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Beyond imagination!
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https://sumrwind.com/

https://sumrwind.com/


How are 
they made? 

3https://www.youtube.com/watch?v=jpRudTUIyfM

https://www.youtube.com/watch?v=jpRudTUIyfM





Glass Core Resin Adhesive Consumables

STAGE 1: Material Kitting

STAGE 2: Component Prefabrication STAGE 3: Composite Shell Fabrication

STAGE 4: Adhesive Bonded Assembly STAGE 5:  Finishing

Main & auxiliary 
shear webs

Pressure & suction 
side spar caps

Demolding, trimming and laminatio n

Sanding, painting, root work, and final finishing

Paradox!

“Blades have grown, but   
manufacturing processes have 
largely remained the same.

- DNV report 2023

Typical manufacturing process of rotor blades
4
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Trailing 
edge joint

Leading edge joint
Web joints

Web joints Suction side

Pressure sideShear webs

Many adhesive joints 
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Thickness

Long lifetime

Low cost 

Design
Compensate the variations

20-25 years
Fracture / fatigue behavior

Materials
Manufacturing process

1

Adhesive assembly
01

Fiber reinforced epoxy 
composite + epoxy adhesive
Several adhesive joints

Size
02

>100m
Electric production efficiency
Thick adhesive layer
(1-25 mm)

Thick adhesive joint

Griffin D, Malkin M. Lessons Learned from Recent Blade Failures: Primary Causes and Risk-Reducing Technologies
https://www.kd-supplychain.com/wind-turbine-blade-epoxy-structural-adhesive-wd3135dwd3137d-product
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01

Fracture and 
fatigue behavior

Thickness
Cohesive / adhesive failure 

Voids
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Mode I: DCB

Mode II: ELS

Standardized tests

• Limited information 

• Certain areas of application
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The ALOHA Airlines flight 243 (1988)
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The ALOHA Airlines flight 243 (1988)

https://www.youtube.com/watch?v=YYa7Fq5Ec6c

https://www.youtube.com/watch?v=YYa7Fq5Ec6c
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Composite constructions in Europe
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Delamination in composites – 1D/2D/3D



Joints in FRP composite (civil eng.) structures 

• FRP bridge deck panels

Overview of the experimental set-up

Failure of adhesive bond



Crack front is (almost) never straight (?)



Composites’ fracture

• Delamination/debonding
• Laminates
• Sandwich panels

• Joint fracture
• Fracture mechanics joints
• Structural joints

• Planar delamination/debonding
• Laminate 2D cracks
• 2D Delamination in sandwich panels



1D fracture



Fracture mechanics
• It was Alan Arnold Griffith (1920) who published* the results of his theoretical calculations 

an experiments on brittle fracture using glass. 
Griffith developed the basis for fracture mechanics – he thus became the ”early father” 
of fracture mechanics

𝜎𝜎 𝛼𝛼 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

*Griffith, A. A. (1921). "The Phenomena of Rupture and Flow in Solids". Philosophical Transactions of the Royal Society A: 
Mathematical, Physical and Engineering Sciences. 221 (582–593): 163–198. doi:10.1098/rsta.1921.0006 (open access).

He introduced the “Griffiths criterion” 

To explain this behavior with thermodynamics theory 
introduced the “strain energy release rate” known as “G” which 
can physically be understood as: the rate at which energy is 
absorbed by growth of the crack: 

𝐺𝐺 =
𝜋𝜋𝜎𝜎2𝛼𝛼
Ε

critical 𝐺𝐺, 𝑜𝑜𝑜𝑜 𝐺𝐺𝑐𝑐 =
𝜋𝜋𝜎𝜎𝑐𝑐2𝛼𝛼
Ε



Fracture mechanics
• In 1957 Irwin introduced* the concept of the stress intensity factor (KI) setting the basis 

for the linear elastic fracture mechanics.
Irwin invented the term “fracture mechanics” and is assumed as the modern “father of 
fracture mechanics”

𝜎𝜎 𝜋𝜋𝜋𝜋 = 𝐾𝐾𝐼𝐼

*Irwin G (1957), Analysis of stresses and strains near the end of a crack traversing a plate, Journal of Applied Mechanics 24, 
361–364 .

Most engineering materials show some 
nonlinear elastic and inelastic behavior
He introduced the “Stress intensity factor” to 
estimate the energy in linear elastic media:

https://imechanica.org/files/1957%20Irwin%20Analysis%20of%20stresses%20and%20strains%20near%20the%20end%20of%20a%20crack%20traversing%20a%20plate.pdf


Fatigue/Fracture mechanics

• Paris in 1961 showed that the fatigue crack growth rate 
(dα/dN) is a function of the stress intensity factor range ΔΚI
(describing what is called today a fatigue crack growth curve 
- FCG)

md C K
dN
α
= ⋅∆

* Paris, P. C.; Gomez, M. P.; Anderson, W. E. (1961). "A rational analytic theory of fatigue". The Trend in Engineering. 13: 9–14

https://imechanica.org/files/1961%20Paris%20Gomez%20Anderson%20A%20rational%20analytic%20theory%20of%20fatigue.pdf


Fatigue/Fracture mechanics
• Jaap Schijve in early 1960s emphasized variable amplitude fatigue crack growth testing in aircraft 

and pointed out the importance of the tensile overloads that can cause growth retardation. 

• In 1970 Elber demonstrated the importance of the crack closure on fatigue crack growth.

