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IntroductionWhat do we need for a “good” fatigue model applicable to laminated composites?Chapter 1

• Three stages of fatigue: 1) matrix cracking; 2) delamination;
3) fibre failure

• Evolution of fatigue governed by the matrix, with potential
significant contribution from fibre-bridging

• Fatigue promoted by stress risers (free edges, ply drop-offs)
and defects (ply wrinkling/crimping)

• Fatigue strongly dependent on environmental conditions
(temperature, moisture, UV radiation) because of the visco-
elasto-plastic response of the matrix

(1) Micro-Cracking (intralaminar) (2) Delamination (interlaminar) (3) Fibre failure (translaminar)  

(1) (2) (3) 
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IntroductionWhat do we need for a “good” fatigue model applicable to laminated composites?Chapter 1

Challenges
1) Failure modes in composites interact in a 

synergistic fashion

2) Temperature and moisture content have a 
major impact on fatigue behaviour

3)   Manufacturing defects (e.g. voids, ply 
wrinkling) act as stress risers

”Fatigue strength justification of composite structures is commonly performed on the
basis of plotting laminate stresses against failure lives. This approach is considered
fundamentally wrong, because it implicitly violates the similitude principles that form
the basis of engineering prediction.” (Alderliesten, 2013)

Alderliesten RC, (2013). Critical Review on the Assessment of Fatigue and Fracture in Composite Materials and Structures. Eng Fail Analysis; 35: 370-9. 

Current strategy → “No crack growth” & “Test our way out!”
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Introduction
D-STANDART Defect Taxonomy – But beware of “Unknown Unkowns”....Chapter 1

The Defect taxonomy consists of a: 1) classification system comprising key discrete/variables for describing the defect; 2) a database of images 
providing examples of the defects. These information allow the correct representation of defects in FEA models  

Note: the defect taxonomy is a “live” document – the image database can be further populated with examples of defects from real components
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Manufacturing and 
Process Modelling 02
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Introduction
Manufacturing “Controlled” Defects - IChapter 2

A robust method to manufacture coupons with embedded wrinkles has been developed. It entails inserting transverse strips of materials and 
terminating plies to achieve a controlled amount of out-of-plane waviness in a baseline quasi-isotropic laminate
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Introduction
Manufacturing “Controlled” Defects - IIChapter 2

A robust method to manufacture coupons with embedded wrinkles has been developed. It entails inserting transverse strips of materials and 
terminating plies to achieve a controlled amount of out-of-plane waviness in a baseline quasi-isotropic laminate
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Introduction
Process Modelling of Defect Formation Chapter 2

A multi-scale modelling framework has been developed and validated the predict defect formation (Abaqus/Standard Implementation)
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Fatigue Testing And 
Modelling03
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Introduction
Testing Coupons with Embedded WrinklesChapter 3

Different severities (as % of static failure load); multiple environmental conditions 
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Introduction
UB Cohesive Zone Modelling for Fatigue - IChapter 3

• In the UB fatigue CZM, a virtual composite structure is loaded to the peak load of the first cycle, then held under 
the peak load envelope. Inserted cohesive elements follow a fatigue cohesive law to predict delamination in 
Abaqus/Explicit.

• The model can be significantly accelerated by using a fatigue frequency that is orders of magnitude higher than 
the one used in actual tests, e.g. 105 Hz in the model vs. 5 Hz in experiment. 

Peak load envelope A tensile fatigue model at different stages

Build-up Fatigue

Time

Load δS
δf

Time 0

Build peak load

9000 cycles

Delamination
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UB Cohesive Zone Modelling for Fatigue - IIChapter 3

• The fatigue cohesive law was developed based on Bristol’s bilinear static cohesive law. 
• The fatigue CZM covers fatigue initiation and fatigue propagation

0

δ

σ

Static bilinear cohesive law

Jiang W-G, Hallett SR, Green BG, Wisnom MR. A concise interface constitutive law for analysis of delamination and splitting in composite materials and its application to scaled notched tensile specimens. 
Int J Numer Methods Eng 2007;69:1982–95.
Kawashita LF, Hallett SR. A crack tip tracking algorithm for cohesive interface element analysis of fatigue delamination propagation in composite materials. Int J Solids Struct 2012;49:2898–913.
May M, Hallett SR. A combined model for initiation and propagation of damage under fatigue loading for cohesive interface elements. Compos Part A Appl Sci Manuf 2010;41:1787–96. 

