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Université de Lyon, LaMCoS, CNRS, INSA-Lyon F-69621, France   

A R T I C L E  I N F O   

Keywords: 
A. Fabrics/textiles 
C. Process simulation 
C. Finite element analysis (FEA) 
E. Forming 
Stress resultant shells 

A B S T R A C T   

A stress resultant shell approach is proposed to simulate the draping of textile composite reinforcements with 
continuous fibers. This approach naturally makes it possible to take into account the specificity of the defor-
mation of the fibrous reinforcements by considering independent bending and tension stiffness whereas they are 
linked in standard shell elements. The stress resultants and stress moments are related to membrane strains and 
curvatures by rate constitutive equations (hypoelastic laws). The experimental tests required to identify the 
material properties necessary for these constitutive laws in stress resultants are presented. This approach is 
implemented in the ABAQUS finite element code and can be used by all users of this software. A set of forming 
tests showed the effectiveness of the approach through comparisons between simulation and experimental 
results.   

1. Introduction 

Continuous fiber-reinforced composites are used in the aeronautical 
industry to reduce weight thus contributing to obtaining a lower fuel 
consumption and satisfying high performance standards. They also 
represent an opportunity in the automotive industry to achieve, through 
weight reduction, the objectives of new norms in terms of CO2 emis-
sions. One of the main advantages of using composite materials is that 
their mechanical properties can be tailored to meet the design re-
quirements of specific applications. However, this advantage comes 
with a significant manufacturing challenge: there are many 
manufacturing processes for composites that are often complex. Process 
simulation is a way to avoid costly trial-and-error development. 

The present article concerns how to simulate the forming of 
continuous fiber composite reinforcements and prepregs (a process often 
called draping). In Liquid Composite Molding (LCM) processes [1–3], a 
resin is injected onto the dry reinforcement after it has been formed. In 
the case of prepregs, the resin is present in the reinforcement during 
thermoforming but is not cured [4–7]. The presence of the uncured 
matrix modifies the behavior, but the deformation is mainly controlled 
by the fibers. The fibrous reinforcements or prepregs can be considered 
as a continuous medium but with a very specific behavior given the 
fibrous composition. The continuous medium hypothesis has been 
validated for numerous cases [8,9], whereas other approaches have 

been developed that model each fiber of the reinforcement [10–14]. 
Using the latter to simulate the draping of textile reinforcements is 
difficult given the very large number of fibers in a composite preform. 

The forming of textile reinforcements is challenging. Non- 
developable geometries are achieved through shear angles that can be 
large (up to 60◦). The fibers are quasi-inextensible. Defects can occur 
during forming, in particular wrinkling [15–18]. Simulations must 
determine the deformations and stresses during and after the process, 
the possible occurrence and development of defects, and the direction 
and density of fibers in the final part. 

The fibrous reinforcements generally have one dimension that is 
small compared with the other two. This dimension is the thickness 
which can be very small (thin reinforcements) or more significant (thick 
reinforcements) but it remains much smaller than the warp and weft 
dimensions. Consequently, the simulation of fibrous reinforcement 
forming is generally based on shell modeling. However, standard shell 
models and shell elements built in finite element software cannot be 
used to simulate the deformation of textiles. The possible slippage be-
tween the fibers leads to specific deformation modes that are presented 
in Section 2. Classical shell theories (in particular Kirchhoff and Mindlin 
models) are not relevant. In these classical approaches, the bending 
stiffness is a function of the membrane stiffness and the thickness which 
leads to a much too high bending stiffness for fibrous shells. 

In order to simulate the deformation of textile shells with a bending 
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stiffness corresponding to the effective stiffness of the fabric, different 
strategies have been proposed. Section 2 presents these approaches 
which are often somewhat artificial. The objective of this paper is to 
propose a stress resultant shell approach associated with a hypoelastic 
behavior for the simulation of the deformation of fibrous reinforcements 
(Sections 3 and 4). The stress resultant approach is one of the main 
frameworks in shell and shell finite element formulations [19–21]. It is 
well suited to take into account the specific bending of textile re-
inforcements. In the present paper, the shell stress resultant approach 
was implemented in a user subroutine (Vugens) of the commercial finite 
element software ABAQUS. It can be used by all users of this code and 
can also be integrated in other finite element codes. 

The experimental tests required to determine the mechanical 
behavior in terms of stress resultants versus strain are described in 
Section 5. It is important to have a good understanding of the necessary 
mechanical tests and their connection with the simulation method in 
order to envisage the industrial use of such an approach. Section 6 ex-
hibits the validation of the presented approach in cases of combinations 
of elementary loadings and Section 7 presents a set of forming processes 
for which the simulations based on the proposed technique were 
compared with experimental forming. The method was found to be 
robust and efficient. 

2. The specificities of shell approaches for the deformation of 
composite textile reinforcements 

When the structures studied are thin, shell finite element modeling is 
much more efficient than 3D finite element modeling. In particular, the 
majority of sheet metal forming simulations are based on shell finite 
elements [22,23]. When it comes to composite materials, forming is 
carried out on dry fabrics (without resin) in the case of LCM processes or 
prepregs where the resin is uncured (in the case of thermoset prepregs) 
or above the melting temperature (in the case of thermoplastic pre-
pregs). In these different cases, slippage between the fibers may occur 
which strongly modifies the physics of the deformation and make the 
bending stiffness much lower than for conventional continuous mate-
rials. The weakness of the bending stiffness has in some studies led to the 
modeling of textile reinforcements forming by membrane approaches, i. 
e., neglecting the bending stiffness [24–30]. 

