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Abstract: In the textile composite drape process, the material bending behavior plays a critical role
in the onset and development of wrinkles. The bending moment is linked with the membrane force in
the classical shell element which leads to the insufficient for the textile composite draping simulation.
Specific to the textile composite, a hypoelastic approach is proposed within the stress resultant shell.
A bending stiffness independent of membrane stiffness is introduced to calculate the stress moments
in the finite element analysis. This approach is implemented in the commercial software Abaqus,
which makes it possible for any user of this software.

1. Introduction

Numerical simulation of the textile composites forming has become a hot topic in the past several
decades [1-3]. The textile composites are not continuous at the microscale and mesoscale, but it can
be seen as a continuous medium on average at the macroscopic scale in the simulation model [2, 4].
Modeling the textile composite at macroscale will decrease the number of the finite element, and the
wrinkles can be observed at the macroscale simulation model which is one of the main forming
defects [5-7].

For a single layer of textile composites, the dimension in the thickness direction is much smaller
than the other two directions, shell finite element modeling is much more efficient than 3D finite
element modeling. Some research works were devoted to shell formulation development. Based on
the quasi-inextensibility of fiber, Liang et al. and Renzi et al. [8, 9] developed a fibrous shell focusing
on the shear deformation in the thickness direction. The textile material behavior highly depends on
the yarn direction, Peng et al [10] developed a non-orthogonal constitutive model to update material
behavior law on the changing yarn directions. Khan et al. and Bo et al. [11, 12] implemented a
hypoelastic model using an objective derivative defined from the yarn rotation. The textile composite
bending stiffness is much smaller than the value given by the classical shell theory. To consider this
bending behavior independent of the membrane behavior, a hypoelastic model in the stress resultant
shell is introduced based on the fiber physics deformation mechanism in this article.

2. The Bending Behavior of the Textile Composite

The textile composite material is weaved by two initial perpendicular yarns (called warp and weft
yarns). Due to the possible relative slippage between warp and weft yarns, the material bending
stiffness is much lower than the bending stiffness calculated from the classical theory for a given
membrane stiffness.

The difference of the bending deformation between the textile composite and classical continuous
material is given in Fig. 1, Fig. 1a shows the three-point bending of a classical continuous material
(15mm thick silica gel), and Fig. 1b shows the three-point bending of the textile composite (15mm
thick interlock fabric [13]). In the bending deformation, the middle surface and the material director
which 1is initially perpendicular to the middle surface are both marked in the two materials. The
material directors remain perpendicular to the middle surface in the classical continuous material (Fig.
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la) which is following Kirchhoff’s theory. This is not the same as the bending of textile composite.
And it can be seen that the material directors do not keep perpendicular to the middle surface when
the material deformed, which is due to the material quasi-inextensibility in the yarn direction and the
slippage between yarns.

(@) ﬁ )

Fig. 1. (a) Bending of a classical continous material (b) Bending of a fibous material

For the classical continuous material following Kirchhoff's assumption, the bending stiffness can
be directly obtained as followed:
ER’
B classic 2 (1)
12(1-v7)

Here E is the Young's modulus, / is the material thickness and v is the material Poisson ratio.
According to the bending experiment comparison shown in Fig. 1, it can be known that Eq. 1 cannot

be used to calculate the bending stiffness of textile material. The bending behavior of the textile
material is independent of the membrane behavior.

(©)
(b)
Fig. 2. Schematic diagram to test the bending stiffness (a) Pierce bending test (b) Three point bending test
(c) Kawabata bending test (KES-FB2)

