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ABSTRACT

Accurate finite element (FE) forming simulations of engineering textiles are essential for optimizing manufac-
turing processes such as liquid composite molding (LCM). Traditional two-dimensional approaches often neglect
through-thickness compaction, which is essential for predicting fiber volume content and final part thickness.
This study presents an advanced reduced-integrated 8-node hexahedral solid-shell element designed specifically
for macroscopic forming simulations of engineering textiles. The proposed element incorporates methods
to prevent numerical locking, a membrane-bending decoupling method and a novel hourglass stabilization
technique to ensure numerical efficiency. The solid-shell is implemented as a user-defined element (VueL) in
Asaqus/Expicit and applied to a bidirectional non-crimp fabric (NCF). It is parameterized based on experimental
bias-extension, plate-to-plate compaction, and cantilever bending tests. Application to hemispherical forming
simulations validates its forming behavior, achieving comparable accuracy to conventional 2D methods with
the additional advantage of predicting thickness changes. In conclusion, this work provides a three-dimensional
modeling approach that enhances process simulation capabilities for composite preforming, enabling more

accurate predictions of effects in thickness direction.

1. Introduction

Finite element (FE) forming simulations can be applied to investi-
gate and optimize manufacturing processes such as the preforming step
of liquid composite molding (LCM) for continuously fiber-reinforced
polymers from engineering textiles. Therefore, the main deformation
modes of textiles, comprising the in-plane membrane, out-of-plane
bending as well as through-thickness compaction behavior, must be
modeled to accurately predict forming effects and defects [1]. The
majority of macroscopic textile forming simulations are based on two-
dimensional finite elements with a plane-stress assumption and focus on
the membrane and bending behavior to efficiently predict the final fiber
orientation, preform shape as well as out-of-plane wrinkling [2-4].
However, these approaches neglect the compaction behavior, which
determines a layer’s thickness as well as fiber volume content and
consequently influences the permeability, necessary press forces as well
as resulting mechanical properties of components. A three-dimensional
(3D) approach with compaction is especially necessary for model-
ing LCM processes involving fluid—structure interaction, such as wet
compression modeling, as demonstrated by Poppe et al. [5].

Compaction during forming is often investigated based on meso-
scopic approaches [6-9] or by isolated macroscopic simulations of
critical corners for single-curved geometries with multiple conventional
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3D elements ever the thickness [10]. The modeling of compaction
in macroscopic forming simulations requires a suitable 3D element
formulation, which introduces two distinct challenges: the necessity for
a membrane-bending decoupling and for preventing numerical locking
of low-order elements.

Membrane-bending decoupling. Engineering textiles have a high tensile
stiffness in fiber direction due to the quasi-inextensible fibers. In con-
trast, the typically low friction between fibers allows relative movement
under bending and results in a low bending stiffness. This behavior
cannot be modeled with conventional shell theories and therefore
membrane and bending behavior is usually considered in a decoupled
fashion in macroscopic forming simulations [3,11]. For 2D elements,
an intrinsic decoupling can be accomplished within a single element
by specific shell approaches [12-15] or a variable stiffness over the
thickness [16,17]. An extrinsic decoupling can be accomplished by
superimposing membrane and shell elements [18-20]. For 3D elements,
generalized continua approaches can be applied for textile forming
simulations [21,22], based on higher-grade or higher-order continuum
theories [23, pp. 686-691]. However, this requires specialized element
formulations [24,25] or specific solvers [26,27] with access to infor-
mation based on neighboring elements. They have been exclusively
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applied for thick interlock woven composites [21,28], which do not
require a complete decoupling of membrane and bending behavior. In
addition, the high transverse shear stiffness and high thickness of thick
interlock fabrics reduces the impact of numerical locking.

Numerical locking. The term locking describes the occurrence of purely
numerically caused parasitic stresses, if the element formulation cannot
represent a specific deformation mode and the predicted behavior is
too stiff [23, pp. 584-598]. The relevant phenomena during forming
of initially flat textiles are membrane, (transverse) shear and Poisson
locking [29-31].

Different methods to prevent locking are described in literature.
First, increasing the polynomial order of the shape functions alleviates
locking by increasing the capabilities of the element to comply with de-
formation modes [31, p. 258]. However, this significantly increases the
numerical effort and is rarely applied for explicit integration schemes
commonly utilized for forming simulations. Second, selected reduced in-
tegration schemes (SRI) can be used to strategically position integration
points at locations with zero parasitic stresses for a particular compo-
nent [32]. SRI is computationally very efficient, but requires specific
stabilization procedures to prevent hourglassing. Third, the assumed
natural strain method (ANS) can help reduce locking by separating the
strain tensor into locking and locking-free parts [33]. A re-interpolation
of specific strain components is applied based on collocation points
at known zero points of the specific parasitic stresses. Fourth, the
enhanced assumed strain (EAS) method or alternatively incompatible
mode elements, introduces additional internal strain degrees of freedom
(DOF) q, to capture more deformation modes [34].

