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Chapter1 | What do we need for a “good” fatigue model applicable to laminated composites?

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

Challenges -
Translaminar erack progreson . . . . .
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i_gnips "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)

| -u:i
|

o e ALY (mmieycle)

1
FAE-ae i

i
| |
| ANE-G §

1
| o7 4
AL 1.0k

_—r T Current strategy — “No crack growth” & “Test our way out!”

B Tw=30% ®  Te A
Py (T=E1C P (T =400

m— Power | =100 m Pown [ 120}

Alderliesten RC, (2013). Critical Review on the Assessment of Fatigue and Fracture in Composite Materials and Structures. Eng Fail Analysis; 35: 370-9.
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Chapter 1

D-STANDART Defect Taxonomy — But beware of “Unknown Unkowns”....

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

Scan 2

Mandatory Parameters Optional Parameters
Defect Type Unit Type Unit Cause Codes
Wrinkle Maximum angle deviatian Scalar degrees Length Scalar mm Fibresteering Wrinkle Image'lAL
Maximum ply thickness Scalar mm Prefarm drape
Minimum ply thickness Scalar mm Alignment of gaps/overlaps
Additional material
Ply movement during cure
Insufficient debulk
Delamination Major axis scalar mm Orientation with respec scalar degrees Excess voidage Delamination Image'lAL
Minor axis scalar mm Orientation with respec scalar degrees Shrinkage cracking
Location discrete edge/ embedded Preform contamination
Accidental inclusion
Deliberate inclusion (seeded delam)
Handling damage
Machining abuse
Porosity [ Voidage  |Volumefraction Scalar % Maximum poresize  scalar um Entrained air - poor compaction Porosity Voidage Image'lAL
Affected volume scalar mm3 Minimum pore size scalar um Vacuum leak [ bag burst
typical morphology discrete distributed spheroidal / intraply / interply / dendritic network Resin thermal degradation
Resin out of life
Contamination
Poor compaction - bridging
Poor ion - low autoc|
MNotes

1. User selects which defect is being applied to the specimen
2. User is presented with information about how that defect is parameterised (inel the images)

3. Mandatory parameters are filled in
4. Optional parameters arefilled in or skipped
5. Asingle cause codeis selected from thelist

Teflon boundary . o e .

0° Fibre orientation

Centre dge 2|

(a) IM7/8552, V, = 7.26%

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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Chapter 2 | Manufacturing “Controlled” Defects - |

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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Chapter 2 )| Manufacturing “Controlled” Defects - |l

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

(a) (b)

90°
-45°

double 0°
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Chapter 2 | Process Modelling of Defect Formation

A multi-scale modelling framework has been developed and validated the predict defect formation (Abaqus/Standard Implementation)
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Chapter3 | Testing Coupons with Embedded Wrinkles

Different severities (as % of static failure load); multiple environmental conditions

Specimen

Light
sources

Initial image

(a)
50,000 cycles
Load cycles — — Specimen
video
Fatigue —J 5 — In-time 152,000 cycles
parameters fatigue 270,000 cycles
variables
Calibration —f =
& control
buttons
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Chapter3 | UB Cohesive Zone Modelling for Fatigue - |

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.

v

------
-------
-------
)

---------
-----
-----

Time
> Delamination

A tensile fatigue model at different stages

Peak load envelope
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Chapter3 | UB Cohesive Zone Modelling for Fatigue - Il

The fatigue cohesive law was developed based on Bristol’'s bilinear static cohesive law.

