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Abstract 13 

Experimental analyses and modeling of the draping of composite fiber reinforcements generally concern textiles where the 14 

fiber directions are orthogonal in the initial state. However, there also exist biaxial NCF (Non-Crimp Fabric) 15 

reinforcements, where the two fiber directions are non-orthogonal. One objective of this paper was to revisit the picture 16 

frame and bias extension tests in the case of such non-orthogonal NCFs in order to determine the in-plane shear behavior 17 

which is different for positive and negative shear angles. A simulation approach based on stress resultant shell elements 18 

was developed for these reinforcements by taking into account the specific plane shear behavior of non-orthogonal NCF 19 

reinforcements identified by picture frame tests. It was shown that simulations of non-orthogonal NCF (0-45° and 0/135°) 20 

draping processes gave results that were consistent with experimental forming tests of these materials. In particular, the 21 

hemispherical forming of an NCF at 0-45° led to a very specific deformed shape with a good correlation between 22 

simulation and experiment. Some specificities of the 0-45° preforms, especially weak areas, have been highlighted both by 23 

simulation and experimentally. 24 

Key words: Non-Crimp Fabric; Non-orthogonal fibers, Picture Frame; Bias Extension Test; Draping; 25 

1. Introduction 26 

Continuous fiber composite materials make it possible to produce structures with high mechanical strength 27 

combined with low mass. Nevertheless, the manufacturing, particularly the shaping, of these materials is 28 

complex. To facilitate the development of such processes, simulation tools have been designed over the last 29 
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two decades. Methods and software have been developed in particular for the forming of textile preforms [1–30 

11] and for the injection of the resin into the preform [12–17]. Among continuous fiber textile reinforcements, 31 

Non-Crimp Fabric (NCF) presents certain advantages. This material is composed of one or more layers of 32 

unidirectional reinforcements that are joined together by stitching. Composites reinforced with NCF have high 33 

mechanical properties and are widely used in the aerospace and automotive industries. The present work has 34 

involved biaxial NCF, i.e., composed of two layers of unidirectional (UD) reinforcements which is the most 35 

frequent case. The composition of the NCF reinforcements has the advantage that the fibers remain straight. 36 

The tension properties of the reinforcement are not diminished by the crimp present in the weave. 37 

The use of NCF reinforcements with non-orthogonal yarn directions is being considered for certain aerospace 38 

and wind turbine components. The objective is to improve the design of these components with a new type of 39 

material. In order to use these non-orthogonal NCFs, simulation tools are needed, especially methods to 40 

simulate the draping of these materials which deform in a very particular way. This has been the perspective 41 

of the present work. 42 

Studies of the mechanical behavior of NCF have been carried out. The Kawabata Evaluation System for 43 

Fabrics (KES-F) was used in [18] to determine the deformability of these reinforcements. Articles presenting 44 

the characterization of the inner structure of the material [19,20] and analyses of the behavior of the NCF-45 

reinforced composite, in particular damage and fractures [21,22] or fatigue behavior [23], have been 46 

published. Concerning the mechanical behavior during draping, the deformation modes were studied in 47 

[24,18,25,26] and compared to those of woven fabrics. The in-plane shear behavior of the reinforcement was 48 

often asymmetrical, and depended on the position and orientation of the stitching. When draping on a 49 

symmetrical geometry, for instance a hemispherical shape, the obtained preform was asymmetrical [27]. 50 

Models of mechanical behavior during NCF forming have been developed in order to carry out draping 51 

simulations [27,28] and their objective was to express the asymmetry of the in-plane shear behavior. In 52 

[29,30], each biaxial NCF layer was modeled by shell elements and the two layers were linked by a bar with a 53 

constrained displacement with respect to the fibrous layers. 54 

In all these studies and models concerning the properties of biaxial NCFs during forming, the two fiber layers 55 

were orthogonal in the initial position. This is the case of woven reinforcements where the weft and warp are 56 

perpendicular due to the weaving technology. In the case of biaxial NCF, the two fiber layers can be stitched 57 

in non-orthogonal initial positions, e.g., [0°, +45°] or [0°, -135°]. Such NCFs are used to bring different fiber 58 

directions into laminated composite parts and have a special place in aeronautical applications. 59 