Solid-shells. Solid-shell elements are 3D elements with a predefined
thickness direction that combine the above outlined methods to prevent
locking, especially in thin structures under bending. Unlike classical
shell elements, they use general 3D material models, have only transla-
tional DOFs, and facilitate contact modeling without extra kinematic
assumptions. Various formulations of solid-shell elements have been
proposed in literature, which are compared to each other in different
studies [35-38], with only a small overview in the following. The
main distinguishing features are the integration scheme, the number
of collocation points for the ANS and the number of EAS-DOF.

Hauptmann and co-authors introduced the first fully integrated
solid-shell formulations for implicit [39-41] and later explicit [42,
43] time integration schemes in structural applications. Similar solid-
shell elements were developed by Vu-Quoc and Tan for simulations
of multilayered composites [44-46]. Reduced-integrated formulations
are numerically more efficient and inherently less prone to locking
due to the location of integration points, but require material-specific
hourglass stabilization. Reese et al. [47,48] proposed the first solid-
shell with a single integration point and three EAS-DOF. This concept
was extended by Sousa et al. [49,50] to SRI with a variable number
of integration points in thickness direction and applied to sheet metal
forming simulations [51,52].

Schwarze and Reese [36,37] proposed a solid-shell element denoted
as Q1STs with SRI, four-point ANS and a single EAS-DOF, which
was later extended to an explicit formulation by Pagani et al. [53].
They directly compared their element’s performance to previous ap-
proaches [44,49,52] and found an increased performance in particular
for very high slenderness. The Q1STs element showed promising results
for structural simulations of fiber-reinforced composites [54,55], deep
drawing of sheet metals [53,56] as well as packaging simulation of
anisotropic cardboard [57].

Alternative solid-shell formulations introduce additional nodes with
global DOFs instead of EAS-DOF to improve the modeling of pinching
stresses and Neumann boundary conditions. For instance, Dia et al. [58]
proposed a nine-node hexahedral solid-shell formulation with an ad-
ditional translational DOF in the center. The formulation produced
promising results in standard shell element tests and when applied
to the forming of an isotropic material with hardening. However, the
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implementation of additional global DOFs requires specific solvers, and
these formulations have not been applied to the forming of anisotropic
materials or enhanced by membrane-bending decoupling.

3D approaches for composite forming. Chen et al. [59,60] outlined an 8-
node solid-shell concept for thermoforming of a thermoplastic woven
with decoupled contributions for membrane, bending and compression.
Plausible results are obtained for the shear angle distribution and inter-
ply slippage for closed tools. However, no methods to prevent locking
or validations of the out-of plane deformation are presented.

Xiong et al. [61,62] proposed a 6-node and a 7-node prismatic ele-
ment to investigate consolidation of thermoplastic tapes after forming.
The 6-node formulation combines a constant strain triangle formula-
tion for the membrane part with a Kirchhoff plate theory with zero
transverse shear strains for the bending part. The 7-node formulation
introduces an additional node in the element center with a single
global DOF to enable the use of a fully 3D constitutive law and
improve pinching stress prediction. Both formulations perform well in
different classical tests for shell elements with isotropic material be-
havior [61]. In addition, plausible thermoforming results are achieved
with the 7-node element for again closed tools and subsequent con-
solidation [61,62]. However, it requires a global DOF compared to an
internal EAS-DOF, which limits the implementation to specific solvers.

Poppe et al. [5,63] superimposed a built-in prismatic continuum
shell (SC6R) for the textile deformation with a user-defined element
VueL in Asaqus/ExrriciT for fluid propagation to model fluid—structure
interaction during wet compression molding. The built-in continuum
shell cannot model a membrane-bending decoupling. Thus, the low
bending stiffness of the textile is modeled by reducing the transverse
shear stiffness instead of a decoupling. This enables an acceptable
approximation for the out-of plane behavior, but limits the approach
to an isotropic bending behavior with a constant bending stiffness. In
addition, the continuum shell can only model a constant compaction
stiffness. Thus, the non-linear compaction behavior of the textile is
modeled in the superimposed fluid VueL instead. Poppe et al. [5,63]
achieved a good prediction of the textile and fluid behavior during
the forming process by the superimposed approach, but due to the
limitations of the built-in continuum shell, it cannot be extended to
more complex material behavior.