The fatigue CZM covers fatigue initiation and fatigue propagation

Cohesive zone crack tip ——
(Fatigue propagation law)

Cohesive zone elements -
(Static cohesive law)

é Elastic element
0 > (Fatigue initiation law)

Static bilinear cohesive law . . _ o
Map of cohesive laws in a portion of cohesive interface

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 ) 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.
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Chapter3 | UB Cohesive Zone Modelling for Fatigue - Il

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

Mixed-mode S-N formula — parameters can be randomised!
A O‘

(o 2 4 (S Zi= 1 _ b (ﬁ)2+b (@)2 ' o :N.-i
: O_Imax O_IrInaX : : I 6m II 6m : glO: 1:

1
1 ' ! -
el e e e | 1 \l
< - R S \

Static cohesive law

No. of cycles Fatigue cohesive law

load severity S-N constant

to initiation >
Update initiation variable by LCD rule:
()
pf = pi- 4 IO 0 | —
N; Cohesive strength reduction at fatigue initiation

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.
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Chapter3 | UB Cohesive Zone Modelling for Fatigue - IV

« 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

— Pure mode, Static

Ao Pure mode, Fatigue
—— Mixed mode, Static
Modified Paris law — parameters can be randomised! Ol __ Mixed mode, Fatigue
. m__ _,-ho ——— Mode components, Static
da c ( G >(1—R)1+“ ...... Mode components, Fatigue
d_N — G_C O_Imax
Fatigue damage rate:
dD¢ _ 1— D Su
dN  dN ] >
da *f

Fatigue damage variable update:

d os . .. T
D¢t =Df +— - fy - dt

-
-
-
-
-
. -
e

Bilinear cohesive fatigue damage propagation law

Allegri G, Jones MI, Wisnom MR, Hallett SR. A new semi-empirical model for stress ratio effect on mode Il 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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Chapter3 | UB Cohesive Zone Modelling for Fatigue - IV

« 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

— Pure mode, Static

Ao Pure mode, Fatigue
—— Mixed mode, Static
Modified Paris law — parameters can be randomised! Ol __ Mixed mode, Fatigue
. m__ _,-ho ——— Mode components, Static
da c ( G >(1—R)1+“ ...... Mode components, Fatigue
d_N — G_C O_Imax
Fatigue damage rate:
dD¢ _ 1— D Su
dN  dN ] >
da *f

Fatigue damage variable update:

d os . .. T
D¢t =Df +— - fy - dt

-
-
-
-
-
. -
e

Bilinear cohesive fatigue damage propagation law

Allegri G, Jones MI, Wisnom MR, Hallett SR. A new semi-empirical model for stress ratio effect on mode Il 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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Chapter3 | UB Cohesive Zone Modelling for Fatigue - V

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 Fatigue model without defects (pristine)
predicting matrix crack within all angle plies.
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Chapter 3 | UB Cohesive Zone Modelling for Fatigue - VI

Defect description — Image-based meshing for each coupon!

Numerical description (top) and microscopic Numerical description (top) and microscopic
observation (bottom) of the wrinkle defect. observation (bottom) of combined W&C defect.
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Chapter 3 | Fatigue Model Validation - |

Normalised stiffness (E/E,)

Data-rich approach, e.g. X-Ray CT of “Wrinkle” coupons
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Chapter 3

Example of FEA model output versus CT data

Fatigue Model Validation - Il

Middle line of full model

Middle line of full specimen

CT scan

» 4th interface

1st interface

45/90

90/-45

45/0

45/90

45/0

45/90

90/-45

45/0

45/90

45/0

-45/0

90/-45

0/45

45/0

90/-45

0/45

0/45

45/0

-45/0

90/-45

30th interface

» 33rd interface
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Chapter 3 | Fatigue Model Validation - Ill

