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➢ Composite materials: light-weight alternatives to metals (reduced fuel consumption for the same 
performance – economic)

➢ Continuous fibre composite reinforcements: key component in many composite applications, 
undergo a specific deformation during the forming process, deformed before resin injection/ 
hardening

➢ Numerical tools: allows for new designs to be tested without going through real-life expensive 
experimentation and should retrieve:
• the material properties after deformation;
• the final fibre orientation;
• development of defects (wrinkling, yarn slippage/fracture, etc)

Material composition of a Boeing 787 [1]

Draping of a carbon-fibre 
reinforcement [2]

Processing of yarns. From left to right: plain weave, twill weave,
interlock, non-crimped fibre [4]

Experimental tests
➢ Specific tests allows us to characterise different behaviours
➢ Tensorial behaviour: characterised by the biaxial test, assumed linear

• Stiffness is really high and fibres hardly stretch before breaking (quasi-inextensible fibres)

Picture frame and bias extension tests [3]

➢ In-plane shear behaviour: characterised by the picture frame and the bias extension tests, non-
linear behaviour

Modelling

➢ The tissue reinforcements are considered a continuous medium
➢ The equilibrium equations are obtained with the virtual work method, with each deformation mode 

being uncoupled from each other [5, 9]

 
➢ The finite element method is used to approximate the equilibrium equations

➢ The equations are solved with a central difference scheme

➢ Simulation of the bias extension test with a 2D finite element: hyperelastic model for 

membrane (Wt, Wis) [10]

➢ Simulation of a multi-layered reinforcement with a constant-thickness 3D finite element: 

semi-discrete model for membrane (Wt, Wis) and a Kirchhoff-Love plate for bending (Wob) [8]
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Pierce cantilever test [6]

3-point bending of a laminate stack [8]

[1] Boeing 787 from the ground up, https://www.boeing.com/commercial/aeromagazine/articles/qtr 
4_06/article_04_2.html, last accessed 10/01/2024
[2] Developing new numerical tools to boost the application of digital twins, https://hexagon.com/res 
ources/resource-library/developing-new-numerical-tools-boost-application-digital-twins, last accessed 
10/01/2024
[3] Cao et al. (2008). Characterization of mechanical behavior of woven fabrics: Experimental methods

and benchmark results. Composites Part A: Applied Science and Manufacturing, 39(6), 1037–1053.
https://doi.org/10.1016/j.compositesa.2008.02.016
[4] Hamila et al. (2009). A semi-discrete shell finite element for textile composite reinforcement 
forming simulation. International Journal for Numerical Methods in Engineering, 79(12), 1443–1466. 
https://doi.org/10.1002/nme.2625 
[5] Buet-Gautier, K., Boisse, P. (2001) Experimental analysis and modeling of biaxial mechanical 
behavior of woven composite reinforcements. Experimental Mechanics 41, 260–269. https://doi.org/ 
10.1007/BF02323143
[6] Reinforcement fabrics — Determination of conventional flexural stiffness — Fixed-angle flexometer 

method. (2011). [Standard]. International Organization for Standardization.
[7] De Bilbao et al. (2010). Experimental Study of Bending Behaviour of Reinforcements. Proceedings of 
the Society for Experimental Mechanics, Inc., 50, 333–351. https://doi.org/10.1007/s11340-009-9234-9  
[8] Bai et al. (2020). A specific 3D shell approach for textile composite reinforcements under large 

deformation. Composites Part A: Applied Science and Manufacturing, 139, 106135. https://doi.org/ 
10.1016/j.compositesa.2020.106135 
[9] Döbrich et al. (2014). Decoupling the bending behavior and the membrane properties of finite shell 

elements for a correct description of the mechanical behavior of textiles with a laminate formulation. 
Journal of Industrial Textiles, 44(1), 70–84. https://doi.org/10.1177/1528083713477442 
[10] Aimène et al. (2010). A Hyperelastic Approach for Composite Reinforcement Large Deformation
Analysis. Journal of Composite Materials, 44(1), 5–26. https://doi.org/10.1177/0021998309345348

Resin transfer moulding [3]

➢ Multiscale problem: material behaviour characterised by:
• Interactions between microscopic fibres that comprise the yarn;
• Yarn individual properties and processing patterns at mesoscale (weaving pattern, stitching, etc)
• Geometry of the deformed fabric at the macroscale

➢ No globally accepted model exists:
• Discrete models better describe the deformation at higher computational cost
• Continuous models show smaller accuracy but are much cheaper computationally
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Biaxial test on a cross-shaped specimen and load-strain curve for carbon twill weave (k = εwarp/εweft) [5]

Continuous fibre reinforcement different 
scales [3]

➢Goal: improve existing numerical tools for draping simulation at the macroscale level
➢ Implementation: In-house finite element code with 3-node elements
➢Programming languages: Matlab, Java
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➢ Bending behaviour: characterised by different tests with different models proposed, assumed 
linear
• stiffness is very low, included to better predict wrinkling [4]

De Bilbao cantilever test [7]

➢ Continuous fibre reinforcement stacks:
• Lines initially normal to the mid surface do not remain normal after deformation as layers can slip and fibres 

cannot extend
• Thickness varies during deformation

Deformation of multi-layered reinforcements [8]
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➢ 3-node finite elements were implemented in 
Matlab and Java

➢ In development: ED-1 based finite element for 
variable thickness with hyperelastic membrane 
(Wt, Wis), Kirchhoff-Love plate for bending 
(Wob) and 1-D elasticity for compaction

Context

Simulation of a bias extension test

Simulation of the deformation of a multi-layered reinforcement [8]

ED-1 based finite element under development
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