Scope of this work. Solid-shell elements are a promising option for
modeling forming and simultaneous compaction, but a locking-free
formulation without limitations on the material model and with a
membrane-bending decoupling for composite forming has not yet been
presented. In this work, a solid-shell element for textile forming with
an intrinsic membrane-bending decoupling within a single element
and verified locking-free bending behavior is proposed. It is an 8-
node hexahedral solid-shell element with only translational degrees of
freedom, based on the Q1STs formulation proposed by Schwarze and
Reese [36,37]. The element is implemented as a user-defined element
VueL in the commercial solver Asaqus/Expricit. This work builds on
preliminary investigations performed for generic isotropic [64] and
highly anisotropic [65] materials. The commercially available solid
elements in Abaqus/Explicit exhibited locking effects for pronounced
anisotropy, rendering them ill-suited for application in textile forming
processes. In comparison, the locking-free bending behavior of the
proposed solid-shell in forming simulations is verified by comparison to
various shell and solid elements [64,65]. In this work, an approach for
the membrane-bending decoupling in combination with an hourglass
stabilization is proposed, based on a Taylor approximation of the
Green-Lagrange strain around the out-of-plane direction. The goal is
to represent each textile layer with a single element layer to limit
the computational effort and ensure direct transferability of methods
developed for 2D approaches. The solid-shell is applied to macroscopic
forming simulations of a symmetrical 0°/90° bidirectional non-crimp
fabric and validated with experimental forming tests.
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Fig. 1. Isoparametric solid-shell element | (a) Conventions for the element nodes 1-8
and integration points (IP), (b) Collocation points for the ANS method [64].

2. Solid-shell formulation
2.1. Fundamental element formulation

The solid-shell formulation is based on the Q1STs element proposed
by Schwarze and Reese [36,37] with the adaptations form Pagani
et al. [53] for explicit time integration. A comprehensive overview
of the formulation can be found in the original work. The following
section delineates the key aspects that are pertinent to the adaptations
to textile forming.

The solid-shell is derived from an isoparametric 8-node hexahe-
dral brick-element with trilinear shape functions [23, pp. 188-190].
It applies the two-field form of the Hu-Washizu variational principle
proposed by Simo and Rifai [34]

6g1(u,a) = / S(E):6E.dV + / pit - sudV — 6g' =0 (€))
Vo Vo

in combination with the orthogonality condition

5, (u, ) = / S(E): 6E.,dV =0, )
)

where p is the material density, V' is the volume, §g**' is the virtual
work of external loads and S(E) is the second Piola—Kirchhoff stress
depending on the total Green-Lagrange strain. The strain is additively
split according to the EAS method [34]

E=E (u)+ E.(a,) 3

into a compatible part E, depending solely on the displacements u, and
an enhanced part E, depending for the chosen element formulation
on a single additional enhanced DOF «,. The material coordinates X
and displacement u in isoparametric coordinates & (&, = ¢, & = n and
& = {) are calculated from

8 8
X(Af) = 2 ]\jIA";Ude and u(g) — Z NIurImde (4)
I=1 =
with N, = %(1+’g’,§)(1+n1;1)(1+§1§)’ )

where index I refers to the nodes, shown in Fig. 1a.

A selective reduced integration scheme (SRI) is applied with full inte-
gration along the thickness direction and variable number of integra-
tion points along £*={0,0,¢ 17, cf. Fig. 1a. Reduced in-plane integration
prevents in-plane shear locking. Pagani et al. [53] demonstrated the ef-
ficiency and suitability of this approach to describe nonlinear behavior
in the thickness direction for explicit simulations.

The assumed natural strain method (ANS) is applied to the compatible
strain in the isoparametric domain E.. It is based on four collocation
points P, to prevent locking and increase stability in the reduced
integrated element compared to two-point ANS [52]. The locations
of the collocation points are shown in Fig. 1b. ANS is applied to the
transverse normal component E .. based on Betsch and Stein [66]
to prevent curvature-thickness locking (P, € {A,B,C,D}). ANS is
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applied to the transverse shear components E_, (P, € {E,F,G,H}) and
E ;s (ng € {J,K,L,M}) based on Bathe and Dvorkin [33] to prevent
transverse shear locking. This results in

D

Een= 3 20 +Ep, O +np Eeg (0, ). ©
({5
H

ENS@EO = ¥ 30+&, 00 +8n, OF (0, ). @

Py=E

M
Eao= ¥ 20+ np 0+ Ep, OF e (80, ). ©)
The enhanfed assumed strain method (EAS) is applied to prevent
volumetric locking. Because ANS results in a constant transverse normal
component Ef;}zs, the enhanced strain tensor E, is constructed to
introduce a linear component in the isoparametric domain (s) with a
single enhanced DOF «,. In Voigt matrix notation () this results in

E, = B.a, with B,2[0,0,¢,0,0,0]". ©)

The main advantage of this simple EAS formulation as demonstrated
by Pagani et al. [53], is the estimation of «, within a single iteration
of an explicit dynamic integration scheme, due to the small time step
size.