The bending stiffness, albeit low, will condition the onset and the 
development of possible wrinkles during a forming process [17,31–34]. 
Fig. 1a shows the deformation of a fibrous reinforcement in 3-point 
bending (here a 15-mm thick interlock woven fabric [35]) and Fig. 1b 
shows the deformation in 3-point bending of a classical continuous 
material (here a 15-mm thick silica gel). In the latter case the bending 
deformation follows Kirchhoff’s theory and the directions initially 
perpendicular to the mean plane remain perpendicular to the midsur-
face after deformation. This does not occur during bending deformation 

Fig. 1. (a) Bending of a fibrous material. (b) Bending of a classical continuous material. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 2. Different approaches to decouple bending and tension stiffness. (a) The textile reinforcement is considered as a laminate [31]. (b) Modeling by beam and 
membrane element [37]. (c) Superposition of a membrane and shell element [43]. 
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of a fibrous medium. In such a case, the fibers can slip and the material’s 
normal position is fixed by the inextensibility of the fibers and does not 
remain perpendicular to the surface (Fig. 1a). This results in a much 
lower bending stiffness of fibrous materials as opposed to continuous 

materials. 
For classical continuous materials following Kirchhoff’s law, the 

tensile stiffness and the thickness determine the bending stiffness. This is 
not the case for fibrous materials and shells, wherefore shell finite ele-
ments based on classical theories cannot be used. To overcome this 
difficulty and carry out draping simulations of textile reinforcements 
taking into account the bending rigidity, several methods have been 
proposed. A first approach involves considering the textile reinforce-
ment as a laminate composed of layers of materials with different Young 
moduli (Fig. 2a). It is possible to fix the characteristics of the different 
layers to achieve both the required membrane stiffness and bending 
stiffness [31,36]. 

Another method consists in associating finite beam elements in the 
direction of the warp and weft yarns (to model bending) and membrane 
elements (to model tension and in-plane shear) (Fig. 2b) [37–40]. The 

Fig. 3. Orthonormal frames in the fiber direction and the Green Naghdi frame. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Warp

Weft

5mm

   (a)

Warp

Weft

5mm

                                       (c)

(b)

Fig. 4. (a) Interlock G1151 fabric. (b) X-ray Tomography of G1511 fabric [66]. (c) Plain weave fabric.  

Table 1 
Geometric characteristics of the two types of fabric material.  

Material G1151 fabric Plain weave 

Manufacturer Hexcel Hexcel 
Fibers Carbon 6 K Glass EC9 68 
Areal density 630 g/m2 160 g/m2 

Single layer thickness 1.3 mm 0.14 mm 
Yarn density Warp: 7.5 yarns/cm Warp: 11.8 yarns/cm  

Weft: 7.4 yarns/cm Weft: 10.7 yarns/cm  

B. Chen et al.                                                                                                                                                                                                                                    



Composites Part A 149 (2021) 106558

4

superimposition of membrane and shell finite elements with only 
bending stiffness is also an option (Fig. 2c) [34,41–43]. In the latter 
approach, the material properties must be different in the membrane 

and shell elements. While they may be effective with respect to the 
deformation of the midsurface of the textile reinforcement, these 
methods are somewhat artificial and are not based on the physics of 
bending of fibrous materials. An alternative method is the stress resul-
tant shell approach, which is presented below. As you will see, we 
propose a stress resultant shell approach based on a hypoelastic 
constitutive equation developed within the commercial finite element 
software ABAQUS. 

3. Stress resultant shells 

Computational shell analyses are dominated by the so-called con-
tinuum-based shell approach which consists in imposing shell kinematic 
assumptions in a three-dimensional finite element [44–46]. Stress 
resultant shells constitute an alternative [19–21]. 

The virtual work equation links internal virtual work δWint, external 
virtual work δWext and acceleration virtual work δWacc: 

δWext − δWint = δWacc (1)  

for any virtual displacement equal to zero on the imposed displacement 
boundary part. In the case of a stress resultant shell, the internal virtual 
work takes the following form: 

Fig. 5. Schematic diagram of picture frame test. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Principal mechanical properties of the two fabric materials.  

Mechanical properties G1151 fabric Plain weave 

In plane shear (γ = 2ε12)

dN12 = C12dγ 
C12 = K0 + K1|γ| + K2|γ|2 +

K3 |γ|3 + K4|γ|4  

K0 = 0.088 N/mm
K1 = − 0.828 N/mm
K2 = 2.924 N/mm

K3 = − 4.008 N/mm
K4 = 2.031 N/mm  

K0 = 0.411 N/mm
K1 = − 1.110 N/mm
K2 = 5.566 N/mm

K3 = − 18.711 N/mm
K4 = 19.501 N/mm  

Out of plane bending 
dM11 = D11dχ11
dM22 = D22dχ22  

D11 = 7.45 N mm
D22 = 7.45 N mm  

D11 = 0.5 N mm
D22 = 0.5 N mm  

Tensile stiffness 
dN11 = C11dε11
dN22 = C22dε22  

C11 = 21500 N/mm
C22 = 21500 N/mm  

C11 = 1150 N/mm
C22 = 1150 N/mm  

Coulomb friction coefficient 
Ply to ply 
Ply to mold  

0.21 
0.23  

Fig. 6. Schematic diagram of bias extension test. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 7. Schematic diagram of bending test. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. Bending experiment test. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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δWint =