The equations used in the analysis of properties from classical experimental trials (picture frame test and bias 60 

extension test [31–35]) and numerical simulation models have been written for orthogonal directions for 61 

woven fabrics and orthogonal NCFs. The objective of this paper was thus to first revisit the picture frame and 62 

bias extension tests for biaxial NCF reinforcements in the case of any angle  between the two fiber 63 

directions. A simulation approach based on stress resultant shell elements was then developed for non-64 

orthogonal NCFs. Finally, some draping simulations were carried out to show the good agreement with the 65 
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draping experiments, and also to highlight certain particularities about the deformation mechanisms of these 66 

materials that must be considered after the forming process. 67 

2. In-plane shear characterization 68 

The mechanical characterization of in-plane shear properties of orthogonal fabrics is a subject that has been 69 

widely discussed in the last few years [31-38], mainly because in-plane shear is the main deformation mode 70 

during forming. The deformation of a textile reinforcement involves a shear angle, which is defined by the 71 

following relationship: 72 

    
2

t t


     (1) 73 

where is the angle between the warp and weft yarns at a given time t, and 
2


 corresponds to the initial 74 

angle between these yarns. In the case of non-orthogonal NCF, the relationship can be generalized for an 75 

arbitrary initial angle  according to: 76 

    t t     (2) 77 

2.1. Shear angle convention 78 

  
Warp yarn side Weft yarn side 

(a)  

  

Warp yarn side Weft yarn side 

(b)  

Figure 1 Non-orthogonal biaxial NCF reinforcement. (a) 0°/45° and (b) 0°/135° orientations.  79 

10 mm 10 mm 

10 mm 10 mm 
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Based on the above definition, it is possible to distinguish between negative and positive shearing. In the case 80 

of woven fabrics, this distinction is meaningless since the shear behavior is generally symmetrical. However, 81 

in the case of non-orthogonal NCF, the stitching process induces an asymmetrical behavior, wherefore it is 82 

important to consider both a positive and a negative in-plane shearing. This sign of the shear angle is a 83 

convention and depends on the initial angle between the warp and the weft yarns. The positive and negative 84 

shear angles are illustrated in Figure 2 for both 0°/45° and  0°/ 135° NCFs. 85 

 

 
(a) 0°/45° Positive shear  (b) 0°/135° Positive shear 

 

 
(c) 0°/45° Negative shear (d) 0°/135° Negative shear 

Figure 2 Definition of positive and negative shear angles for 0°/45° and 0°/135° configurations. 86 

A proper definition of the sign of the in-plane shear angle is necessary not only to obtain an asymmetrical 87 

behavior but also to model the dissipative behavior of textiles during forming [39]. 88 

2.2. Picture Frame for non-orthogonal biaxial NCFs 89 

The picture frame test is used to characterize the in-plane shear behavior of orthogonal woven fabrics. This 90 

test consists in placing a fabric on an articulated frame with the directions of the fibers parallel to the sides of 91 

the device (Figure 3a). The frame is positioned in a universal testing machine and loaded at two opposite 92 

points on the diagonal D . Theoretically, this type of stress provides pure shear kinematics on the entire 93 

specimen. The theoretical shear angle depends on the imposed displacement d  and on the length 
cL of the 94 
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frame side, according to the following relationship [35]: 95 

   2arccos
2 2 c

d D
d

L




 
   

 
  (4) 96 

The shear moment 
shM  per unit area and the normalized shear force 

shF  are obtained from the pulling force 97 

F  and the effective area of the specimen ( 2

mL ) according to:  98 

 2
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 (6) 100 

These equations are suitable for orthogonal materials and a square-shaped initial state of the picture frame. 101 

However, to characterize the behavior of a non-orthogonal fabric, the picture frame must be pre-sheared to 102 

align the sides of the device with the initial configuration of the material. The equations should be generalized 103 

to take into account the initial angle   (Figure 3b). 104 

  

(a) Reinforcement with initially perpendicular yarns  (b) Reinforcement with initially non-perpendicular yarns  
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Figure 3 Kinematics and parameterization of the picture frame test  105 