For hourglass stabilization, a Taylor expansion of the compatible strain
around the element center £ = 0 is carried out

o -0 Ve 2 8¢ 2 & 2~ ~ & ~né 2 8¢
E ~nE +CE, + B +¢E +nE! + eqE]" + n¢ B + &CE; (10)

EY o

to separate a part E: related to the full integration in thickness direc-
. . OE

tion and a part E:g unaffected by the SRI. Thereby, Ei’ = <

O |,
are constant matrices, detailed in [37]. The strain part E:g is essential
for an hourglass stabilization to achieve a full rank of the element
stiffness matrix despite the reduced in-plane integration. A similar
Taylor expansion of the stress around the normal through the center
£* is carried out

C*
—
o e o8(E SR R R
SzS(E*>+ G (:E;+nEZ+§cEf§+n¢Ef) an
OF ;e
5 RS
S

to separate a part related to the full integration in thickness direction
8" and hourglass stabilization 8", The material stiffness tangent C*
can be material- and deformation-dependent in thickness direction.
To enable an efficient analytical integration of the hourglassing terms
while maintaining full rank, it is approximated by a constant material
tangent Ch¢ [37]. The Taylor expansion of the strain and stress are
necessary for the hourglass stabilization due to the SRI and enable later
adaptations for engineering textiles, cf. Section 2.2.

Finally, the discretization and integration of Eqgs. (1) and (2) is carried
out on element level. The element volume is approximated with the
Jacobian at the center by

dVe = det J|,_p0 d2° = JOdednde . 12)

In combination with Egs. (9)-(11), the discretized weak element for-
mulation of Egs. (1) and (2) results in

G, =R’ +R}*+ Mi—-G, =0 and (13)
1

G,=R* = 4J°/ Bl -8"dc=o, a4
-1

where M is the element mass matrix and G, the external element force
vector. The internal forces related to the out-of-plane integration R}
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and hourglass-stabilized volume integration Rﬁg are derived as

R::/ BT .8 J0%a0¢
Qe

1
N A N T A
=410/ (BL+¢BS +2B5) - 874, 15)
-1

R = / B.he’ . She y0qge
Qe

T (Che: B S+ BT (G ECV))

+ 50 (BT (€ B) 4+ BET L (C BK)) (16)

Thereby, B‘i') are constant operator matrices representing the relation

between the respective virtual compatible strains 5]@7? and displace-
ments according to 61:32') = ES) - 6u, detailed in [37]. The discretized
weak form of the orthogonality condition G, in Eq. (14) is used to
iteratively update the EAS-DOF «, based on static condensation at the
element level as proposed by Simo et al. [67]. An explicit estimate of
Aa, is calculated by linearization with respect to a,

1
Ao, = —S;IR* with S, = 41"/ BT (e B )ac. a7

-1

An accurate approximation is achieved with a single iteration in explicit
time integration due to the small time step size, as demonstrated by
Pagani et al. [53].

2.2. Modification for forming of engineering textiles

The locking-free behavior of the Q1STs solid-shell element, outlined
Section 2.1, has been shown by Schwarze and Reese for small [36] and
large [37] deformations in several well-known benchmarks [68]. It was
also applied to structural simulations of consolidated fiber-reinforced
composites [54,55], deep drawing of sheet metals [53,56] and pack-
aging simulation of cardboard [57]. In our previous investigations, it
outperformed conventional shell and solid elements available in Asaqus
for forming generic isotropic [64] and highly anisotropic [65] mate-
rials by accurately predicting in-plane and out-of-plane deformation.
However, some modifications are necessary to adapt it for forming
simulations of engineering textiles.

First, the hourglass stabilization must be adapted for material
anisotropy. Therefore, a suitable approximation of the hourglass stift-
ness Che in Eq. (11) is needed. Schwarze and Reese [36,37] orig-
inally proposed a constant deviatoric matrix based on an effective
shear modulus to prevent volumetric locking, according to the B-Bar
method developed by Hughes [32]. However, this approximation has
isotropic properties and underestimates the hourglass stresses for highly
anisotropic materials, resulting in instabilities. An alternative hourglass
stiffness based on the material tangent evaluated in the element center
is proposed [65]

08B
oE §=§o’

Che (18)

which accounts for material anisotropy, while still allowing for an ana-
lytical integration in Eq. (16). This approach is limited to compressible
materials as it does not conform with the B-bar method. However, the
influence of potential volumetric locking is estimated to be negligible
for the assumption of compressible engineering textiles in this work.

