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Challenge

                                                                                      

Aim: to accurately simulate defects (wrinkles) 
during the manufacturing of composite structures

Process chain for manufacturing wind turbine blades with stacks of binder-stabilised fabrics (preforms) 
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Preform

Fabric

Real Preform
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Challenge

                                                                                      

Process chain for manufacturing wind turbine blades with stacks of binder-stabilised fabrics (preforms) 

Wrinkles

Forming of preform over a geometric transition

3

Wrinkles

Solidified wrinkle [1]
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Wrinkle Defects

Wrinkles are not desired in composite structures!

4

Wrinkles can cause a reduction of strength of up to 
60% for some wrinkle configurations [4]

Length = Few centimetres

Length > 100 metres

[1]

[2]

[3]
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Outline of the Presentation
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Introduction and Objectives

Experimental Characterisation

Preform Modelling

Parameter Studies

Conclusions

Imatge relacionada
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Wrinkle Mechanisms

Bookend
Wrinkle

Bending of book with 
unconstrained edges

Bending of book with 
constrained edges

Fibre sliding govern wrinkle creation

6
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Multi-scale Challenges

Compromise between formability 
and handleability of the preform

Blades are huge!

[5]

[6]

[7]
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Multi-scale Challenges
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Preform

Wind turbine blade

Fabric

Unit cellRoving

Fibre

> 100m

Preform

Dry fabric

Binder

~ 1 m

~ 1 cm

Binder

Stitches Rovings

Backing

Fibres

~ 3 mm

~ 10 μm

Structural scale
Macro scale

Meso scale
Micro scale

WTB mould

Challenge: 
All scales should 
be accounted for 
in the modelling

~ 5 m
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Overall Objective of the PhD Studies

Tasks involved in the project:
• Development of a novel and advanced 

mechanical preform model that can describe 
the response before, during, and after wrinkling 
develops.

• Development of a complete framework for 
experimental characterisation of the preform 
material. 

• Applying the framework on an industrial 
application to obtain design allowable for 
wrinkle-free manufacturing of wind turbine 
blades.

9
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Overall Objective of the PhD Studies

Main journal Papers for the PhD thesis:
A. Establishing the modelling framework for the preform [8]

B. Characterisation of the bending stiffness of the UD-NCF [9]

C. Characterisation of the transverse shear stiffness of the 
preform [10]

D. Vacuum forming experiments on full thickness preform 
specimens [11]

E. Development of advanced nonlinear preform model [12]

F. Parameter studies on the preform model [13]

10
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Experimental Forming of Preform [11]
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Top transition Bottom transitionShear region

Large wrinkle with delamination Large wrinkle with delamination

Transverse shearing
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Governing Deformation Modes

              

       

           

        

        
   

 

   

 

Important deformation mechanisms:
- Bending of NCF →Wrinkling/Fibre instabilities
- Transverse shearing of preform → Fibre sliding
- Decohesion of binder → Onset of wrinkles

Optimal formingNon-optimal forming

Buckling dominated forming

Sliding dominated forming

Two competing mechanisms: Fibre sliding and fibre buckling
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UD-direction
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Material characterisation

T-peel test

Cantilever bending test Transverse shear test 
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New methodology 
developed [9]

New 
methodology 

developed [10]
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Modelling Strategy [8, 12]

Ply-by-ply macro-scale modelling approach
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Deformation modes of the preform model

Challenges in modelling preforms: 
- Decouple the fabric stiffnesses
- Describe the material nonlinearities

?
A 2D model is made in 
the 1-3 plane. How to model a strongly 

heterogenous structure consisting of 
loose fibres as a homogenous 
continuum?

VUMAT

Cohesive 
contact
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Simulation Results on Large Ramp
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Model with constant stiffnesses (Coventional)

Simulation Experiment

Simulation Experiment

Simulation
Simulation

Model with non-constant stiffnesses (New)

Experiment
Experiment

The new modelling framework improves the 
geometry of the predicted wrinkles by 35% to 94%!
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Parameter studies [13]

                      

              

              

                
          

               

                 

              

          

    

Large dimensions

Small dimensions

Small dimensions of the ramp enhance 
preform forming!

Parameter studies have been made considering 
variations in: 
• Ramp geometry
• Material properties
• Placement tolerances

16

Blue areas indicate 
compression, which 
is associated with 
fibre wrinkling
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Parameter studies [13]

Tolerance zone

Tolerance zone

High bending stiffness
and low transverse
shear stiffness

Low bending stiffness and high 
transverse shear stiffness

Large bending stiffness of the fabric and low 
transverse shear stiffness enhance preform 
forming!

High placement tolerances can be achieved by 
enabling preform to shear in tolerance zone!

17
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Conclusions and Impact

Simulation tool for 
predicting wrinkling in 

preforms during forming

Knowledge to 
enable faster and 

more reliable 
manufacturing of 

large wind 
turbine bladesModelling 

frameworks for use 
in aerospace and 

automotive sectors

Standardised 
characterisation 
for the industry 
to faster assess 
material quality

[14]

[15]
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Future work: The MADE4WIND project!

The objective is to develop new blade technologies that will reduce blade production costs, 
increase reliability, reduce blade mass, and reduce waste through blade recycling 

The MADE4WIND project is 
Funded by the European 
Union with GA No. 
101136096.