This section considers only the mechanical energy, and the temperature is assumed to be constant. Under such 106 

conditions, the shear moment can be determined using the balance of mechanical energy. The external power 107 

due to the tensile load F  can be related to the internal power due to the generalized in-plane shear moments: 108 

   dS
A

sh
S

MFd   & &   (7) 109 

Here, SA is the initial surface of the sample. After integration on the initial surfaces, we get: 110 

  sh Ad M SF  & &   (8) 111 

The time derivative of the shear angle is obtained by using a chain rule in Eq.(4).  112 
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Based on Eq.(8) and Eq.(11), the shear moment can be expressed as: 116 

 s
2

in
 
 
 

c

A

sh

FL
M

S
  (12) 117 

Introducing the initial sheared area of the sample
AS :  118 

  2
sin 

mA
S L   (13) 119 

Finally, using Eq.(12) and Eq.(13), the shear moment is given by: 120 

  
 2

sin

i

2

s n

 






 
 
 

sh

m

c
FL

M
L

  (14) 121 

The standard relation is recovered when
2


  . 122 

2.3. Bias extension test for non-orthogonal biaxial NCF 123 

In the case of orthogonal materials, the bias-extension test comprises a tensile test on a rectangular textile 124 

reinforcement such that the directions of the warp and weft yarns are initially orientated at 45° to the direction 125 
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of the applied tension (Figure 4a). If there is no slip between the warp and weft yarns, and assuming that the 126 

yarns are inextensible, the deformation in zone ZA  is in pure shear. The shear angle in zone ZB  is half of that 127 

in zone ZA, and zone ZC remains undeformed (Figure 4b).  128 

The shear moment 
shM  per unit area and the normalized shear force 

shF  are given by [36]: 129 

 
2

1
sin

2 2

B
sh

A

c

sh

A

L S
M F M

S S

    
  

  
 


  (15) 130 

 131 

 
 cos

s

sh

hM
F


   (16) 132 

where 23

2
AS Ll l   and 

2

BS l  are the initial surfaces of zone A and B, respectively.  133 

The kinematics on which the bias extension test is based is the same regardless of the initial angle between the 134 

yarns. Therefore, the test can be used for the characterization of non-orthogonal fabrics. In order to adapt the 135 

equations for any configuration, a generalized configuration of the bias-extension test for an initial angle  136 

between the yarns is considered (Figure 4b).  137 

  
(a) Reinforcement with initially perpendicular yarns  (b) Reinforcement with initially non-perpendicular yarns  

Figure 4 Kinematics and parameterization of the Bias-extension test 138 

It is useful to introduce the expression of the diagonal D in zone A as a function of the angle . 139 

 

tan
2

l
D L L L


   

 
 
 

  (17) 140 
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Here,
L  corresponds to the diagonal of the virtual frame in zone B and the length cL

 of the virtual frame side 141 

is expressed as: 142 

 

c s
2

2 o
c

D
L




 
 
 

  (18) 143 

Alternatively, using the previous definition: 144 

 
1

2
cos sin

2 2

 
 

 
 
 

    
    
    

c

L l
L   (19) 145 

The initial surfaces of zones A, B and C are given by: 146 

 

2

2
2

2
tan

2

B

C
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  (20) 147 

 

2
3

2
tan
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BA C

l
S l L S S l L   (21) 148 

It is important to highlight that the trellis kinetics in zone A is only possible if 2L L (see Figure 4b), 149 

which defines the minimal ratio for the sample dimensions: 150 

 

a
2

2

t n



 
 
 

L

l
  (22) 151 

As before, an energetic approach is used to determine the shear moment.  152 

        & & &
A A A sh B Bsh B
M S MF d S   (23) 153 

Since the trellis kinematics is respected, the shear angle in zone B is half of that in zone A. Consequently: 154 

  
1

22


   

 
 
 

& & &
A sh B sh

S M S MFd   (24) 155 

Using Eq.(11), the external force is expressed as: 156 

  
2

1 1

2
s

2
in





 

 
 

 
 

   
 