Second, a membrane-bending decoupling is a necessary requirement
for textile forming. This can be accomplished intrinsically for individ-
ual elements with a specific out-of-plane integration scheme [13,69],
variable stiffness over the thickness [16,17] or generalized continua
approaches [21,22]. Based on these ideas and in combination with
the Taylor approximation of the strains in Eq. (10), and a St. Venant-
Kirchhoff material [23], the following split is introduced to the stress
during the integration in Eq. (15)

§ =848 = O (B + B+ € (CED+CET). 19)
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a) front

weft

warp b) back

AYAY

Fig. 2. Bidirectional non-crimp fabric MD600 from the (a) front and (b) back.

The material part S‘M, comprising the in-plane membrane and the out-
of-plane compaction behavior, is related to the constant compatible
strain in the element center ES and the enhanced strains E, by a
material stiffness CM. The bending part 3" is related to the out-of-plane
compatible strains Eg and Egé by a bending stiffness CB.

A major advantage of these modifications to the solid-shell formula-
tion is that there are no restrictions on the three-dimensional stiffnesses
€® and that more complex formulations for 8™ can be introduced
based on the same split. The modified solid-shell is implemented as a
VueL user-defined element formulation in Asaqus/ExpLicit. A flowchart
of the implementation concept is shown in Fig. A.9 with more details
in [70].

3. Material model for textile forming
3.1. Investigated material

In this work, a nearly balanced bidirectional non-crimp fabric (NCF)
without binder is applied to demonstrate the capabilities of the solid-
shell formulation for textile forming. The fabric called MD600 is man-
ufactured by Zoltek™ with an initial thickness of 7, =1.004 mm and
consists of two layers of carbon fibers, each weighing approximately
300gm=2. They are sewn together in a 0°/90° orientation in a tricot
stitching pattern, cf. Fig. 2.

3.2. Material behavior - Membrane and compaction

The material stiffness tensor in Voigt notation is diagonal because
Poission effects are neglected, as commonly assumed for textiles [1,2]

cM 0o o0 0 0 0
0O 0 0 0

@)
<
1>

0
0o cM o 0 20
0

oS o o
=]
=]
£

M
0 0 0 (&

The warp and weft stiffnesses are assumed as sufficiently high constant
values (CINII = C% = 1000 MPa) instead of a numerically complex
inextensibility condition. This common assumption [13,19] effectively
limits roving deformation during forming by preventing significant ten-
sile strain. The transverse shear stiffnesses are assumed as sufficiently
low constant values (C% = C%[ = 0.1 MPa) to prevent residual influences
on the bending behavior. Parameter sensitivity studies have shown this
holds true as long as the order of magnitude is equal to or smaller than
the order of magnitude used for bending stiffness, cf. Section 3.3.

3.2.1. In-plane membrane behavior - Shear

The main deformation mode of the in-plane membrane behavior of
the bidirectional NCF is assumed to be pure-shear. The validity of this
assumption was demonstrated for the investigated bidirectional NCF in
a previous study [71]. A fourth-order polynomial function is used to
describe the shear stiffness of bidirectional fabrics [5,11,13]

4 ;
Ci\g (Eg,lz) = Z:,) Si (Eﬁlz)’ . 21
i=
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Fig. 3. (a) Theoretical deformation of the bias extension test (adapted from [72]); (b)
Numerical mesh for the 2D and 3D approach; (c) Comparison of the experimentally
measured and predicted shear angles at a displacement of 60 mm.
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Bias extension tests (BET) with an initial length /;, =320mm, width
wy =160mm and fiber orientation ©, =45° are conducted with a
displacement u = 60 mm to parameterize the shear behavior, cf. Fig.
3a. The experimental results are detailed in [72].

The shear angle y in the specimen was measured via digital image
correlation (DIC), cf. Fig. 3¢, and averaged in the center. The second
Piola Kirchhoff shear stress .S, is incrementally calculated from the
machine force f based on the energetic approach proposed by Boisse

et al. [73]
(lg — wy) (cos (%) —sin (%)) cos (%)
- 2cos(y) Siz

S = 1) (Z) e

wéto cos(y) 2

The resulting experimental shear stress is shown in Fig. 4a. The shear
stiffness Cfg is fitted to the experimental shear stress with a Nelder—
Mead algorithm to determine a ‘best-fit’ parameter set, cf. Fig. 4a.
For this purpose, the pure-shear assumption is applied with E, =
1/2cos(z/2—7). The identified shear parameters for Eq. (21) are listed in
Table B.1.

