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Pultruded profiles inside the +80 m wind turbine blades
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Pultruded carbon fiber profiles
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Pictures from Fiberline.com
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Casted into blade moulds like this Vestas blade mould

4Picture from Vestas for its V236-15.0 MW™ turbine, Blade length 115.5 m
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Stress state in compression
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Reuss:  Iso-stress
Shear 𝜏𝜏𝑓𝑓 = 𝜏𝜏𝑚𝑚
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Voigt: Iso-strain 
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Workflow to be presented
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Fiber and matrix properties Orientation distribution Non-linear composite FEM Accurate compression 
prediction 

matrix

fiber
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Predict compression strength based on 
• Uniaxial stress-strain curve of the fiber and matrix material

– Ramberg-Osgood fitting

• Material orientation distribution determined from 3D x-ray scan
– Python script for Structure tensor analysis
– User-subroutine mapping using orient.f in Abaqus

• Geometrical and material non-linear (incremental) finite element model 
– Umat.f user-subroutine in Abaqus

• Predict the load-deflection curve of specific scanned samples 
– No failure criteria but based on load maximum due to material point rotations
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Mechanical properties of specific epoxy material 
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Ramberg-Osgood fitting

Ferguson, Skovsgaard, Jensen, Mikkelsen (2023), https://doi.org/10.1016/j.euromechsol.2023.105011

https://doi.org/10.1016/j.euromechsol.2023.105011
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Mechanical properties of the polymer matrix material
- Tension vs shear
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Tensile test: ISO 527

Shear test (Iosipescu Tension and shear

Compression

Sanita Zike (2015), PhD report number PhD-050, DTU Wind 
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Carbon fiber properties in tension

11Kumar, Mikkelsen, Lilholt, Madsen (2020), https://doi.org/10.1088/1757-899X/942/1/012033

- Non-linear behavour

Good agreement between non-linear fibers and Rule of Mixture defined composite behaviour in tension

https://doi.org/10.1088/1757-899X/942/1/012033
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Carbon fiber properties in compression
- back calculation from compression test of the composite
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Ramberg-Osgood fittingExperimental 
compression curve for 
the composite curve cut 
10% below load 
maximum
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Properties of pultruded carbon fiber composite

13Kumar et al. (2021) doi:10.5281/zenodo.5092028 

𝑉𝑉𝑓𝑓

𝑉𝑉𝑓𝑓 = 0.62

matrix

fiber
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3D x-ray tomography (Zeiss Versa 520)
- carbon fiber composites
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5 × 5 mm2 cross-section
2 × 2 × 2mm3 Field of View (FoV)
Voxel size: 1.98 microns, 𝑑𝑑𝑓𝑓 = 7 microns

Scan samples
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Material orientation segmentation
- Structure tensor method
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• 𝜎𝜎 : Noise scale
• computing derivatives

• 𝜌𝜌 : Integration scale
• averaging over the neighborhood

• Value of 𝜌𝜌 : scale with fiber-diameter
• Small give local orientation
• Large captures the overall orientation

• Dominating direction is given by the 
smallest eigenvector

3D X-ray scan

Jeppesen, Mikkelsen, Dahl, Christensen, Dahl (2021), https://doi.org/10.1016/j.compositesa.2021.106541

Structure tensor method in 2D

https://doi.org/10.1016/j.compositesa.2021.106541
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Fiber orientation in 3D

17Ferguson, Skovsgaard, Jensen, Mikkelsen (2023), https://doi.org/10.1016/j.euromechsol.2023.105011

https://doi.org/10.1016/j.euromechsol.2023.105011
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Fiber orientations in 3D

18Ferguson, Skovsgaard, Jensen, Mikkelsen (2023), https://doi.org/10.1016/j.euromechsol.2023.105011

https://doi.org/10.1016/j.euromechsol.2023.105011
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Mapping orientations on 3D mesh using Python

19Ferguson, Mikkelsen (2023), https://doi.org/10.1016/j.simpa.2023.100523

Finite element model with 
27 integration points 
in each element

Structure tensor segmented 
X-ray scan

Include file for orient.f user subroutine

https://doi.org/10.1016/j.simpa.2023.100523
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Predict compression strength based on 
• Uniaxial stress-strain curve of the fiber and matrix material

– Ramberg-Osgood fitting

• Material orientation distribution determined from 3D x-ray scan
– Python script for Structure tensor analysis
– User-subroutine mapping using orient.f in Abaqus

• Geometrical and material non-linear (incremental) finite element model 
– Umat.f user-subroutine in Abaqus

• Predict the load-deflection curve of specific scanned samples 
– No failure criteria but based on load maximum due to material point rotations
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Orient.f