∫

A
δε11N11 + δε22N22 + δε12N12 + δχ11M11 + δχ22M22 + δχ12M12dA

(2) 

where A is the midsurface of the shell, δε11, δε22 are the virtual axial 
strains in the warp and weft directions,δε12 is the virtual in-plane shear 
strain, δχ11, δχ22, δχ12 are the virtual curvatures in these directions. N11,

N22,N12 are the stress resultants and M11,M22,M12 are the stress mo-
ments (or stress couples) with: 

Nαβ =

∫ h
2

− h
2

σαβdz Mαβ =

∫ h
2

− h
2

zσαβdz (3)  

Here, the indices α, β belong to the set (1, 2), σαβ are the components of 
the Cauchy stress. The stress resultants Nαβ are energy conjugates to the 
membrane strains εαβ and the stress moments Mαβ are energy conjugates 
to the curvatures χαβ. The constitutive laws considered in the presented 
approach are relations between resultant stresses Nαβ and membrane 
strains εαβ (membrane behavior) and between stress moments Mαβ and 
curvatures χαβ (bending behavior). Membrane and bending behaviors 
occur independently which is well adapted to the modeling of textile 
reinforcements. Moreover, membrane and bending stiffnesses can be 
determined experimentally and taken into account independently. 

In the present work, the behavior laws are rate constitutive equations 
(hypoelastic models). They relate the stress resultant rates to the 
membrane strain rates and the stress moment rates to the curvature 
rates. The simulations described in this paper are performed within the 
ABAQUS/explicit code and based on the Vugens user subroutine. In this 
subroutine, the stress resultants are calculated from membrane de-
formations and curvatures. 

A semi-discrete shell finite element approach that falls within the 
framework of stress resultant shells has been proposed in an in-house F. 
E. code [47]. This approach considers a finite element as a sum of 
mesoscopic woven unit cells. It is a rotation free approach; the curva-
tures are computed from the position of the neighboring elements. A 
viscoelastic simulation of the deformation of UD tapes has been per-
formed in ABAQUS [42] by superimposing built-in membrane finite 
elements and shell finite elements using a Ugens subroutine considering 
only the bending behavior. 

4. Rate constitutive equations 

Rate constitutive equations (or hypoelastic laws) are widely 
employed to simulate large deformations of solids [48–50] and in 
particular the large deformations of fibrous materials [51–55]. They are 
much utilized in finite element codes and in user subroutines. For large 
deformations of materials and in particular of composite textile re-
inforcements, hypoelastic laws are an alternative to the use of hypere-
lastic models [56–59]. In the case of stress resultant shells, the objective 
is to calculate the stress resultants at time tn+1 from their values at tn and 
the strain and curvature increments. Rate constitutive equations for 
stress resultants and stress moments (or stress couples) are considered: 

N∇ = C : ε̇ M∇ = D : χ̇ (4)  

Here, ε̇ and χ̇ are the time derivatives of the membrane strain and 
curvature tensors, C and D are the membrane and bending constitutive 
tensors, and N∇and M∇ are the objective derivatives of the stress 
resultant and stress moment. The objective derivative is the time de-
rivative for an observer fixed to the material. The aim is that no stress is 
created by the rigid rotations. There are several objective derivatives. In 
the case of the rotational objective derivatives, which are the most used 
thanks to their simplicity, the time derivative is made in a rotated frame. 
The most classical rotation derivatives are those of Jaumann (derivative 
in the co-rotational frame) [60] and of Green Naghdi (derivative in the 
basis rotated by the polar rotation) [61]. In the case of fibrous media, it 
has been shown that the appropriate rotation for the objective derivative 
is that of the fiber [62,63]. The approach presented below concerns a 
material with two directions of fibers as is the case for a majority of 
composite textile reinforcements and in particular the woven re-
inforcements considered in this paper. 

In the user subroutines of the ABAQUS/explicit code, the input and 
output quantities are expressed on the Green Naghdi basis (e1, e2) which 
is obtained during deformation by the polar rotation R, defined by the 
polar decomposition of the deformation gradient F = RU. 

e1 = R. e0
1 e2 = R. e0

2 (5) 

The initial orthogonal basis (e0
1, e0

2) coincides with the initial di-
rections of the warp and weft fibers (f0

1, f
0
2) (Fig. 3). Fiber directions are 

given by the deformation gradient during deformation. 

Fig. 9. Testing G1151 properties. (a) Bias extension test curve. (b) Cantilever bending curve. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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f1 =
F⋅f0

1⃦
⃦F⋅f0

1

⃦
⃦

f2 =
F⋅f0

2⃦
⃦F⋅f0

2

⃦
⃦

(6) 

Two orthonormal bases are defined from the direction of the fibers: 
one basis directed by the warp fiber direction g(g1, g2) with g1 ¼ f1 and 
the other directed by the weft fiber direction h(h1, h2) with h2 ¼ f2 
(Fig. 3). For the time increment [tn, tn+1], the components of the 
membrane deformation increment and the curvature increment are 
given on the Green Naghdi basis: 

dε = dεGN
αβ eα ⊗ eβ dχ = dχGN

αβ eα ⊗ eβ (7) 

The components of the two tensors on the bases g and h are deduced 
from: 

dεg
11 = g1⋅dε⋅g1 dεg

12 = g1⋅dε⋅g2

dχg
11 = g1⋅dχ⋅g1 dχg

12 = g1⋅dχ⋅g2

dεh
22 = h2⋅dε⋅h2 dεh

12 = h1⋅dε⋅h2

dχh
22 = h2⋅dχ⋅h2 dχh

12 = h1⋅dχ⋅h2

(8) 