BET simulation and comparison to 2D approach. The solid-shell element
is applied to simulations of the BET to verify the modeling approach.
In addition, a conventional 2D element approach with an existing
hyperelastic model for NCF [71,74] is used for comparison. The 2D
approach is implemented by means of a user-defined material behavior
(Vumar) and applied to triangular membrane elements (M3D3). The
same shear stiffness, cf. Eq. (21), with the same material parameters
is used to define the pure shear-based energy potential. To ensure
pure shear during the BET simulations, it is essential to avoid intra-
ply tensile locking resulting from numerical tensile strains in the fiber
directions of composite reinforcements. Thus, for both approaches, cf.
Fig. 3b, the element edges are initially aligned in fiber direction, as
recommended by Thije and Akkermann [75]. Alternatively, future work
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could modify the hourglass stabilization method to enable unaligned
meshes and prevent potential locking in cases of high in-plane tension,
as demonstrated by Hamila and Boisse [76,77].

The resulting shear angle distributions are shown in Fig. 3c. The
averaged shear angle in the center and resulting forces are shown
in Fig. 4b and c. For both modeling approaches, the predicted shear
angle initially aligns with the pure-shear assumption for displacements
u <30 mm. For larger displacements, the experimentally measured shear
angle in the center is smaller due to relative roving slippage [72],
leading to slight deviations in the predicted forces and shear strains.
Overall, the results for the 3D solid-shell element and 2D approach are
in good agreement with direct transferability of the material parame-
ters. Both approaches provide a decent approximation of the membrane
behavior of the investigated bidirectional NCF.

3.2.2. Out-of-plane compaction behavior

The main deformation mode of the out-of-plane material behavior is
assumed to be compaction. An exponential function is used to describe
the compaction stiffness

C%[ <E333) = coecl (EB“) 2. 23)

Plate-to-plate compaction tests on a single bidirectional NCF layer are
conducted to parameterize the solid-shell. The experimental results
are detailed in [70,78] and can be analytically described with a two-
parameter power model for a pressure-dependent fiber volume content
@ as initially proposed by Robitaille and Gauvin [79]:

D(p)=A-pf with p, = @4)

)4
TkPa’
where A and B can be referred to as the initial fiber volume content at
the unit compaction pressure and the growth parameter, respectively.
The compaction pressure over layer thickness results are shown in Fig.
5. Good agreement between the experimental results and prediction
of the solid-shell are achieved. The compaction parameters of the
experiment and the simulation model are listed in Table B.2.

3.3. Bending behavior

The bending stiffness tensor in Voigt notation is again diagonal

cﬁ 0 0 0 0 0
0 c,fz 0 0 0 0
. 0 0 CB o 0 0
B~ 33
¢ 0 0 0 CFZ 0 0 25
0 0 0 0 cg 0
0 0 0 0 0 CB

13

The bending stiffness components of the bidirectional NCF is assumed
to be constant, which is a common approximation for engineering
textiles [3,11]. The bending compaction stiffness, related to changes in
strain over the thickness, is assumed as sufficiently low (Cf3 = 0.1 MPa)
to model compaction completely via the material compaction behavior.
The bending transverse shear stiffnesses are also assumed as sufficiently
low (C2, = CE = 0.1MPa) due to their negligible influence for thin
structures, as shown in parameter sensitivity studies [80]. The remain-
ing bending stiffnesses in warp and weft direction (CFl and sz) as well
as shear (Cﬁ) are determined experimentally with cantilever bending
tests. The experimental results are detailed in [70]. The numerical
bending stiffnesses are inversely identified by modeling the respective
tests in combination with a gradient based Nelder-Mead algorithm.
The overhang length l;’;ﬁ , of the fabric in the individual configurations
is chosen as the optimization goal, cf. Fig. 6. First, Cﬁ and sz are
determined to match the cantilever tests with initial fiber orientations
of @, = 0° and 90°, respectively. Second, C % is determined to match the
O, = 45° cantilever test. The identified bending parameters are listed
in Table B.3.
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Fig. 4. (a) Parameterization of the shear stiffness based on the energetic approach by Boisse et al. [73]; (b) Overview of the shear angle in the center of the BET; (c) Resulting
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Fig. 5. Experimental and predicted compaction behavior.

Cantilever test simulation and comparison to 2D approach. In addition
to the experimental tests and the solid-shell approach, a conventional
2D element approach with an existing hypoelastic model [19,71,74] is
used for comparison. The 2D approach is implemented by means of a
Vucens subroutine for a user-defined shell section integration scheme
over the thickness 7, and applied to triangular shell elements (S3R).
The same bending stiffnesses with the same material parameters as for
the solid-shell can also be used for the 2D approach.