 



sh A B sh

c

F M S S M

L

  (25) 157 

And finally, the in-plane shear moment is given by: 158 
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1

sin
22 2

  
 




   
   
   

c

sh s

B

h

A A

L S
M

S S
F M   (26) 159 

It should be noted that this equation is equivalent to Eq.(15), but the geometrical constants
cL ,

BS  and 
AS , 160 

obtained by expressions (19), (20) and (21), respectively, now take into account the initial angle  . The 161 

standard relation is recovered when
2


   . 162 

2.4. Characterization of the in-plane shear behavior of a non-orthogonal bi-axial non-crimp fabric 163 

The negative and the positive shear behavior of a 0°/45° NCF material was characterized using the picture 164 

frame test. The tests were performed in a 100-mm picture frame device as shown in Figure 5. In order to test 165 

the positive shear behavior, the initial angle   was set to 45° (Figure 5a). A tensile load induced a positive 166 

shear  167 

  

(a)  Positive shear testing (a) Experimental force - positive shear 
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(b) Negative shear testing (b) Experimental force - negative shear 

Figure 5 Experimental picture frame test on a 0°/45° NCF material.   168 

field in the sample. However, since the frame was already sheared, only a small displacement of 10 mm could 169 

be applied, corresponding to a “positive” shear angle close to 12°. For the negative behavior, the initial angle 170 

  was set to 135° (Figure 5c), and this way, a tensile load induced a negative shear field. In contrast to the 171 

previous test, the displacement stroke was wide, making it possible to characterize the material for large 172 

“negative” shear angles (-45°)(Figure 5d). The tests were performed three times for each case using different 173 

samples. The shear moment curve was deduced from Eq.(15) and Figure 6a exhibits the highly asymmetrical 174 

response of the material. As a reference, the deduced shear moment which would be obtained using the 175 

equations for orthogonal materials was also plotted as a thin black line.  176 

Figure 6b shows the asymmetric response of the non-orthogonal reinforcement, compared to the behavior of 177 

an orthogonal fabric (0°/90°). 178 
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(a) (b) 
Figure 6 NCF 0°/45° (a) Experimental shear moment taking into account an initial angle 45   (this article) vs an initial angle of 179 

90    (orthogonal fabrics) (b) Comparison of the curve profile with an orthogonal symmetrical fabric (0°/90). 180 

3. Draping modeling for non-orthogonal biaxial NCF   181 

Several approaches have been proposed for the modeling and simulation of the forming processes for textile 182 

reinforcements and they can be categorized as either macroscopic (continuous) or mesoscopic (discrete) 183 

[40,41]. Discrete methods are well suited to the modeling of non-orthogonal materials since the yarns are 184 

modeled independently and the initial orientation is given explicitly. The global behavior of the material 185 

depends on the interactions between the different bodies and the constitutive behavior of the yarns [42–44]. 186 

However, it is difficult and often impossible to simulate the forming process of large parts due to the 187 

computational time being cost-prohibitive.  188 

In the case of continuous materials, different models, such as hypoelastic [45–47] and hyperelastic [48–53] 189 

ones, are used. The hyperelastic models proposed in the literature are not adapted for the modeling of non-190 

orthogonal materials. Indeed, the symmetry of the material at the initial state is a condition for the formulation 191 

of physical invariants. Hypoelastic models, on the other hand, constitute an interesting possibility; the strain 192 

and stress rates are calculated in an incremental way and independently from the initial state of the material. 193 

The main difficulty lies in establishing an objective basis for the calculation of strain and stress contributions 194 