Cohesive zone crack tip
(Fatigue propagation law)

Cohesive zone elements
(Static cohesive law)

Elastic element
(Fatigue initiation law)

Map of cohesive laws in a portion of cohesive interface
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UB Cohesive Zone Modelling for Fatigue - IIIChapter 3

• Fatigue initiation criterion is based on S-N curve and Linear Cumulative Damage (LCD) rule. 
At damage initiation, cohesive strengths are reduced.

0

δ

σ

May M, Hallett SR. A combined model for initiation and propagation of damage under fatigue loading for cohesive interface elements. Compos Part A Appl Sci Manuf 2010;41:1787–96. 
doi:10.1016/j.compositesa.2010.08.015
Tao C, Mukhopadhyay S, Zhang B, Kawashita LF, Qiu J, Hallett SR. An improved delamination fatigue cohesive interface model for complex three-dimensional multi-interface cases. Compos Part A Appl Sci Manuf
2018;107:633–46. 

𝜎𝜎I𝜎𝜎Imax 2
+

𝜎𝜎II𝜎𝜎IImax 2
= 1 − 𝑏𝑏I( 𝛿𝛿I𝛿𝛿m)2+𝑏𝑏II(𝛿𝛿II𝛿𝛿m)2 � log10𝑁𝑁i Static cohesive law

Fatigue cohesive law

𝐷𝐷𝑖𝑖𝑡𝑡 = 𝐷𝐷𝑖𝑖𝑡𝑡−d𝑡𝑡 + 𝑓𝑓𝑁𝑁 � d𝑡𝑡𝑁𝑁i𝑡𝑡 Cohesive strength reduction at fatigue initiation

load severity S-N constant

Mixed-mode S-N formula – parameters can be randomised! 

No. of cycles 

to initiation

Update initiation variable by LCD rule:
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UB Cohesive Zone Modelling for Fatigue - IVChapter 3

• Fatigue damage propagation is considered in the CZM by a stiffness-based fatigue damage variable, which is derived 
from the crack propagation rate da/dN

Mode components, Static

Mode components, Fatigue

Mixed mode, Static

𝛿𝛿II

𝛿𝛿I

𝜎𝜎IIY
𝜎𝜎IY

𝛿𝛿IIf
𝛿𝛿If

Pure mode, Static

Pure mode, Fatigue

Mixed mode, Fatigue

σ

𝛿𝛿I/II

𝜎𝜎Imax
𝜎𝜎IImax

Bilinear cohesive fatigue damage propagation law

𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁 = 𝐶𝐶 𝐺𝐺𝐺𝐺C 𝑚𝑚1−𝑅𝑅 1+𝛼𝛼𝑒𝑒−ℎ∅

d𝐷𝐷f
d𝑁𝑁 =

1− 𝐷𝐷s
d𝑁𝑁
d𝑑𝑑 𝑙𝑙𝑓𝑓

𝐷𝐷f𝑡𝑡+d𝑡𝑡 = 𝐷𝐷f𝑡𝑡 + d𝐷𝐷fd𝑁𝑁 � 𝑓𝑓𝑁𝑁 � d𝑡𝑡

Modified Paris law – parameters can be randomised!

Fatigue damage rate:

Fatigue damage variable update:

Allegri G, Jones MI, Wisnom MR, Hallett SR. A new semi-empirical model for stress ratio effect on mode II fatigue delamination growth. Compos Part A Appl Sci Manuf 2011;42:733–40. 
doi:10.1016/j.compositesa.2011.02.013.
A crack tip tracking algorithm for cohesive interface element analysis of fatigue delamination propagation in composite materials. Int J Solids Struct 2012;49:2898–913. doi:10.1016/j.ijsolstr.2012.03.034
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UB Cohesive Zone Modelling for Fatigue - IVChapter 3

• Fatigue damage propagation is considered in the CZM by a stiffness-based fatigue damage variable, which is derived 
from the crack propagation rate da/dN

Mode components, Static

Mode components, Fatigue

Mixed mode, Static

𝛿𝛿II

𝛿𝛿I

𝜎𝜎IIY
𝜎𝜎IY

𝛿𝛿IIf
𝛿𝛿If

Pure mode, Static

Pure mode, Fatigue

Mixed mode, Fatigue

σ

𝛿𝛿I/II

𝜎𝜎Imax
𝜎𝜎IImax

Bilinear cohesive fatigue damage propagation law

𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁 = 𝐶𝐶 𝐺𝐺𝐺𝐺C 𝑚𝑚1−𝑅𝑅 1+𝛼𝛼𝑒𝑒−ℎ∅

d𝐷𝐷f
d𝑁𝑁 =

1− 𝐷𝐷s
d𝑁𝑁
d𝑑𝑑 𝑙𝑙𝑓𝑓

𝐷𝐷f𝑡𝑡+d𝑡𝑡 = 𝐷𝐷f𝑡𝑡 + d𝐷𝐷fd𝑁𝑁 � 𝑓𝑓𝑁𝑁 � d𝑡𝑡

Modified Paris law – parameters can be randomised!