These increments of membrane deformations and curvatures are 
used to calculate the components of stress resultant increments on the g 
and h bases. 

dNg
11 = C11dεg

11 dNg
12 = C12dεg

12 dMg
11 = D11dχg

11 dMg
12 = D12dχg

11

dNh
22 = C22dεh

22 dNh
12 = C12dεh

12 dMh
22 = D22dχh

22 dMh
12 = D12dχh

12
(9)  

Here, C11,C22 are the tensile stiffness in the warp and weft directions, 
C12 is the in-plane shear stiffness, D11,D22 are the bending stiffness in the 
warp and weft directions and D12 it is the cross term of bending stiffness. 
These stiffnesses are not necessarily constant: especially C12 depends on 
the in-plane shear. The stress resultants are cumulated over the time 

Fig. 10. Three elementary tests. (a) 45◦ simple shear test after a traction ratio 2.(b) Rigid body rotation test after a traction ratio 2. (c) pure bending test. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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increment [tn, tn+1] following the Hughes and Winget scheme [48,63]. 

(Ng
11)

n+1
= (Ng

11)
n
+ (dNg

11)
n+1/2

(Ng
12)

n+1
= (Ng

12)
n
+ (dNg

12)
n+1/2

(Mg
11)

n+1
= (Mg

11)
n
+ (dMg

11)
n+1/2

(Mg
12)

n+1
= (Mg

12)
n
+ (dMg

12)
n+1/2

(
Nh

22

)n+1
=

(
Nh

22

)n
+
(
dNh

22

)n+1/2 (
Nh

12

)n+1
=

(
Nh

12

)n
+
(
dNh

12

)n+1/2

(
Mh

22

)n+1
=

(
Mh

22

)n
+
(
dMh

22

)n+1/2 (
Mh

12

)n+1
=

(
Mh

12

)n
+
(
dMh

12

)n+1/2

(10) 

The stress resultants at time tn+1 are obtained by adding those in the 
two warp and weft directions: 

(N)
n+1

= (Ng)
n+1

+
(
Nh)n+1

(M)
n+1

= (Mg)
n+1

+
(
Mh)n+1 (11) 

The output of the Vugens subroutine consists of the components of 
the stress resultants on the Green Naghdi basis which are now deter-
mined at the end of the increment (n + 1 index is omitted, all the 
quantities are at tn+1). 

Ne
αβ = Ng

11(eα.g1)(eβ.g1) + Nh
22(eα.h2)(eβ.h2)

+ Ng
12(eα.g1)(eβ.g2) + Nh

12(eα.h1)(eβ.h2)

Me
αβ = Mg

11(eα.g1)(eβ.g1) + Mh
22(eα.h2)(eβ.h2)

+ Mg
12(eα.g1)(eβ.g2) + Mh

12(eα.h1)(eβ.h2)

(12) 

Note: the moment components Mg
12 and Mh

12 are neglected in the 
following, which assumes that the bending stiffness of the woven rein-
forcement is given by that of the yarns in the warp direction as well as 
the weft direction. This assumption is also made since there are no or 
few measures of cross bending stiffness. 

Remark: The membrane stiffness (relating stress results to membrane 
deformations) and the bending stiffness (relating stress moments to 
curvatures) are coupled in classical approaches based on the Kirchhoff 
assumption where the normal remains perpendicular to the mean sur-
face. In the present approach, Eq. (9) uses independent membrane and 
bending stiffnesses. This makes it possible to consider a low bending 
stiffness in the case of shells composed of fibers. 

5. Identification of mechanical characteristics 

5.1. Material description 

The fabric analyzed in the present work was the G1151® carbon 
reinforcement manufactured by Hexcel [64,65]. It is presented in Fig. 4a 
and b. A glass plain weave fabric was also considered in Section 7.2 
(Fig. 4c). The geometric parameters of the textile reinforcements are 
presented in Table 1. The methods to characterize the hypoelastic 
behavior during in-plane shear, bending and tensile behavior are given 
in this section below. 

5.2. In-plane shear behavior 

The textile material in-plane shear behavior can be determined by 
the picture frame test and bias extension test [67–70]. The shear angle 
which is defined as the angle change between the weft and warp yarn 
directions can be easily observed and measured. The relationship be-
tween the shear angle increment dγ and shear strain increment dε12 is: 

dγ = 2dε12 (13)  

5.2.1. Picture frame 
As shown in Fig. 5, the woven fabric is clamped within an initially 

square picture frame at each side. The picture frame deforms into a 
rhombus under the machine load applied on the opposite corner nodes, 
causing the material within the frame to be theoretically subjected to a 
uniform pure shear deformation [67,68,71,72]. When the relative 
displacement of the nodes of the opposite corners is d (Fig. 5), the shear 
angle γ is: 

γ =
π
2
− 2α =

π
2
− 2cos− 1(

̅̅̅
2

√
Lframe + d
2Lframe

) (14)  

where Lframe is the side length of the picture frame, and α is half the angle 
between the adjacent sides of the picture frame. The stress resultant 
N12 (N/mm) is related to the load on the frame F which is measured in 
this test: 

N12 =
Fsh

Lfabric
=

F
2Lfabriccosα =

F
2Lfabriccos (π

4 −
γ
2)