[47,54]. Another option is to use a stress-resultant shell approach with elastic relations between the stress 195 

resultants and the membrane strains on the one hand and between the resultant couple and the curvatures on 196 

the other hand [55–57].  197 

3.1. Stress-resultant shell approach 198 

The model is based on the following form of the internal virtual work. For a fabric unit cell (Figure 7a), the 199 
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internal virtual work is the sum of the virtual work of tension t
intW , the virtual work of in-plane shear 

s

int
W , 200 

and the virtual work of bending b

intW : 201 

             
t s b

int int int int
W W W W   (27) 202 

where   is an arbitrary virtual displacement field. The different internal virtual works are related to stress 203 

resultants (Figure 7a): 204 

      11 22

11 1 22 2
         

t

int
W T L T L   (28) 205 

        
s sh

int
W M   (29) 206 

      11 22

11 1 22 2
         

b

int
W M L M L   (30) 207 

where
ii

T are the tensile forces in the warp and weft directions that depend on the axial strains
ii , 

sh
M is the 208 

in-plane shear moment related to the in-plane shear angle and 
ii

M are the bending moments that depend on 209 

the curvatures. 210 

The material coordinates  1 2,r r  are defined along the warp and weft yarns and designate the material vectors 211 

1 2,k k  in the yarn directions that constitute a material basis. They are not necessarily initially perpendicular, 212 

thus making the method suitable for non-orthogonal fabrics. 213 

The virtual axial strains in the warp and weft directions and the virtual shear angle are given as a function of 214 

the virtual displacement by:  215 

  
2

 


 
 

 


i ii

i

i

k

r k
  (31) 216 

  
2 1

1

2 1

2

1 2

          
   
   
   

k kk k

k kk k
  (32) 217 

The simulation is based on an explicit scheme [58,59] and is performed step by step. The strains are obtained 218 

by cumulation over the time steps: 219 

    1 1 1 1
,

n n n n n n

ii ii ii
B u B u


   

   
        (33) 220 

Here, iiB  and B  are the tension and in-plane shear strain interpolation matrices and 
1nu  are the nodal 221 

displacement increments at time 
1nt 

. Finally, the bending behavior is calculated using a rotation-free 222 

approach. The curvature in the warp and weft directions is related to the nodal displacement of the element 223 

and to those of the nodes of neighboring triangles [60-62] (Figure 7b). Details on the formulation of the finite 224 
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shell element in the case of woven reinforcements are given in [57]. The curvatures at time tn+1 are obtained 225 

by: 226 

  1 1 ii ii

n n n

iiB u      (34) 227 

 

 

(a) Stress resultants and couple resultants on a unit cell (b) Neighboring nodes used for bending 

Figure 7 Stress-resultant shell element for composite forming 228 

3.2. Asymmetrical shear behavior.  229 

As seen before, the asymmetrical behavior of these materials is mainly related to the in-plane shear strains. 230 

The expression of the shear moment can be decomposed according to the sign of the shear angle. Polynomial 231 

functions can be used to fit this behavior according to: 232 

  
1

1

,

,

0

0

i

sh

i

m
i

i

n
i

i

M

k

k

 



 
























        (35) 233 

where k 
 and k 

 are the material parameters in the case of negative and positive shear.  234 

The in-plane shear material parameters (Table 1) of the non-orthogonal material (0°/45°), presented in Section 235 

2.5, were identified by using Eq.(35) to fit the experimental shear moment (Fig.6a). 236 

 237 

1k  
2k  

3k  
4k  

5k  
1k   

2k  
3k  

4k  
5k  

6k  
7k  

8k  
9k  

2.0 -42.0 440.3 -2.1e3 3.7e3 2.2 40.2 417.5 2.4 e3 8.3e3 17.7 e3 22.8 

e3 

16.3 

e3 

4.8 e3 

Table 1 In-plane shear parameters of the 0°/45° NCF 238 
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3.3. Elementary test 239 

A picture frame test was simulated in the case of a 0/45° fabric. Figure 8a shows the undeformed mesh with 240 

the initial warp (green) and weft (red) orientations. Figures 8b and 8c depict the final deformed configurations 241 

after negative and positive shears. Finally, Figure 8d presents the comparison between experimental and 242 

numerical shear moment curves. 243 

 244 

   

 
 

(a) (b)  (c) (d) 

Figure 8 Picture frame simulation. (a) Initial mesh. (b) Deformed mesh after negative shear. (c) Deformed mesh after positive shear.  245 
(d) Shear moment versus shear angle  246 

4. Draping simulations  247 

Draping simulations of non-orthogonal fabrics were carried out using the presented stress-resultant shell 248 

approach implemented in the research software Plasfib developed at the University of Lyon and by the 249 

company Innovamics [63]. The material parameters for tensile and bending behaviors are given in Table 2. 250 

 251 

Tension 
11 22

1 11 2 22
T =C ε ; T =C ε    C1=C2=1150 N/yarn 

Bending 
11 22

1 11 2 22
M =B χ ; M =B χ   B1= B2=0.95 Nmm 

The in-plane shear properties are given in Table 1 for 0/45° NCF and in Table 4 for 0/135° NCF. 