𝑥𝑥1

𝑥𝑥2 Voigt: Iso-strain and 
rotation of fiber and matrix

Reuss: Iso transverse and 
shear stress of fiber and matrix

𝜎̇𝜎22
𝑓𝑓 = 𝜎̇𝜎22𝑚𝑚 𝜎̇𝜎12

𝑓𝑓 = 𝜎̇𝜎12𝑚𝑚

𝑢̇𝑢1,1
𝑓𝑓 = 𝑢̇𝑢1,1

𝑚𝑚 𝑢̇𝑢2,1
𝑓𝑓 = 𝑢̇𝑢2,1

𝑚𝑚

Matrix: 𝐸𝐸𝑚𝑚; 𝜈𝜈𝑚𝑚;𝜎𝜎𝑚𝑚𝑅𝑅𝑅𝑅;𝑛𝑛𝑚𝑚𝑅𝑅𝑅𝑅

Fibres: 𝐸𝐸𝑓𝑓; 𝜈𝜈𝑓𝑓;𝜎𝜎𝑓𝑓𝑅𝑅𝑅𝑅;𝑛𝑛𝑓𝑓𝑅𝑅𝑅𝑅

𝜎̇𝜎𝑖𝑖𝑖𝑖𝑚𝑚𝑚 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚 (𝜎𝜎𝑒𝑒𝑚𝑚𝑚) ̇𝜀𝜀𝑘𝑘𝑘𝑘𝑚𝑚𝑚

𝜎̇𝜎𝑖𝑖𝑖𝑖
𝑓𝑓 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑓𝑓 (𝜎𝜎𝑒𝑒
𝑓𝑓) ̇𝜀𝜀𝑘𝑘𝑘𝑘

𝑓𝑓

Composite: 𝑉𝑉𝑓𝑓 = 0.62

𝜎̇𝜎𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑉𝑉𝑓𝑓𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚1 ,𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚2 ,𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑓𝑓 ) ̇𝜀𝜀𝑘𝑘𝑘𝑘

Umat.f 

Abaqus solution increment: 

Update 𝜙𝜙 ;𝜎𝜎𝑖𝑖𝑖𝑖𝑚𝑚𝑚;𝜎𝜎𝑖𝑖𝑖𝑖𝑚𝑚2;𝜎𝜎𝑖𝑖𝑖𝑖
𝑓𝑓

Incremental non-linear composite 
(Abaqus) 

𝜎̇𝜎𝑖𝑖𝑖𝑖𝑚𝑚𝑚 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚 (𝜎𝜎𝑒𝑒𝑚𝑚𝑚) ̇𝜀𝜀𝑘𝑘𝑘𝑘𝑚𝑚𝑚
matrix

fiber
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Predictions in 3D

24Ferguson, Skovsgaard, Jensen, Mikkelsen, https://doi.org/10.1016/j.euromechsol.2023.105011

https://doi.org/10.1016/j.euromechsol.2023.105011
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Modelling 3 different 2 mm FoV scans

25Ferguson, Skovsgaard, Jensen, Mikkelsen, https://doi.org/10.1016/j.euromechsol.2023.105011

�𝜙𝜙 ∈ 0.5; 1.0 °

�𝜙𝜙 ≡ 0°

https://doi.org/10.1016/j.euromechsol.2023.105011
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Conclusion
• Properties in model

– Stress strain curve of matrix material 
– Stiffness of stress-strain curve for fiber material
– Fiber volume fraction
– Fiber orientation distribution

• Finite Element Model
– Non-linear composite material model
– No failure criteria, load maximum due to local material point rotation during loading

Prediction
– Realistic compression strength predictions
– Show high dependency on small rotation with respect to the overall fiber orientation

26
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Larger FoV using lab based X-ray scattering techniques

27Slyamov, …, Mikkelsen, IOP Conf. Ser.: Mater. Sci. Eng. In press, 43rd Risø Int. Symp. on Materials Science, 2023

Orientation [Deg]
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Coursera course and 8th CINEMAX PhD summer school 
on X-ray tomography to FE-modelling of materials

29


	ACCURATE COMPRESSION STRENGTH PREDICTIONS OF COMPOSITES �FOR WIND TURBINE BLADES
	Pultruded profiles inside the +80 m wind turbine blades
	Pultruded carbon fiber profiles
	Casted into blade moulds like this Vestas blade mould
	Stress state in compression
	Workflow to be presented
	Predict compression strength based on 
	Predict compression strength based on 
	Mechanical properties of specific epoxy material 
	Mechanical properties of the polymer matrix material�- Tension vs shear
	Carbon fiber properties in tension
	Carbon fiber properties in compression�- back calculation from compression test of the composite
	Properties of pultruded carbon fiber composite
	Predict compression strength based on 
	3D x-ray tomography (Zeiss Versa 520)�- carbon fiber composites
	Material orientation segmentation�- Structure tensor method
	Fiber orientation in 3D
	Fiber orientations in 3D
	Mapping orientations on 3D mesh using Python
	Predict compression strength based on 
	Slide Number 21
	Slide Number 22
	Predict compression strength based on 
	Predictions in 3D
	Modelling 3 different 2 mm FoV scans
	Conclusion
	Larger FoV using lab based X-ray scattering techniques
	Slide Number 28
	Coursera course and 8th CINEMAX PhD summer school on X-ray tomography to FE-modelling of materials