(15)  

Here, Lfabric is the side length of the material in the experiment. 
The measurement of F as a function of the shear angle γ gives the 

experimental curve N12(γ), which is approximated by a polynomial. By 
taking the derivative of this polynomial, the shear stiffness C12 of the 
rate shear equation that is used in the approach described in Section 4 
(Eq. (9)) is obtained as (Table 2): 

dN12 = C12dγ
(
γ = 2ε12

)

C12 = K0 + K1|γ| + K2|γ|2 + K3|γ|3 + K4|γ|4
(16)  

5.2.2. Bias extension test 
The bias extension test is another alternative approach to measure 

the in-plane shear behavior of a woven material. As shown in Fig. 6, a 
rectangular specimen was clamped in both ends, and the material’s two 
yarn directions were at +45◦ of the machine load direction. The spec-
imen was stretched from its initial length L to L + d. In this process, 
based on the quasi-inextensibility of the fibers, there were three 
different shear zones. Zone A had no shear angle, and the shear angle in 
zone B was half that of zone C. The theoretical shear angle γ in zone C 

Table 3 
Theoretical value of the elementary test.   

Strain output Stress resultant output 

Simple shear test after the traction First step 
εf =

⎡

⎣
ε11
ε22
ε12

⎤

⎦

f

=

⎡

⎣
0.693

0
0

⎤

⎦ Nf =

⎡

⎣
N11
N22
N12

⎤

⎦

f

=

⎡

⎣
693
0
0

⎤

⎦

Second step 
εf =

⎡

⎣
ε11
ε22
ε12

⎤

⎦

f

=

⎡

⎣
0.693
0.347
0.785

⎤

⎦ Nf =

⎡

⎣
N11
N22
N12

⎤

⎦

f

=

⎡

⎣
693
347
0

⎤

⎦

Rigid body rotation test after the traction First step 
εf =

⎡

⎣
ε11
ε22
ε12

⎤

⎦

f

=

⎡

⎣
0.693

0
0

⎤

⎦ Nf =

⎡

⎣
N11
N22
N12

⎤

⎦

f

=

⎡

⎣
693
0
0

⎤

⎦

Second step 
εf =

⎡

⎣
ε11
ε22
ε12

⎤

⎦

f

=

⎡

⎣
0.693

0
0

⎤

⎦ Nf =

⎡

⎣
N11
N22
N12

⎤

⎦

f

=

⎡

⎣
693
0
0

⎤

⎦

Pure bending 
χf =

⎡

⎣
χ11
χ22
χ12

⎤

⎦

f

=

⎡

⎣
1
0
0

⎤

⎦ Mf =

⎡

⎣
M11
M22
M12

⎤

⎦

f

=

⎡

⎣
10
0
0

⎤

⎦
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can be calculated according to the geometry relationship: 

γ =
π
2
− 2cos− 1(

D + d
̅̅̅
2

√
D
) (17) 

A shear moment on a unit area Ms of the woven material is defined to 
describe the internal load of the material shear. This shear moment is 
related to the force on the specimen F based on the energy conservation 
[69,70,73]. 

The resultant shear force N12 is related to the shear moment Ms: 

Ms = N12cosγ (18) 

The measure of the load F gives the shear stress-resultant N12 as a 
function of the shear angle γ: 

N12(γ) =
1

(2L − 3W)cosγ

((
L
W

− 1
)

F
(

cos
γ
2
− sin

γ
2

)
− W N12

(γ
2

)
cos

γ
2

)

(19) 

In the same way as for the picture frame test, this curve N12(γ) is 
approximated by a polynomial. By taking the derivative of this poly-
nomial, the shear stiffness C12 is obtained as dN12 = C12dγ (Eq. (16) and 
Table 2): 

5.3. Bending behavior 

The material bending behavior can be determined by the cantilever 
bending test [33,74–79]. In the cantilever test, the specimen is bent 
under gravity (Fig. 7). By obtaining the profile of the deformed midline, 
it can be utilized to calculate the bending stiffness. A rectangular spec-
imen was used in which the yarn direction was parallel to the sides of the 
specimen, one end of the specimen was fixed and the other end was free. 
An example of the cantilever bending experiment is shown in Fig. 8. 

The deformed midline of the specimen is determined by an optical 
method and this curve is approximated by an analytical curve (for 
instance, quartic B-splines in [80]). The analytical form of the curve 
provides the curvature of the deformed midline χαα at any point. The 
weight of the specimen fixes the bending moment Mαα for all points of 

Fig. 11. (a) Schematic diagram of the forming experiment. (b) Experiment device. (c) Marker points on the fabric. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Hemisphere forming geometry parameters. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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the specimen and the bending behavior curve Mαα (χαα) is determined in 
this way. This experimental determination is made in both the warp and 
weft directions (α = 1,2), and by taking the derivative of M11(χ11) and 
M22 (χ22), the bending stiffnesses D11 and D22 of the rate bending 

equations that are used in the approach described in Section 4 can be 
obtained as (Table 2): 

dM11 = D11 dχ11 dM22 = D22 dχ22 (20) 

Fig. 13. Experiments and simulations of hemispherical forming deformed fabric and shear angle comparison. (a) Single layer of 0◦/90◦. (b) Single layer of ± 45◦. (c) 
Four layers of quasi-isotropic layer-up. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

B. Chen et al.                                                                                                                                                                                                                                    



Composites Part A 149 (2021) 106558

10

In the present work, as is common to do and often well verified in 
practice, the bending stiffnesses were assumed to be constant with 
respect to curvature. 