Excellent correlation achieved between experimental results and FE model

1.05 52%, Specimen 4 1.05 40%, Specimen 4a
——52%, Specimen 5 40%, Specimen 6a
- 52%, Specimen 6 50%, Specimen 1
65%, Specimen 5a 50%, Specimenga
wvi wi i
g 1 -65%, Specimen 6a g 1 pemmee 60%, Specimen 5
=§ . :E 60%, Specimen5a
P~ ——— 65%, Specimen 7 ~
(%] L] .
oo . - 60%, Specimen 6
v 78%, Specimen 2 @
= = o= a= 40%, Model
E 78%, Specimen 3 E
S 5 0.95 = == «50%, Model
0.95 —— i .
2 78%, Specimen 4a 2 - - =60%, Model
- e= «52%, Model
- == »65%, Model
= == = 78%, Model
0.9 0.9
1.E+01 1.E+02 1.E+03 1.E+04 1.E4+05 1.E+06 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Number of cycles Number of cycles
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Chapter 3 | Fatigue Model Validation - IV

Excellent correlation achieved between experimental results and FE model

0.8 -
¢ Pristine, Exp.
O Wrinkle, Exp. ® Wrinkle, FE Log. (Wrinkle, Exp.) . O Wrinkle, Exp.
A Cut-ply, Exp.
1.0
0.6 O WA&C, Exp.
0.8
Foy > & Pristine, FE
— =
Q 06 [ = % m Wrinkle, FE
@ O-E n
% 04 EUC-O A Cut-ply, FE
0.4
0.2 | ® W&C, FE
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 Log. (Pristine, Exp.)
Number of cycles at 5% stiffness drop Log. (Wrinkle, Exp.)
0.2 Log. (Cut-ply, Exp.)
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

. Log. (W&C, Exp.)
Number of cycles at 5% stiffness knock-down

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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Chapter4 )| Summary and Conclusions

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

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

lIl. 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

S-stendart

24



TS w NEWS

9/—‘516 ﬂda I‘T‘ ABOUT CONSORTIUM + METHODS AND TOOLS

Want to know more?

Chapter 4
Read our results and use our data!

PUBLICATIONS

www.d-standart.eu/publications 0-STANDART PUBLICATIONS

rticipation to conferences and standardization working
a5 publications.

aled (o shara opan g

https://doi.org/10.5281/zen0do0.15049769 =

ACP_Fatigue.zip »
Files @o aa) v
Name Size B Download sl

Communities My dashboard A

D-STANDART - for Durability Modelling of Composites (HEU) @
5 soncar elat e i e

Part of EU Open Research Repository 486GB + Dawnlzd
DCB (Fibre Orientation effect) - Quasi-static Mode Lrar
41MB &, Download
Published March 19, 2025 | Version v1 =3 " e
D(?E (Fibre orientation eﬂe:i)_N;R_ﬁnal 7z 4813 MB i
D-STANDART - Experimental mechanical test data set "
effect) Fatigue Mode Il tar -
© 569.3 MB 3. Download
Monticeli, Francisco (Researcher)’ Biagini, Davide (Researcher)’ Pascoe, John-Alan (Work package leader)’
Mosleh, Yasmine (Project member)! Di Maio, Dario (Work package leader)? Ren, Yunxia (Researcher)*&, ; ELS (Fibre Orientation effect) - Quasi-static Mode Il.rar
- - 31MB . Downi
Beketova, Hanna (Researcher)* Allegri, Giuliano (Work package leader)®® (3; Amsterdam, Emiel (Researcher) : md: ahBE 171073110628 @ s
van den Brink, Robbert-Jan (Researcher)” & Show affiiations ELS 2
i 11.1MB @ Praview &, Downlozd
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Thank you!

Contact points
for any question:

FOLLOW US ON:

d-standart.eu

Presenter

) Giuliano ALLEGRI (UB)

) Email: giuliano.allegri@bristol.ac.uk

D) Phone: +44 117 455 0510

Coordinator

) Marco NAWIJN (NLR)
D) Email: Marco.Nawijin@nlr.n|
D Phone: +31 88511 44 86

Project Management Officer

D Mathieu LIONS (LUP)

D Email: mathieu.lions@|-up.com

D Phone: +337 832819 82

Communication Officer

) Peggy FAVIER (LUP)
) Email: peggy.favier@|-up.com
) Phone: +336 7564 1078
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