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Regular prepregs

Thin-ply prepregs

Context : thin-ply prepreg
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160 gsm ply (~160 𝛍𝐦)

40 gsm ply

𝟎°/𝟗𝟎°

𝟎°/𝟗𝟎° 𝟎°/𝟒𝟓°/𝟗𝟎°/−𝟒𝟓°

Onset and strength,T800 carbon fiber, QI

• Increased design space

• Increased mechanical properties

Adapted from Cugnoni et al. – ECCM18

320 gsm

2 plies

320 gsm

8 plies
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ERR 𝐽 as a path-independent line integral over Γ (A-F):

𝐽 = න
𝛤

𝑤𝑑𝑒2 − 𝜎𝑖𝑗 𝑛𝑗
𝜕𝑢𝑖
𝜕𝑒1

𝑑𝑠

Strain energy density: 𝑤 = 𝜀 ⋅ 𝐶 ⋅ 𝜀

Stress : 𝜎 = 𝐶 ⋅ 𝜀

Plane stress condition, orthotropic material: 
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Elastic constants and derivatives of displacement fields

Data reduction: J-integral
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• 3D DIC and high resolution cameras

• Cubic spline fitting and smoothing

High quality derivatives

Cherepanov 10.1016/0021-8928(67)90034-2, Rice 10.1115/1.3601206 and Frossard 10.5075/epfl-thesis-8032

https://doi.org/10.1016/0021-8928(67)90034-2
https://doi.org/10.1115/1.3601206
https://doi.org/10.5075/epfl-thesis-8032


34-700-TP415 carbon fiber system
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Hybridization mechanisms
5

1. Fragmentation and pull-out

90° ply-block 0° ply-block

2. Extensive delamination and 

secondary damage

3. Crack bridging

Interyarn Intrayarn

Symmetric

Interlayer

Asymmetric
𝑬 [𝑮𝑷𝒂] 𝝈𝒖𝒍𝒕 [𝑴𝑷𝒂] 𝜺𝒖𝒍𝒕 [%]

HR40 375 4410 1.1

34-700 234 4830 2.0



Material selection
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𝟑𝟑𝐋𝟑𝐀𝟏𝟐𝟎
𝟔𝟎 𝟑𝟑𝐋𝟒𝐒𝟏𝟐𝟎

𝟔𝟎 𝟏𝟒𝐋𝟓𝐀𝟏𝟖𝟎
𝟑𝟎

90° ply-block 0° ply-block
210 gsm180 gsm

90 gsm

𝟐𝟓𝐘𝟏𝟗𝟎 𝟐𝟓𝐘𝟐𝐎𝟗𝟎

Argyropoulos

45 gsm

𝟑𝟑𝐂𝟐𝟒𝟓



Translaminar fracture – Interlayer hybrids 7

• Architecture effects 

• High scattering

• Deviations from linear scaling: hybrid effect? 

𝟑𝟑𝐋𝟑𝐀𝟏𝟐𝟎
𝟔𝟎

𝟑𝟑𝐋𝟒𝐒𝟏𝟐𝟎
𝟔𝟎

𝟏𝟒𝐋𝟓𝐀𝟏𝟖𝟎
𝟑𝟎

4 samples per configuration

Ply-block thickness scaling



Hybrid effect quantification
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Hybridization effectPly-thickness effect

90° ply-block 0° ply-block

• Need to decouple the two effects

• Hybrid effect = result different from expectations

Comparison against a Rule of Mixture (RoM)

Low strain volume fraction 𝜸
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Positive hybrid effect 

Negative hybrid effect 



Translaminar fracture – Interlayer hybrids 9

Initiation Propagation

𝟏𝟒𝐋𝟓𝐀𝟏𝟖𝟎
𝟑𝟎 𝟑𝟑𝐋𝟒𝐒𝟏𝟐𝟎

𝟔𝟎𝟑𝟑𝐋𝟑𝐀𝟏𝟐𝟎
𝟔𝟎



Deviation from ROM –Secondary damage
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Translaminar fracture – Interyarn and intrayarn hybrids 11

• Mild deviation from linear scaling

• Architecture effects 

𝟐𝟓𝐘𝟏𝟗𝟎

𝟐𝟓𝐘𝟐𝐎𝟗𝟎

6 samples per configuration

Ply-block thickness scaling



Translaminar fracture – Interyarn and intrayarn hybrids 12

𝟐𝟓𝐘𝟏𝟗𝟎 𝟐𝟓𝐘𝟐𝐎𝟗𝟎

Initiation Propagation



13Translaminar fracture – Interyarn and intrayarn hybrids

Mechanism : low-strain tow bridging



Energy vs. pull-out length
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Propagation

Initiation

• Pull-out length drives the ERR

𝟑𝟑𝐋𝟒𝐒𝟏𝟐𝟎
𝟔𝟎

𝟑𝟑𝐋𝟑𝐀𝟏𝟐𝟎
𝟔𝟎



A dual-scale modelling approach
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Microscale: energy dissipated by bundles

• Abaqus 

• Cohesive elements 

• Rough friction

Macroscale: compact tension test

• Abaqus 

• Cohesive elements 

• Rough friction

Traction-separation 

law
Parameter 

identification

Bundle 

distribution

Load-

displacements

tip

𝛿

Δ𝑎

1. Ply-block fragmentation

3. Ply-block pull-out

2. Ply-block debonding

Tractions

COD 𝛿

𝜎𝐶

𝛿𝐶

(1)

(2)

(3)

Identification of a traction-separation law Output: energy dissipated by every bundle



Microscale result
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• Hybridization effect

• Architecture effects 

• Long bundles are much more dissipative



Microscale result
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𝝉𝒎𝒂𝒙 = 𝟐𝟎𝑴𝑷𝒂

Correlation
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Macroscale results
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 Pull-out drives translaminar fracture toughness

 As ply-thickness decreases, pull-out length decreases 

 Fiber-hybridization modulates pull-out length and density

 Translaminar toughness can be predicted according to pull-out 
distribution  

Conclusion
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Thank you for your attention! 

Questions? 
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contact: guillaume.broggi@epfl.ch