5.4. Tensile behavior 

The tensile behavior of a woven material can be determined by 
uniaxial or biaxial tensile tests. A biaxial test is necessary to consider the 
coupling of the tensile behavior in the warp and weft directions due to 
the weaving [81–84]. However, this coupling does not play a major role 
during forming of a textile reinforcement such as the G1151 which is 
considered in this paper. The tensile stiffnesses C11 and C22 in the warp 
and weft directions were assumed to be constant (Table 2). They are 
calculated from the number of fibers in the warp and weft yarn of the 
G1151 fabric and the stiffness of a single fiber. 

dN11 = C11 dε11 dN22 = C22 dε22 (21)  

5.5. The tested material properties 

Although some work has indicated that there are couplings between 
the different behaviors of the textile reinforcements [85–89], these 

couplings were not taken into account in the present work. This 
assumption was made both for simplicity and because of a lack of 
experimental data regarding this point for most of the textile re-
inforcements. For the contact properties, Coulomb friction coefficients 
were assumed as constant in the forming process. The mechanical 
properties of the two fabric materials used in this work are presented in 
Table 2. Fig. 9 shows the testing results curves for the G1151 fabric in in- 
plane shear (bias extension test) and bending (cantilever test). The 
sample size and testing speeds are given in Fig. 9. 

6. Elementary tests 

Elementary tests were performed to show that the calculation was 
correct at the element level by comparison to theoretical results. A single 
four-node shell element was selected to conduct the analyses. As shown 
in Fig. 10, the initial element geometry was a square with an initial 
length l0, the yarn directions were parallel to the element edges. Three 
types of elementary tests, listed below, were carried out and compared 
with the theoretical result.  

(a) 45◦ simple shear test after the traction along the yarn direction 
f1(Fig. 10a). 

Fig. 14. Hemispherical forming fabric contour comparison between simulation and experiments. (a) Single layer of 0◦/90◦. (b) Single layer of ±45◦. (c) Four-layer 
quasi-isotropic layup. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(b) Rigid body rotation test after the traction along the yarn direction 
f1(Fig. 10b).  

(c) Pure bending test (Fig. 10c). 

In elementary tests (a) and (b), the tensile stiffness in the two yarn 
directions was C11 = C22 = 1000 (N/mm), and the other material 
stiffnesses were equal to zero. In the elementary test (c), the membrane 
stiffness was identical to that in the prior two element tests and the 
bending stiffness D11 along the yarn direction f1 was 10 N mm. The 
theoretical output values of the strain and the stress resultants for the 
three types of elementary tests are listed in Table 3. 

The elementary tests (a) and (b) were two-step simulations. In the 
first step of these two elementary tests, they generated the strain and the 
resultant force only along the yarn direction f1. In the second step of test 
(a), the element was subjected to a stretch deformation in the yarn di-
rection f2 while the deformation in the yarn direction f1 remained un-
changed. The objective of this step was to show that the deformation in 
one fiber direction did not affect the other. In the second step of test (b), 
the element was subjected to a rigid body rotation, and the strain and 
resultant force were supposed to remain unchanged which would show 
the objectivity of the computation (the rigid body rotation should not 
lead to spurious stress resultants). 

The elementary test (c) was a single-step simulation. The two edges 

AC and BD of the element were subjected to a rotation, thus the element 
should have a uniform bending along the yarn direction f1, and the 
rotation angle was set as α = 1

2l0. The objective of this test (c) was to 
show that the bending moment would be obtained according to the yarn 
curvature and the introduced hypoelastic laws, thus indicating that the 
element’s bending behavior was well decoupled from that of the 
membrane. 

These three elementary simulation tests were performed using the 
presented stress resultant shell approach, and the numerical simulations 
gave rise to the expected theoretical results in all cases. 

7. Forming simulations and experimental comparison 

The objective of the proposed approach was to simulate the forming 
of textile composite reinforcements. To examine the relevance of the 
presented hypoelastic stress resultant shell approach, forming experi-
ments were carried out and compared with simulations performed by 
the proposed method. The forming experiments are done on a single ply 
or simultaneously on a stack of several plies. 

7.1. Experimental setup 

The experiments presented below were implemented on a Zwi-
chRoell 100KN traction machine. The TestXpertII software was used to 
control the movement’s speed (set at 30 mm/min for all the types of 
shape forming) and distance. As shown in Fig. 11b, the blank holder and 
the die mold were made of poly (methyl methacrylate) (PMMA), which 
is transparent, in order to observe the material deformation during the 
forming process, and they were fixed during the forming process. In 
Fig. 11a, two cameras were placed at the material top side and bottom 
side respectively, through the reflection of the mirror, pictures were 
recorded with imaging software. Marker points were painted on the 
fabric at equal intervals as shown in Fig. 11c, and the marker-based 
tracking approach was adopted to obtain the deformation at different 
locations. The forming experiments were performed at room 
temperature. 

7.2. Hemispherical forming 

Fig. 12 shows the hemispherical forming parameters. The initial 
dimension of the fabric was 300 mm × 300 mm, the fabric material used 
for the experiment was G1151®, and the material geometry description 
is presented in Section 5.1. Three material lay-up configurations were 
assumed to include either a single layer or multi-layers. For the single 
layer, the material configurations in 0◦/90◦ and ±45◦ were done sepa-
rately. For the multi-layers, the four-layer stack with a quasi-isotropic 
lay-up was done as shown in Fig. 12 (2x[0◦–90◦, +45◦/− 45◦), and the 
final punch displacement in the hemispherical forming was 75 mm. 