19
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THANK YOU FOR YOUR ATTENTION

Prediction of damage 
in real laminated 

composite structures

Application and 
demonstration

Cohesive zone models and 
finite element formulations

Experimental 
characterization

Analytical 
methods

2H

M1+M2M1

M2

Bridging zone

        Delamination  

(Crack between fiber layers)

Laminated composite material
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Results from Geometry 1 (Large Ramp)
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Top transition Bottom transitionShear region
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Results from Geometry 2 (Small Ramp) 

              

Top transition Bottom transitionShear region

24
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Wrinkle Mechanisms
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Comparison with the Conventional Model

Top transition

Bottom transition

Shear region

   

 

 

 

  
 

  
 

Wrinkle metrics

Experiment
P = -2.8 ± 4.3 mm
L = 13 ± 4.3 mm
A = 3.5 ± 1.1 mm

Simulation
P = -17 mm
L = 30 mm
A = 12 mm

Experiment
P = +29 ± 28 mm
L = 37 ± 8.6 mm
A = 4.6 ± 1.4 mm

Simulation
P = -2 mm
L = 54 mm
A = 11 mm

Experiment
γ = 7.1° ± 1.0°

Simulation
γ = 4.5°

26
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Governing Deformation Modes

        

        
   

 

   

 

Important deformation modes:
- Bending of NCF →Wrinkling/Fibre instabilities
- Transverse shearing of preform → Fibre sliding
- Decohesion of binder → Onset of wrinkles

27

              

       

           

Optimal formingNon-optimal forming

Buckling dominated forming

Sliding dominated forming

Loads on UD-NCF on compression side

During forming the preform is loaded 
similar to a cantilevered beam
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Paper B

Title: 

One-click bending stiffness: Robust and reliable automatic 
calculation of moment-curvature relation in a cantilever 
bending test

28

- Many user choices that
lead to uncertainties

- Expensive equipment
- Strong assumptions
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Paper B: Methodology - Experimental Setup

Experimental setup Input image
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Paper B: Methodology – Data Processing

 

 

 

  

Image processing
module

Curve fit module

Moment and 
curvature calculation

module

Automatic 
parameter 
selection

Smoothing 
spline

Key novelty aspects

30
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Paper B: Results

31

    
   

    
   
 

 

 

The inclined plane used to 
calculate the constant 
bending stiffness

Wrinkles are associated with high curvatures!
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Test campaignsData processingTest setup

Monotonic campaign:
- Deformation rates: 

• 2 mm/min 
• 20 mm/min
• 60 mm/min

Cyclic campaign 
- Deformation amplitude 

• 0.5 mm 
• 4.0 mm

- 20 cycles

            

    
 

  
   

       

   
   

𝛾𝑎𝑣𝑔 = tan−1
𝐷

𝑡
, 𝜏𝑎𝑣𝑔 =

𝐹

𝑙 𝑤
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Paper C: Results from Monotonic Tests

a)

b)

c)

a) b) c)

       

   

   

   

   

   

   

   

 
  
 
 

     

Shear 
zone

Interface 
degradation

zone

     

            

    

    

    

    

    

    

    

    

 
 
 
  

 
 
 

              

                  

               

                   

               

                   

Different deformation rates
The interface degradation zone 
should not be reached during 

manufacturing
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Repeated loading 
in the shear zone

Repeated loading 
in the interface 
degradation zone
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From Experiments to Simulation Model

Bending model Transverse shear model (CZM)
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PARAMETER: REF VALUE 1ST VARIATION 2ND VARIATION 
FILLET RADIUS 0 [mm] 2 [mm] 20 [mm]
TRANSITION LENGTH 320 [mm] 160 [mm] 480 [mm]
TRANSITION HEIGHT 150 [mm] 100 [mm] 50 [mm]

PARAMETER: REF VALUE 1ST VARIATION 2ND VARIATION 
BINDER TOUGHNESS x1 x0.5 x2
TRANSVERSE SHEAR STIFFNESS x1 x0.5 x2
BENDING STIFFNESS x1 x0.5 x2

PARAMETER: REF VALUE 1ST VARIATION 2ND VARIATION 3RD VARIATION 4TH VARIATION
PREFORM OFFSET 0 [mm] -50 [mm] -10 [mm] 10 [mm] 50 [mm]

Parameters to be varied: Variations: 
Ramp geometry

Material properties

Placement tolerances for preshaped preform

The parameters are divided into 3 categories
• Ramp geometry
• Material properties
• Tolerances 
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Parameter Studies - Intro

Study 1: 27 simulations

Study 2: 27 simulations

Study 3: 5 simulations
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Large dimensions

Small dimensions

Preform shear angle γ = 14°

Preform shear angle
γ = 1.9°

Fabric deformation due to excessive length

Fabric deformation due to 
excessive length

Small dimensions of the ramp 
enhance preform forming!
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Large bending stiffness of the fabric 
and low transverse shear stiffness 
enhance preform forming!

Preform shear angle
γ = 23°

Preform shear angle
γ = 0°

Fabric deformation due to 
excessive length

No fabric deformation 
due to excessive length

High bending stiffness and low transverse shear stiffness

Low bending stiffness and high 
transverse shear stiffness
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Tolerance zoneBefore forming

After forming

Tolerance zone

No shearing in centre

Shearing in tolerance zone

Shearing in tolerance zone

High placement tolerances can be 
achieved by enabling preform to 
shear in tolerance zone!
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