Ply-to-ply and ply-to-tools friction: Coulomb coefficient= 0.2 

Table 2 Mechanical properties of the material  252 
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4.1. Hemispherical forming  253 

 254 

Figure 9 Diagram of the hemispheric forming device 255 

 

  

Figure 10 Numerical and experimental geometry after hemispherical forming 256 

Hemispherical forming of a 0/45° NCF was performed experimentally (Figs. 9 and 10). The simulation was 257 

carried out using the in-plane shear behavior determined in section 2. Due to this shear behavior and the 258 

orientation of the yarns, the deformed geometry obtained was very specific and significantly different from 259 

the classical shape found during the forming of a woven fabric. The boundary of the deformed textile 260 

reinforcement was particularly complex. This specific geometry was well achieved by the simulation. The in-261 

plane shear was measured for a set of points marked a to e. The values were compared (Table 3) to the shear 262 

angle calculated by the simulation and were found to be in fairly good agreement. 263 

This example shows that taking the shear stiffness into account as proposed in section 2 made it possible to 264 

describe the specific deformations of non-orthogonal NCFs during draping where plane shear played an 265 

important role. 266 

 267 

 268 

Point Experimental Shear Angle Numerical Shear Angle 

a -2.0 -3.5 

b 23 18.2 

c -18 -23 
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d 0.5 1.18 

e -30 -32 

Table 3 Comparison of shear angles measured experimentally and obtained by simulation 269 

4.2. Forming a step profile 270 

The step profile is a very simplified version of an industrial process (Figure 11a). It involves draping an NCF 271 

(0°/135°) ply on a step profile. The B edge is clamped and the fabric bends under its own weight. Next, a 272 

pressure of 0.05 MPa is applied on the reinforcement for it to come into contact with the step mold (Figure 273 

11b). When the fabric is shaped, a force of 15 N/m is applied on edge A to test the resistance of the preform.  274 

 275 

 
 

(a) (b) 

Figure 11 Step shaped device (a) initial and (b) final configurations.  276 

Figure 12a shows the deformed experimental profile. As expected, the edges remained straight, in particular 277 

edge A. However, this simple test made it possible to highlight an important specificity of the behavior of 278 

non-orthogonal NCF. By applying a moderate linear force on edge A, while maintaining the normal pressure, 279 

a large deformation occurred in a triangular area of the right part of the preform where no fiber under tension 280 

opposed this deformation (Figure 12b). The deformed triangular area was of importance for the strength of the 281 

composite part obtained from this preform. If the deformation in this triangular area did not occur when no 282 

force was applied (Figure 12a), the final composite using this NCF preform would have a significant 283 

weakness in this area. Depending on the function of the part, this may be without significance or criticality. In 284 

any case, it was important that the numerical simulation be able to highlight the phenomenon. 285 

 286 
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(a) 

 

      

(b) 

Figure 12 Experimental step-forming (a) after draping and (b) after applying the linear force.  287 

 288 

The following demonstrates that the finite element simulation using the previous model was able to predict 289 

this phenomenon. The in-plane shear parameters for the simulation are given in Table 4: 290 

 291 

1k  
2k  

3k  
4k  

5k  
1k   

2k  
3k  

4k  
5k  

6k  
7k  

8k  
9k  

2.2 47,2 497 2.5e3 4.5e3 2.4 -45,2 471 -2.8 e3 10e3 -21e3 30 e3 -22.5 e3 6.8 e3 

Table 4 Material parameters of the 0°/135° NCF 292 

Figure 13a shows the mesh at the initial state, Figure 13b presents the deformed state at the end of the gravity 293 

step and Figure 13c depicts the final state at the end of the pressure step. Finally, as can be observed in Figure 294 