In order to research the bending behavior of the textile material, several methods have been
proposed in the literature to measure the bending stiffness (shown in Fig. 2). Fig. 2a is the Pierce
bending test [14], this test is based on the cantilever bending of a specimen subjected to its own
gravity. An inclined plane at 41.5° is placed in the experiment. The material bending stiffness is
assumed as linear. When the bending of the tested material reaches the inclined plane, the material
bending stiffness can be obtained by measuring the bending length [15]. Fig. 2b is the three-point
bending test [16], this test can be used to test thick enough textile composites or the material with
small thickness. The curvature of the material is obtained by the image processing, and the moment
applied to the specimen is recorded by the load sensor. Then the relationship of bending moment with
curvature can be determined by post-processing. Fig. 2c is the Kawabata bending test (KES-FB2)
[17], the specimen is bent into a constant curvature by the rotation of one clamp, and the bending
moment is obtained directly by the device. This approach can be used to research the relationship of
the bending rate with the bending stiffness [18, 19].
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The bending stiffness is rather low compared with the material membrane behavior. However,
some previous research had found that bending stiffness play an important role in the onset and
development of the possible wrinkles when the material deformed into the desired geometry [7, 15,
20-22]. In order to correctly predict the material deformation in the draping simulations, several
simulation models have been proposed considering the independent bending behavior. The first
approach shown in Fig. 3a considers a single layer of textile composite as laminated shells with
different Young moduli and thickness, the membrane and bending behavior of a single-layer material
are obtained by designing the characteristics of the laminated shells [20]. Another method (shown in
Fig. 3b and c¢) is to model the bending behavior independent of the membrane behavior through the
superimposition of different finite elements. Fig. 3b combines the beam elements (to model bending
behavior) in the warp and weft yarn direction with membrane element (to model membrane behavior)
[23]. Fig. 3c is the superposition of membrane element and shell element. The membrane behavior is
simulated by the membrane element and the small bending stiffness is obtained by setting a relatively
small Young modulus in the shell element.

‘K/ -
j <X e

g\v, G‘\%y 4 &
] E. 2] t
i W\G?? E. O0-l, |d ‘ t, |h di3

% | E,, w2l L1 t )
t,- layer thickness 4 - :
h - fabric thickness
- integration point

—0|,| —_

~

o \membrane triangle

@ . N/

Fabric Unit Cell (UC)

(b)

Fig. 3. Different approaches to simulate the independent bending behavior. (a) Laminated approach [20].
(b)Modeling by beam and membrane element [23]. (¢) Superposition of a membrane and shell element [24].

These approaches presented in Fig. 3 give a solution to consider the independent bending
behavior in the simulation. They are effective in predicting the middle surface deformation of the
textile composite at the macroscale. However, these approaches are somewhat artificial and neglect
the physics mechanism of the fibrous material bending. To overcome this shortcoming, a hypoelastic
approach is presented and introduced below. The bending and membrane behavior are considered
independently within a stress resultant shell element. This approach can be implemented in the
commercial software Abaqus subroutine VUGENS which can be available by any user of Abaqus.

3. The Hypoelastic Approach in the Stress Resultant Shell

For any virtual displacement equal to zero on the imposed displacement boundary part, the virtual
work equation links internal virtual work oW, , external virtual work oW, and acceleration virtual

work oW :

6VVext - é‘I/Vint = 5VVacc (2)
In the stress resultant shell element, the internal virtual work can be calculated as:
W, = J.A (08N, +0€,, N, + 08, N, + 0y, M, + Sy, M, + Ox,,M |, )dA (3)



1226 Achievements and Trends in Material Forming

Here A is the shell middle surface, dei1, dexp are the virtual axial strains in the warp and weft
directions, o2 is the virtual in-plane shear strain, dy11, dy22, dy12 are the virtual curvatures in these

directions. N,,, N,,, N,, are the stress resultants and M,,,M,,, M , are the stress moments (or couples)

with the expression:

0
= [3z0,5dz (4)

2

h
=2

Ny =[30,4d M,
2

In this article, the Greek indices «, will belong to the set (1,2). The stress resultants and
moments in a unit woven element is presented in Fig. 4. (M2 is neglected which assumes that the
bending stiffness of the textile composite is given by the two yarns. In the other aspects, this is aso
because of the difficulty in the measuring the cross bending stiffness.)

N, N M,

_/ — =
Y AN 4

(2) (b) (©)

Fig. 4. The stress resultants and moment in a unit woven element. (a) Tensile (b) In plane shear (¢) Bending

According to Eq. 4, the stress moments M ,, are obtained through the intergration of the Cauchy

streess o over the thickness of the shell element. Thus for the conventional analyses in the shell

elelment, the bending behavior is coupled with the membrane behavior. According to the previous

discussion, this is not the case for the textile compsite material. In oder to simulate the independent
bending behavior in the stress resulant shell element, a hypoelastic behavior is adopted as below:

N'=C:¢ M'=D:y %)

Here, ¢and y are the time derivatives of the membrane strain &, and curvature tensors y,,,C

and D are the membrane and bending constitutive tensors, N¥ and M" are the objective derivatives
of the stress resultant N, and stress moment M . The objective derivative is the time derivative

for an observer fixed to the material. The aim is that no stress is created by the rigid body rotations.
Following the Eq. 5, the resultant stress N, will be related to the membrane strains €op > and the

resulant memonts M ,; will be related to the curvature y,,. The calculation of the stress resultant

and stress moment will be independent. Thus the bending behavior will be naturally independent of
the membrane behavior which is for the textile composite material.