Fatigue damage rate:

Fatigue damage variable update:

Allegri G, Jones MI, Wisnom MR, Hallett SR. A new semi-empirical model for stress ratio effect on mode II fatigue delamination growth. Compos Part A Appl Sci Manuf 2011;42:733–40. 
doi:10.1016/j.compositesa.2011.02.013.
A crack tip tracking algorithm for cohesive interface element analysis of fatigue delamination propagation in composite materials. Int J Solids Struct 2012;49:2898–913. doi:10.1016/j.ijsolstr.2012.03.034
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UB Cohesive Zone Modelling for Fatigue - VChapter 3

The standard fatigue CZM was first calibrated through single interface DCB/ELS/MMB tests on IM7/8552. It was then 
applied to multi-interface fatigue defect cases on coupons with embedded wrinkles and/or ply-terminations

The unit-cell mesh used to create the full 

model and insertion of cohesive elements for 

predicting matrix crack within all angle plies. 

Fatigue model without defects (pristine)
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UB Cohesive Zone Modelling for Fatigue - VIChapter 3

Numerical description of cut-ply.

Numerical description (top) and microscopic 

observation (bottom) of the wrinkle defect.

Numerical description (top) and microscopic 

observation (bottom) of combined W&C defect.

Defect description – Image-based meshing for each coupon!
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Fatigue Model Validation - IChapter 3

Data-rich approach, e.g. X-Ray CT of “Wrinkle” coupons
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Fatigue Model Validation - IIChapter 3

Example of FEA model output versus CT data
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Fatigue Model Validation - IIIChapter 3

Excellent correlation achieved between experimental results and FE model
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Fatigue Model Validation - IVChapter 3

Excellent correlation achieved between experimental results and FE model

Zhang B, Ali H, Allegri G, Hallett SR. An experimental and numerical investigation into tensile fatigue failure of composite laminates containing wrinkles and cut plies. Int J Fatigue; 198:109026, 2025  
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Conclusions04



17/12/2025 PUBLIC - GA 101091409 24

Summary and ConclusionsChapter 4

I. A methodology to manufacture coupons with controlled and reproducible defects has been
developed

II. The manufacturing methodology has been tailored with the help of advanced process modelling
tools, which have been further extended in scope and validated

III. A comprehensive dataset of fatigue behaviour for quasi-isotropic laminates with embedded wrinkles
has been generated, also including the influence of environmental effects (all the experimental
results are available on the D-STANDART Zenodo repository)

IV. A meso-scale fatigue modelling framework based on a novel cohesive zone implementation has been
developed and validated. Our approach captures the complex interplay of matrix cracking,
delamination and fibre-failure in a fatigue setting coupled with environmental effects
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Want to know more?
Read our results and use our data!

www.d-standart.eu/publications

https://doi.org/10.5281/zenodo.15049769

Chapter 4

http://www.d-standart.eu/publications
http://www.d-standart.eu/publications
http://www.d-standart.eu/publications
https://doi.org/10.5281/zenodo.15049769
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Thank you!

Contact points 
for any question:

Project Management Officer

Mathieu LIONS (LUP)

Email: mathieu.lions@l-up.com

Phone: +33 7 83 28 19 82

Coordinator

Marco NAWIJN (NLR) 

Email: Marco.Nawijn@nlr.nl

Phone: +31 88 511 44 86
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d-standart.eu

Presenter

Giuliano ALLEGRI (UB)

Email: giuliano.allegri@bristol.ac.uk

Phone: +44 117 455 0510

Communication Officer

Peggy FAVIER (LUP)

Email: peggy.favier@l-up.com

Phone: +33 6 75 64 10 78

mailto:mathieu.lions@l-up.com
mailto:mathieu.lions@l-up.com
mailto:mathieu.lions@l-up.com
https://zenodo.org/communities/d-standart/?page=1&size=20
https://d-standart.eu/
https://d-standart.eu/
https://d-standart.eu/
http://www.linkedin.com/company/d-standart
https://www.youtube.com/playlist?list=PLacCS2Wdn7rc9BRxlVxQ8zTHiglZSxPX7
mailto:giuliano.allegri@bristol.ac.uk
mailto:peggy.favier@l-up.com
mailto:peggy.favier@l-up.com
mailto:peggy.favier@l-up.com
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