13d, a sheared zone was created after applying the linear force. This kinematics was possible due to the 295 

orientation of the material and the boundary conditions of the test. 296 
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(a) (b) 

  

(c) (d) 

 

Figure 13 Step-forming simulation steps: (a) initial mesh, (b) gravity, (c) normal pressure and (d) linear tension applied on edge A. 297 

It was observed that the numerical simulation based on the behavior relations presented above was in good 298 

agreement with the experiment. As shown in Figure 14, in zone A, there was a "free triangle", i.e., an area in 299 

which the yarns were not subjected to any boundary conditions or constraints other than those induced by the 300 

stitching. The material could not withstand high tensile stresses in this area, making it weak. On the other 301 

hand, in zone B, there was at least one weft yarn clamped at its edge. Therefore, when this composite 302 

structure was subjected to tensile stresses in the weft direction, the predominant mode in Zone B was tension, 303 

whereas the predominant mode in Zone A was in-plane shear with a very low resistance. 304 

 305 
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 306 

Figure 14 Highlighting the free triangle phenomenon in the step-forming of NCF (0°-135°)  307 

Although these observations were simple, they can have a major impact. First of all, the presence of this 308 

easily deformable area might create a weakness in the final composite part. In addition, during the forming of 309 

multi-layer reinforcements, the interaction between the different plies generates both compressive and tensile 310 

loads through friction, especially when the plies are oriented in different directions [64-66]. These loads can 311 

have an important influence on the so-called free zones. Another aspect may concern vacuum forming. When 312 

the vacuum bag applies pressure to the reinforcement, the material can get stuck between the mold and the 313 

membrane due to clamping caused by normal stress and friction. This induces tension forces in the 314 

reinforcement and can change the desired deformation kinematics in these free zones. For a stack with the 315 

same orientation (in this case 0°/135°), one must consider that the mechanical properties in this zone will be 316 

degraded if the same boundary conditions are maintained.  317 

5. Conclusions  318 

Biaxial NCFs can be manufactured with two sets of fibers that are non-orthogonal, in particular with 0/45° 319 

and 0/135° directions. These reinforcements provide different orientations in the laminates and have found 320 

widespread use in aeronautics. The mechanical behavior during in-plane shearing, as analyzed by picture 321 

frame and bias extension tests, became modified by this non-orthogonal orientation of the two sets of fibers. 322 

The equations for this case are given in the present paper and led to different behaviors for positive and 323 

negative shear angles. The identified in-plane shear behavior laws were integrated into stress-resultant shell 324 

elements so as to simulate the draping process. The results of these simulations were in good agreement with 325 

the draping experiments. In order to use non-orthogonal NCF reinforcements, it was important to be able to 326 
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carry out draping simulations based on the identification of the reinforcement properties. These simulations 327 

provided the internal geometry of the reinforcement after forming, in particular the fiber direction, and the 328 

information gained was necessary for the structural calculation of the composite part at the time of its design. 329 

Such calculations are essential for the use of materials in aeronautics.  330 

The NCFs used were (0-45°) and (0-135°) since these orientations are currently employed for certain 331 

applications. Nevertheless, the identification equations from the picture frame and bias extension tests were 332 

valid for any angle between the two yarn directions. It was therefore possible to consider identification tests 333 

and draping simulations for materials with any initial angle obtained when manufacturing NCF. An 334 

optimization loop, with regard to the process or the structural analysis of the composite part can be 335 

considered, with the objective of optimizing the initial angles of the biaxial NCFs used in the manufactured 336 

laminate. 337 

Simulations of draping on a step-profile based on these behaviors and a stress-resultant shell approach led 338 

to results in good agreement with the experiments. The weakness of the preform in a triangular area was 339 

accurately obtained by the simulation.  340 

The next step of this study will consist in experimentally and numerically analyzing the simultaneous 341 

forming of reinforcement stacks comprising bi-axial NCFs with orientations (0-45°). The analysis of the 342 

consequences of these stacks on the forming process and on the mechanical performance of the manufactured 343 

composite parts will determine the relevance of the different stacks. 344 
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