For the rotational objective derivatives, the most classical rotation derivatives are those of
Jaumann [25] and of Green Naghdi [26]. In the textile composite, the material behavior highly depend
on the yarn direction. In the Abaqus/explicit subroutine, the Green Naghdi derivatives are adopted,
and the input and output quantities are expressed in the Green Naghdi frames (Obtained by polar
decomposition of deformation gradient tensor F). The approach presented below will introduce the
implantation of the textile composite constitutive equation in the Green Naghdi frame.

As shown in Fig. 5, the two yarn directions (f°,f;) usually don’t remain orthogonal when the

textiles deformed because of the shear deformation. They can be calculated by the deformation
gradient tensor F.

_Ff) F-e
S T

(6)
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Two independent orthogonal fiber frames are constructed: one basis directed by the warp fiber
direction g(g ,g,) with g = f and the other directed by the weft fiber direction h(h ,h,) with

h =f

ot
e
cy
2
‘ Initial configuration Deformed configuration
1
Fig. 5. The constructed fiber frames and the Green-Naghdi frames

For the time increment [ ¢ ,¢ | ], the components of the membrane deformation increment and the
curvature increment are given on the Green Naghdi basis:

de=dsj e, Qe, dy=dy; e, e, (7)

Through tensor transformation, the components of the membrane and curvature tensors on the
bases of g and h can be deduced from:

[d2], =[7.] ae[ 1] [de], =[7.] de][T]

[dx], =[] ax[1] [ax], =[7.] ax[7:]

Here, [T 0t] are the transform matrix between the Green Naghdi frame and the two fiber frames g,

(8)

h.

According to these obtained increments of membrane and curvatures tensors, the material
constitutive equation will be used here to calculate the components of the stress resultant and stress
moment on the bases of g and h.

[dN]g = [C]g [dg]g [dN]h - [C]h [dg]h

[dM]g = [D]g [dx]g [dM]h - [D]h [dx]h

Three material behaviors at the macroscale (tensile stiffness, in-plane shear stiffness and out-of-
plane bending stiffness) are considered here, which play a main role in the material deformation. Then
the Eq. 9 can be explicitly written as:

)
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dN,, C, 0 01]][deg, dN,, 0 0 0]][de,]
dN,, 0 0 0 de,, dN,, | =|0 C, 0 | |de&,
dN,, 0 0 C,| |de, dN,,|, [0 0 C,] |de,]|,
’ - (10)
dM,, D, 0 0 dy,, dM,, 0 0 0 dy,,
M,,| =| 0 0 O dy,, aM,, 0 D, O ||dyy
| dM, < 0 0 D, < dy < My, |, [0 0 Dy, [dy, ],

Here, C,,,C,, are the tensile stiffness in the warp and weft directions respectively, C,,1s the in-
plane shear stiffness, D,,, D,,are the out-of-plane bending stiffness in the warp and weft directions
and D,, itis the cross term of bending stiffness ( D,, is set as zero in the constitutive equations). These
stiftnesses are not necessarily constant, they can be linear or non-linear, especially C,, depends on

the in-plane shear which is experimental measured as non-linear for textile composites.
In the simulation step time [tn,tnﬂ], the stress resultants and stress moments are cumulated

following the Hughes and Winget scheme [27]:
n+l n+1/2 n+l n+l1/2
VT <IN, V] V] =V ), .
[ ]n+1 _ [M] [dM]n+1/2 [M]:Jrl :[ ] [dM]n+1/2
Then the stress resultants and stress moment on the Green Naghdi base e can be obtained by
adding those quantities in the basis g and h after transformation: (n+1 index is omitted, all the
quantities are at 7, )

[N, =[R]IN], (1] +[Z]IN [T

(12)
[M], =[r][M],[1] +[5][M], (L]

4. Bending Behavior Verification

The cantilever bending experiment and the corresponding simulation are conducted to verify the
presented approach. The material Hexcel G1151 (shown in Fig. 6) is chosen for the cantilever bending
experiment. In the experiment, a single layer of G1151 is bent under its gravity. This experiment is
an extension of the Pierce bending test (Fig. 2a) to test the material bending stiffness [28]. The
deformed midline of the specimen is obtained by the imaging process, and the bending moment at
different positions on the midline is determined by the weight of the specimen. Thus the bending
stiffness of the specimen can be obtained by taking derivate of the moment-curvature.