The resulting deflection curves during the cantilever tests are shown
in Fig. 6. For both modeling approaches, the predictions for ©, = 0°
and 90° nearly align, but slightly deviate from the experimental results.
This is because the assumed constant bending stiffness neglects the
decrease for large curvatures typically measured in textiles [17,70,81].
Differences in the 45°-cantilever tests are due to the different element
shapes of the 2D and 3D approaches, with the solid-shell slightly better
agreeing with the experimental results. Overall, the results for the 3D
solid-shell element and 2D approach are in good agreement with direct
transferability of the material parameters. Both approaches provide
a decent approximation of the bending behavior of the investigated
bidirectional NCF.

4. Validation of forming behavior
4.1. Setup of forming tests

The proposed 3D solid-shell element is applied to forming simu-
lations of a hemisphere geometry for validation. It is compared to
a conventional 2D approach based on superimposed triangular mem-
brane and shell elements, cf. Section 3.2.1 and Section 3.3, respectively.
A comparison with commercial 3D solid elements was not pursued
because these elements cannot model the forming behavior of thin
textiles due to numerical locking and a lack of a membrane-bending
decoupling [64,65]. Similarly, the continuum shell elements available
in Abaqus/Explicit were not used because they require a superim-
posed user element to model nonlinear compaction and cannot model
anisotropic decoupled bending behavior, as demonstrated by Poppe
et al. [5].

A single (0°/90°)-layer is formed with a depth of uP*"*" = 75 mm and
blank dimensions of 300 mm x 300 mm. The general contact algorithm
in ABaqQus/Expuicrt is applied to model friction between the tools and the
fabric. A friction coefficient of x4 = 0.157 was determined in sled pull-
over tests, which are detailed in [82]. For both modeling approaches,
initial element edge lengths of /, = 5mm and a thickness of 7, =
1.004 mm are applied, with the element edges initially aligned in fiber
direction to avoid intra-ply tensile locking [75,76], cf. Section 3.2.1.
The textile layer is modeled using 7200 superimposed membrane M3D3
and shell S3R triangular elements with a computation time of approx.
10 min, or 3600 solid-shell elements with a computation time of approx.
60 min, both on six cores of an AMD EPYC 7313P processor.

Two configurations are considered to validate the new solid-shell
approach, both based on a hemisphere punch and a matching hole plate
as lower tool. First, a setup with planar blank holder of 1.7 kg is applied
to prevent out-of-plane deformation outside the hemisphere’s center
and focus on the membrane behavior, cf. Fig. 7a. For this configuration,
experimental results are available in [83]. Transparent tools and a
pattern of white dots on the textile are applied to enable a measurement
of the shear angle in the closed configuration via a 2D-DIC [72,83].
Second, the same setup without the blank holder is applied to focus on
the bending behavior, cf. Fig. 8a.

4.2. Hemisphere forming with blank holder
The experimental and the predicted outer contour of the blank after

forming with a planar blank holder is shown in Fig. 7c. The outer
contour can be used to evaluate the overall deformation behavior based
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Fig. 6. Experimental and predicted deflections curves during the cantilever tests with initial orientations of @, = 0°, 45° and 90°.
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Thickness distribution after forming; (c) Outer contour after forming; (d) Shear angle distribution after forming.

on the material draw-in [15,74]. The 2D approach with superimposed
elements and the 3D solid-shell are in good quantitative agreement
with each other and the experiments. A strong material draw-in in the
principal fiber directions is observed. The material mainly deforms un-
der shear with negligible strains in both fiber directions. This indicates
an adequate modeling of the bidirectional NCF’s general deformation
behavior by the pure-shear assumption.

The experimental and predicted shear angle distribution after form-
ing is shown in Fig. 7d. The general location and shape of areas with
high shear angles are predicted well by the 2D and 3D approach. For
a more detailed comparison, the average shear angles 7|, in three
distinct local areas (A, B, C) are calculated. The 2D approach with

superimposed elements and the 3D solid-shell are in good quantitative
agreement with the experiments at 4y,, < 3°.

The final thickness of the blank can be evaluated for the solid-shell
element and is shown in Fig. 7b. A direct comparison with experi-
mental results is not possible due to the lack of an in-situ thickness
measurement capability and the absence of a binder for subsequent
measurement. The low weight of the blank holder does not lead to
a significant change in thickness in the flat areas. This is consistent
with the experimental thickness measurements during the plate-to-plate
compaction trials [70,78]. In the hemisphere center, the thickness also
does not change significantly, as no closed lower tool is used. The
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greatest change in thickness occurs in the area of the radius, where no-
ticeable thinning occurs, which qualitatively matches the experimental
results for a comparable bidirectional textile [84].

