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Damage onset, registered with AE
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MPax ,σ

,%xε

Final failure

NCF: tensile test
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FE model: geometry

Mesh of the matrixMesh of the unit cell

Accounted for: 

a) Geometry of the resin channels;
b) Different fibre volume fraction in the upper and bottom plies;
c) Deviation of the carbon fibre orientation cause by the stitching;

Neglected: 

a) Stitching polyester yarns;
b) Ply waviness;

c) Stabilising glass yarns;
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Periodical continuation of the crack
New crack in the unit 
cellPrevious crack

1 2 3 4

Periodicity and damage - 1

Cracks break periodicity in NCF
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The traces of resin rich zones of the lower ply

The degradation of the entire 
ply according to the average 

stress in it

Periodicity and damage - 2
Crack breaks periodicity

Hence: Continuous 
damage mechanics

+ Avoiding issues on the 
statistical nature of crack 

accumulation
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Anisotropic continuum 
damage mechanics

Murakami (1988):
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Anisotropic continuum 
damage mechanics
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Degradation scheme
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the load level when 
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Degradation scheme (Murakami-Ohno)
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Thermodynamic material 
law
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Inverse procedure

2/1 iii γϕϕ Δ−= −

Degradation of the shear modulus is the main source of the non-linearity in test 
of NCF ±45° composite

Assumption:

Step-wise procedure
Apply average macro strain via periodic BC’s

Find ratio of the experimental stress and average stress in FE model FE
x

Exp
xR

σ
σ

=

Scale down shear moduli of the plies with factor R

Check criterion of the damage initiation and assign transverse degradation: Murakami

Reconsider average fibre orientation in the fibre bundle: 

Calculate the parameters of the damage accumulation model

Scale down stiffness constants C22, C12, C13
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Extracted shear diagram

Damage onset

Shear stress

Shear angle

Confirms the common assumption about the post-
critical “plateau” on the shear diagram

VF in the plies, accounting for the 
volume of the openings created by the 

stitching
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Extracted damage evolution law
Degradation of shear modulus

MPaZ ,12

Energy released by damage increase

Vf = 0.475

Vf = 0.425

Vf = 0.273
Vf = 0.244

Almost does not depend on the fibre volume fraction! ⇒ convenient to use
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Damage initiation and 
failure modes

(a) Stress exposure factor (SEF) for ± 45° composite at applied deformation 2,1 %  
(b) Longitudinal (fibre) stress for  ± 30° at 2,1 %, 

(c) Longitudinal stress for 50  at 1.3 %.

Puck criterion: matrix cracks

Fiber failure maximum stress index:
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Stiffness and failure 
predictions

Cracks at the edges

Cracks everywhere

Hence , damage initiation and failure mode are predicted correctly
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± 20°

± 30°

± 45°, Vf = 22.6 %

± 45°, Vf = 39.4 %Experiment

Finite element analysis

Degradation: FEA/experiments

Normalised secant moduli

Sheared NCF composite of different ply angles:
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Implementation for 
textile composite

1. Minimum degrading volume is segment with a 
straight orientation of fibres

2. The average stress over the volume is 
considered

3. Degradation is assigned to the entire segment 
4. Rule of degradation: thermodynamic damage 

evolution law based on Murakami degradation 
scheme

%,xε
0.07 ÷0.19

Loading direction: tensile test: 3-axial braided 

0.15÷0.40 0.23÷0.56

12d

0.289 0.557 1.004
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Prediction for carbon-epoxy 
braided composite

Fibre failure predicted by local stress

by stress averaged over a segment
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Conclusions

1. Local stress distribution due to the resin rich zones is significant

2. Meso-stress = prediction of local damage initiation = reasonable

3. Damage evolution law based on degradation scheme of Murakami

4. Average stress concept can be used: geometrically not less 
meaningful than the local damage mechanics.

5. Post-critical behaviour of the UD plies – The simple reverse 
procedure corresponds to the known mechanical assumption

6. A reasonable correspondence with experiment is found for sheared 
biaxial NCF and braided composite

7. A need to use more architecture and load cases. E.g. where the 
degradation due to local transverse loading is a dominated mode
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