Fig. 15. Draping force during the hemispherical forming of a four-layer quasi- 
isotropic stack. Comparison of experimental and numerical force. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 16. Hemispherical forming of four layers quasi-isotropic plain weave. (a) Experiment result [90]. (b) Simulation result.  
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The final deformed experimental shapes are presented on the left 
side of Fig. 13. Fig. 13a exhibits the forming of a single layer of 0◦/90◦, 
Fig. 13b shows the forming of a single layer of ±45◦, and Fig. 13c pre-
sents the forming of a stack of four layers with a quasi-isotropic layup. 
Given the use of a blank holder, but also in view of the mechanical 
characteristics of the G1151 reinforcement, none of them exhibited 
wrinkles in the deformed textile reinforcements. 

The simulations corresponding to experiments were executed ac-
cording to the following. Three node shell elements were used to mesh 
each fabric layer, the forming simulation was performed over one 

quarter of the fabric, and 10,000 elements were used for each layer. The 
mechanical properties of the textile reinforcement required as input for 
the stress resultant shell approach simulation are presented in Table 2. 

7.2.1. In-plane shear angle comparison 
Because the properties of a manufactured composite part depend 

highly on the yarn directions, it is important for the simulation model to 
correctly predict the in-plane shear angles. The comparison of the in- 
plane shear angle between experiment and simulation is shown on the 
right side of Fig. 13. The in-plane shear angles were measured in the 

Fig. 17. Hemispherical forming without a blank holder. (a) Final deformed shape from the experiment. (b) Final deformed shape from the simulation. (c) DIC 
experiment settings (d) DIC result of the final deformed shape. (e) Comparison between simulation and experiment along the 0◦ path (f) Comparison between 
simulation and experiment along the 45◦ path. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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experiments with the help of marker points. As can be seen in Fig. 13, the 
measured in-plane shear angles were in good agreement with those 
calculated by simulations. 

7.2.2. Fabric contour comparison 
The deformed fabric contour takes on the final shape of the preform, 

and the experimental fabric contour can be extracted through an im-
aging process. Fabric contour comparisons of the hemispherical forming 
are shown in Fig. 14. The black and red lines represent respectively the 
initial and deformed position of the fabric in the experiment and the 
black and red dots represent respectively the initial and deformed po-
sitions of the fabric in the simulation. According to these comparisons, 
the deformed fabric profile obtained by experiment and simulation were 
in good agreement. 

7.2.3. Draping force-displacement 
The draping force is shown in Fig. 15 in the case of the hemispherical 

forming of the four-layer quasi-isotropic stack as a function of the punch 
displacement. The experimental and numerical loads are in correct 
agreement for the highest values of the forming forces. For the lower 

Fig. 18. Settings for the tetrahedral forming geometry. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 19. Tetrahedral single layer deformed fabric and shear angle comparison. (a) Single layer of 0◦/90◦. (b) Single layer of ±45◦. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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forces at the beginning of the draping process, the experimental force on 
the punch are higher than those obtained by simulation. This may be 
related to some friction in the forming system. 

7.2.4. Wrinkling during forming of multilayered reinforcements 
Wrinkling is one of the major defects that can take place during 

forming. During forming of multilayer fabric with different orientations, 
the deformation is different for the two adjacent layers with varying 
orientation, causing slippage between layers. If this slippage is restricted 

due to the interlayer friction, it may generate compressive forces in the 
yarn direction which will cause wrinkling between the contact layers 
[90]. 

The material used in the experiment presented in Fig. 16a was the 
plain weave fabric (Fig. 4c), whose material properties are given in 
Table 2. The experimental geometry parameters are shown in Fig. 12. 
Wrinkles appeared during forming of the four-layer stack with the quasi- 
isotropic layup forming experiment as shown in Fig. 16a. The corre-
sponding simulations were carried out using the presented stress 

Fig. 20. Tetrahedral deformed fabric of four-layer quasi-isotropic layup and shear angle comparison. Bottom view. (b) Top view. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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resultant shell approach and a comparison between simulation and 
experimental results is shown in Fig. 16b. In the case of the plain weave 
stack with a quasi-isotropic layup, significant wrinkles in the hemi-
spherical zone were obtained in the simulation. For the hemispherical 
forming of four layers with a quasi-isotropic layup of the G1151 fabric, 
no wrinkles were observed in the experiments due to the different ma-
terial properties, and this phenomenon was accurately predicted by the 
simulation (Fig. 13(c)). 

7.2.5. Wrinkling during forming without a blank holder 
The hemispherical forming of a single layer without a blank holder 

was carried out. The yarn orientation was 0◦/90◦ and the punch 
displacement was 75 mm. The geometry of the hemispherical punch and 
die mold can be seen in Fig. 12 and the fabric’s final deformed shape is 
shown in Fig. 17a. The material used for the experiment was G1151® 
and the material properties are given in Table 2. The result of the 
simulation when using the presented stress resultant approach is shown 
in Fig. 17b, and it can be seen that the method gave rise to similar 
wrinkling in the plane area compared with the experimental results 
shown in Fig. 17a. 