4.3. Hemisphere forming without blank holder

The global forming behavior of the 2D approach and 3D solid-shell
element during the hemisphere forming without a blank holder for
different relative punch displacements 4uP*"! is shown in Fig. 8c. Good
agreement between the two approaches is achieved for the predicted
locations of out-of-plane displacements with only minor deviations in
magnitude. This indicates a locking-free bending behavior and correct
description of the membrane-bending decoupling by the solid-shell ele-
ment. The predicted global forming behavior also qualitatively matches
with experimental results for a woven fabric [15,85] or bidirectional
NCF [17]. The predicted shear angle distribution of the 2D approach
and 3D solid-element are also in good agreement, cf. Fig. 8d.

The final thickness distribution for the solid-shell element is shown
in Fig. 8b. Compared to the setup with planar blank holder, cf. Fig.
7b, thinning no longer occurs along the entire radius. Instead, slight
thinning is concentrated in areas of out-of-plane deformation due to
the transverse pressure during wrinkle formation.

5. Conclusion and outlook

The consideration of compaction during forming is necessary to
predict the final thickness distribution in a formed component and con-
sequently the local permeability, necessary press forces as well as me-
chanical properties. This requires a three-dimensional material behav-
ior in an appropriate element formulation. A new 8-node hexahedral

solid-shell element for macroscopic forming simulation of engineering
textiles is proposed. The formulation is based solely on displacement
DOFs and combines a selective reduced integration scheme (SRI), the
assumed natural strain method (ANS) with four collocation points and
the enhanced assumed strain method (EAS) with one EAS-DOF to avoid
numerical locking. For application to textile forming, a new hourglass
stabilization method for highly anisotropic materials and a membrane-
bending decoupling based on a Taylor expansion of the strain in
thickness direction are introduced. The solid-shell is implemented as
a user-defined element VukL in the FE solver ABaQus/EXPLICIT.

The proposed solid-shell is parameterized for a bidirectional non-
crimp fabric based on bias extension, plate-to-plate compaction and
cantilever bending tests. Good agreement with the experimental results
is achieved. The in-plane shear and out-of plane bending behavior is
also comparable to the predictions of a conventional 2D approach with
superimposed membrane and shell elements for an extrinsic membrane-
bending decoupling. Finally, the solid-shell is applied to hemisphere
forming tests for validation. In the setup with a planar blank holder fo-
cussing on the membrane behavior, good agreement with experimental
results and predictions of the 2D approach are achieved for the outer
contour and shear angle distribution after forming. In the setup without
blank holder focussing on the bending behavior, good agreement with
the 2D approach is achieved for the global forming behavior and shear
angle distribution. Both tests demonstrate the locking-free behavior and
correct description of the membrane-bending decoupling by the solid-
shell element. In addition, the final thickness of the textile after forming
can be evaluated with qualitatively plausible predictions in comparison
to literature. However, quantitative validation of the thickness should
be a focus of future studies.
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Source: (adapted from [70]).

In conclusion, a new 3D solid-shell formulation for forming simula-
tion of engineering textiles is presented and validated with three main
advantages. First, it can model the forming behavior with an intrinsic
membrane-bending decoupling within a single element based on dis-
placement DOF. This enables an implementation in FE solvers without
specific requirements on external DOF. Second, it requires only a
single element over the thickness. This enables direct transferability of
material parameters and methods developed for 2D approaches. Third,
it can model forming processes as accurately as 2D approaches, but
with the additional prediction of the behavior in thickness direction.

The solid-shell element is developed without restrictions on the
applied material model and could be utilized in future investigations
for other engineering textiles or pre-infiltrated semi-finished products.
The utilization of a fully three-dimensional approach should enable a

better approximation of forming effects like the fiber volume content
and improve the prediction quality of subsequent process steps when
embedded in a CAE chain [86]. Especially for LCM processes such
as wet compression molding with strong fluid—structure interaction,
this formulation could be used for simultaneous modeling of forming
and infiltration. By combining it with the fluid propagation sub-model
of Poppe et al. [5], their models’ previous limitation of a lack of a
membrane-bending decoupling when using conventional 3D elements
could be overcome. In addition, the three-dimensional constitutive law
could be exploited to introduce relevant couplings for multi-axial stress
states, which cannot be modeled with 2D approaches. This would
enable the modeling of effects like a shear-compaction coupling, which
is observed in woven fabrics [87], or shear-induced thickening, which
is observed in NCFs and woven fabrics [88].
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Table B.1
Material parameters of the shear behavior.
So 5y Sy 53 Sy
MPa MPa MPa MPa MPa
0.1919 —-2.3637 14.7593 —40.7199 42.3208
Table B.2
Material parameters of the compaction behavior.
A B
experiment - —
0.2820 0.0926
€0 € )
simulation MPa - -
0.1563 60.4653 2.4528
Table B.3
Material parameters of the bending behavior.
i o7 o St o h
MPa MPa MPa MPa MPa MPa
38.0615 43.0668 0.1000 4.2123 0.1000 0.1000
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