Fig. 6. Hexcel G1151 architecture

The bending stiffness along the warp and weft yarn of the Hexcel G1151 are all tested using this
method [29, 30], the bending section shapes given by the experiment are shown in Fig. 7a and c. The
tested bending stiffness along the two direction yarns are:

D,=105Nmm D, =43 Nmm (13)
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(c) (d)
Fig. 7. Cantilever test of G1151 interlock fabric. (a) Bending experiment alone warp yarn (b) Bending simulation
alone warp yarn (c) Bending experiment alone weft yarn (d) Bending simulation alone weft yarn

Then the bending simulation using the presented approach is conducted to make comparison with
the experiment. In the simulation, the tensile stiffness of the yarn in the two directions are set as

C,, =C,, =10000 N mm™" which can be seen as quasi-inextensibility in the yarn direction, and the

bending stiffness is from the bending experiment result (Eq. 13). The 3-node shell element is selected
for the numerical analysis. The simulations result of the bending section in the warp and weft yarns
directions are presented in Fig. 7b and d respectively. The bending sections shape are also extracted
to make the comparison (Fig. 8). It can be found that the bending results are in good agreement
between the experiment and simulation.
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Fig. 8. Simulation and experiment results of bending section shape.

5. Multi-Layers Hemisphere Forming

To study the capabilities of the presented approach in the textile composite forming, the forming
experiment and corresponding are done on a stack of several plies. In the simulation process, each
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ply of the textile composite is modeled independently (Shown in Fig. 9). The contact property is
applied between adjacent layers, with a Coulomb friction coefficient of 0.2.

e Y ol =
Fig. 9. Simulation modelling for the multi-layers forming

The material used in the experiment is the Hexcel G1151, the thickness of a single ply is 1.3 mm.
The tensile stiffness and bending stiffness are given in section 4. For the in-plane shear stiffness, it
can be determined by the bias-extension test or picture frame [31, 32]. The bias extension test of
G1151 is conducted and the in-plane shear stiffness is:

C,, =0.088—0.83]y|+2.92]y|" —4.01[y]" +2.03]y|' (v = 2¢,,) (14)

Here vy is the in-plane shear angle.

In the forming experiment, the blank holder and die module were made transparent to observe the
material deformation during the forming process. Two cameras were placed at the material top side
and bottom side respectively, through the reflection of the mirror, pictures were recorded with image
software. The forming geometry parameters are presented in Fig. 10. When preparing the material,
maker points are drawn on the surface, the marker-based tracking approach is adopted to get the
material deformation in the different locations. Four layers with quasi-isotropic layer-up are adopted
in the experiment and the material initial dimension is 300 mm x 300 mm. The final punch
displacement in the forming is 75 mm.

Q:] Top
, Camera
Units: mm 150

Punch T T T - %

A
\

4 Blank holder 45945
" P + o - o
1 — A Qusi-isotropic
layup fabric
A
- 160 . Die
\ R5
P 300 .
- = 0°/90°
l I
—_—
Mirror l DQ
Bottom
V4 Support Camera

L.

The final deformed material shapes are presented on the lefthand of Fig. 11, including the top
view and bottom view. The corresponding simulation results using the presented approach are given
in the righthand of Fig. 11. The shear angle at the different zone is compared between simulation and
experiment. The shear angle results of the experiment are obtained with the help of the marker points.

Fig. 10. The set-up of hemisphere forming
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As it can be seen in Fig. 11, the final deformed shape and the shear angle in the different zone are in
good agreement between simulation and experiment.

Simulation results Experimentresults

Simulation results Experiment results

Fig. 11. Comparision of the simulation results with experiment

6. Conclusion

The textile composites are composed of thousands of fibers in small diameters, which gives very
specific mechanical properties. The material bending stiffness is smaller than the value given by the
classical shell theory based on the Kirchhoff assumption. In the conventional analyses in the shell
element, the bending moment is calculated through the integration of the Cauchy stress, which leads
to the coupling between the shell bending behavior and the membrane behavior. In order to conduct
the textile composite forming simulation considering the independent bending behavior, a hypoelastic
approach is proposed within the stress resultant shell element. The stress resultant is related to the
membrane strain, and the stress moment is related to the bending curvature through the bending
behavior independent of the membrane behavior. Through a set of comparisons between experiment
and simulation, it is found that the presented approach is accurate and robust. The approach is
implemented in the commercial software Abaqus, which makes it possible to conduct the textile
composite forming for any user of Abaqus.
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