In order to carry out a more detailed comparison of the wrinkling 

shape between experiment and simulation, digital image correlation 
(DIC) experiments were conducted to obtain the forming shapes. This 
DIC experiment is shown in Fig. 17c, and through the two cameras used, 
the VIC-3D system calculated the position of the deformed fabric at the 
built coordinate system. The experimental result of the hemispherical 
forming without a blank holder is shown in Fig. 17d, where two paths 
(0◦ path and 45◦ path) are marked to highlight the comparison with the 
simulation. A comparison of the displacements in the direction of the Z 
axis of the two paths is shown in Fig. 17e and f, and as can be seen there 
was a fair agreement between experiment and simulation. 

7.3. Tetrahedral forming 

Tetrahedral forming has become a benchmark shape for woven 
reinforcement forming [34,64,91]. Fig. 18 shows the tetrahedral form-
ing parameters: three layup configurations were considered, i.e., single 
layer of 0◦/90◦, single layer of ±45◦, and four layers with a quasi- 
isotropic layup. For the single-layer forming, the final punch displace-
ment was 90 mm, and for the four-layer forming, due to the distance 
limitations between the punch and die mold, the final punch displace-
ment was set to 70 mm to form the tetrahedral part. 

Fig. 21. Comparison of fabric profile from tetrahedral forming obtained by simulation and experiments. (a) Single layer of 0◦/90◦. (b) Single layer of ±45◦. (c) Four- 
layer quasi-isotropic layup. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The final deformed experimental shapes are presented on the left 
side of Figs. 19 and 20. Fig. 19a shows the forming of a single layer of 0◦/ 
90◦ and Fig. 19b the forming of a single layer of ±45◦. For the multilayer 
forming, with the help of the two cameras placed in the experimental 
setup (Fig. 11a), the bottom and top sides were captured to observe the 
different orientation angles of the fabric deformation. These can be seen 
in Fig. 20a and b and none of them presented any wrinkles. 

Following this, simulations were carried out using the proposed 
stress resultant shell approach. Three node shell elements were used to 
mesh each single fabric layer. The forming simulations were carried out 
over half of the fabric, and 20,000 elements were used for each layer. 
The material used for the experiment was G1151®, and the material and 
friction properties used for the simulation were the same as for the 
hemispherical forming simulation (Table 2). 

7.3.1. In-plane shear angle comparison 
With the help of marker points on the fabric, a comparison was made 

between the in-plane shear angles obtained through experiment and 
simulation, and the results are shown on the right side of Figs. 19 and 20. 
The area with the larger shear angle was compared with the experiment, 
and both the bottom and top layers of the four-layer quasi-isotropic 
layup were compared with their experimentally obtained counterparts. 
As shown in Figs. 19 and 20, the presented approach could correctly 
predict the fabric’s in-plane shear angle at different areas. 

7.3.2. Fabric contour comparison 
Comparisons of the fabric contour obtained by tetrahedral forming 

are shown in Fig. 21. It can be seen that the deformed fabric profile 
between experiment and simulation were similar. 

8. Conclusion 

The shell models to simulate the draping of fibrous reinforcements 
must take into account the specificity of the bending deformation due to 
the possible slippage between the fibers. The stress resultant shell 
approach proposed in this paper considers independent membrane and 
bending behaviors thus making it possible to take into account the low 
bending stiffness related to the fibrous constitution of textile re-
inforcements. The proposed hypoelastic behavior law cumulates the 
stress resultants in the frame of the fibers. The necessary experimental 
tests to identify the behavior in stress resultants during in-plane shear, 
bending and tension were presented. The proposed approach was vali-
dated by a set of forming processes for which the numerical simulation 
gave results in agreement with the forming experiments. The method 
was implemented in the ABAQUS software and can therefore be carried 
out by the users of this code as well as integrated in other finite element 
codes. 

Nevertheless, it should be noted that the approach has a limitation. 
The stress resultant shell approach concerns the stress resultants and 
stress moments in terms of internal forces as well as the membrane 
strains and curvatures in terms of deformations. This does not explicitly 
give the distribution of strains and stresses according to the position in 
the thickness nor the rotation of material normals. The Kirchhoff hy-
pothesis could be used to establish them from the mean surface deter-
mined by the stress resultant approach (curvatures and membrane 
strains). This was not relevant because it was shown that the material 
normals did not remain perpendicular to the mean surface during the 
deformation of the textile reinforcement and that the Kirchoff theory 
was therefore not valid. While the proposed approach is relevant for the 
calculation of mean surface deformations and for the simulation of 
wrinkles, an approach based on the physics of the deformation of fibrous 
reinforcements should be developed to determine the strains and the 
stresses through the thickness of the textile preform. 
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[53] Khan MA, Mabrouki T, Vidal-Sallé E, Boisse P. Numerical and experimental 
analyses of woven composite reinforcement forming using a hypoelastic behaviour. 
Application to the double dome benchmark. J Mater Process Technol 2010;210: 
378–88. https://doi.org/10.1016/j.jmatprotec.2009.09.027. 

[54] Nasri M, Garnier C, Abbassi F, Labanieh AR, Dalverny O, Zghal A. Hybrid approach 
for woven fabric modelling based on discrete hypoelastic behaviour and 
experimental validation. Compos Struct 2019;209:992–1004. https://doi.org/ 
10.1016/j.compstruct.2018.10.081. 

[55] Khan MA, Saleem W, Asad M, Ijaz H. A parametric sensitivity study on preforming 
simulations of woven composites using a hypoelastic computational model. J Reinf 
Plast Compos 2015;35:243–57. https://doi.org/10.1177/0731684415613567. 
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