10 (Fig. 11c), the maximum fibre strain reaches 1.39 x 10~ and the load
necessary to bend the strip is not negligible (Fig. 12). This parameter is too important and leads to some locking (although
much less important than in the case of full integration).

4. Conclusion

The textile composite reinforcements are made up of two fibre directions that enable large in-plane shear deformation by
angle variation between warp and weft fibres. This deformation mode is mainly important for draping these materials. The
fibres are quasi inextensible and this leads to a tensile locking problem for finite-element analyses when the elements are
not aligned with fibre directions. It is not possible to obtain the inextensibility of the fibres at all the Gauss points because
of the element kinematics. The phenomenon has been analysed in the present paper, in the case of four node elements on
a two-element mesh. Tension locking has also been studied during the deformation of a textile strip on a circular obstacle.
This test is well suitable for this analysis because the in-plane shear is continuously variable, from 0° to 60°. An approach
has been proposed to avoid tension locking in the case of 4-node quadrilaterals. It combines a one-Gauss-point quadrature
and stabilisation on the non-constant part of the in-plane shear strain. This approach can be used in draping simulations to
avoid spurious wrinkles in case of non-aligned meshes, in particular when the fibres are not aligned with the edges of the
ply.

Several points must be analysed to confirm the efficiency of the approach. In particular, other boundary conditions should
be discussed and the optimal value of the Cs coefficient should be verified in a set of tests. This approach does not apply
in the case of the three-node triangle for which underintegration is not possible. It is, however, an important point because
this triangular element is used in case of automatic meshing and remeshing in the case of complex geometries. This is a
main challenge. Other approaches have been used, for instance mixed interpolations in the case of transverse shear locking
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of plates and shell elements [21,22]. It will be interesting to analyse if this type of approach can be efficient to avoid tension
locking in the case of a triangular element made of textile reinforcements.
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