2001 2015



Fracture mechanics – supported by imaging methods 

• It was in early 1900s when Ewin and Humfrey* used the optical microscope to pursue the 
study of fatigue/fracture mechanisms

• In the 1950s the scanning electron microscope
• Today DIC/ x-ray tomography

SEM: Fiber kinking due to compression
Tomography: Architecture of, and crack in an adhesively bonded DIC measurement of strain fields

*J. A. Ewin, J. C. W. Humfrey. “The fracture of metals under repeated alternations of stress” Philosophical transactions of the royal society A. Mathematical, physical and engineering sciences, 01 Jan 1903 



X-ray digital tomography



Various needs

“Thin” laminates 
and this adhesive 
joints 

23
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?LEFM…

Various needs

“Thin paste” 
adhesive joints
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Various needs

“Thick paste” 
adhesive joints X

LEFM…
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Thin vs. thick joints The stress field in thin and thick joints is different. 

In thicker joints, a plastic zone is introduced ahead 
of the crack tip and under certain conditions can 
dominate the fracture process

?LEFM…



LEFM
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Therefore, is interesting for materials exhibiting brittle or 
elastic behavior, such as glass and some polymers. 

...A theory used to analyze material failure based on the stress 
field around a crack tip

Is valid as long as any plastic deformation at the crack tip can be considered 
as negligible when compared to the overall crack dimensions

It involves the linear relationship between the stress-intensity factor and the 
applied load, critical for understanding crack propagation in materials

𝜎𝜎 𝜋𝜋𝜋𝜋 = 𝐾𝐾𝐼𝐼
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Various needs

“Structural 
joints”
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Various needs

“Structural 
joints” 
Sub-component

(a) Full scale fatigue experimental set up (b) fiber-tear failure in facesheets and failure in 
balsa core of adhesively bonded joint [4] © EPFL

https://ascelibrary.org/doi/full/10.1061/%28ASCE%29CC.1943-5614.0000423
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Various needs

“Structural 
joints” 
Sub-component

Notched lap shear fatigue specimen A. T. Sears, 
D. D. Samborsky, P. Agastra, and J. F. Mandell, “Fatigue results 
and analysis for thick adhesive notched lap shear test,” Collect. 
Tech. Pap. - AIAA/ASME/ASCE/AHS/ASC Struct. Struct. Dyn. 
Mater. Conf., no. April, 2010

Adhesive bond failure between the spar beam and the 
flange in a wind turbine rotor blade [doi] (b) Henkel-Up 
Wind-Beam during cyclic test [doi].



Objective (quasi-static)



Objective 
(fatigue)



Measures needed (simplified)

𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕: 𝐺𝐺𝐼𝐼 =
3𝑃𝑃𝑃𝑃𝑃𝑃

2𝑏𝑏𝑏𝑏 𝑎𝑎 + 𝛥𝛥

𝐺𝐺𝐼𝐼 =
3𝑷𝑷𝑷𝑷𝐹𝐹

2𝑏𝑏𝑏𝑏 𝒂𝒂 + 𝛥𝛥

Many other 
methods 
exist…

P: Applied load

δ: displacement

α: crack length

F: large displacement correction factor 

M: load block correction factor

b: the specimen width and 

|Δ|: the effective delamination extension to correct for rotation of DCB arms at delamination front, as recommended in ASTM D5528



Damage monitoring



Damage monitoring



Damage monitoring DIC
DIC = Digital Image Correlation



Damage monitoring



Measures needed (when fiber bridging)

𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕: 𝐺𝐺𝐼𝐼 =
3𝑃𝑃𝑃𝑃𝑃𝑃

2𝑏𝑏𝑏𝑏 𝑎𝑎 + 𝛥𝛥

𝑮𝑮𝑰𝑰 =
3𝑃𝑃𝑃𝑃𝐹𝐹

2𝑏𝑏𝑏𝑏 𝑎𝑎 + 𝛥𝛥

What is represented 
by this value? …

Total SERR!

P: Applied load

δ: displacement

α: crack length

F: large displacement correction factor 

M: load block correction factor

b: the specimen width and 

|Δ|: the effective delamination extension to correct for rotation of DCB arms at delamination front, as recommended in ASTM D5528



Fiber bridging and CZM
• At the presence of bridging (very common for composites fracture) 

• 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐺𝐺𝑡𝑡𝑖𝑖𝑖𝑖 + 𝐺𝐺𝑏𝑏𝑏𝑏 = 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + ∫0
𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 �𝜎𝜎𝑏𝑏 𝛿𝛿 𝑑𝑑𝛿𝛿

• 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 is the fracture toughness at initiation
• 𝐺𝐺𝑏𝑏𝑏𝑏 is the contribution of bridging to 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, expressed by the integral of the traction stresses, 
• �𝜎𝜎𝑏𝑏 𝛿𝛿 on the crack planes with 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚  representing the COD at the end of the bridging zone.

J. Rice. A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks J. Appl. Mech., 35 (1968), pp. 379-386



Fiber bridging and CZM

https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration

𝐺𝐺𝑏𝑏𝑏𝑏 = �
0

𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚
�𝜎𝜎𝑏𝑏 𝛿𝛿 𝑑𝑑𝛿𝛿

https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration
https://www.veryst.com/case-studies/cohesive-zone-model-czm-calibration


Is SERR a material property? 

https://doi.org/10.1016/j.compscitech.2013.04.016

https://doi.org/10.1016/j.compscitech.2013.04.016


Is SERR a material property? 

• R-curves depend on specimen thickness
• Steady state bridging zone increases with the thickness

https://doi.org/10.1016/j.ijsolstr.2016.02.007

https://doi.org/10.1016/j.ijsolstr.2016.02.007


Other 
modes of 

fracture



Mode II



Mixed 
Mode I-II



Mixed mode set-up

Free body diagram



Mixed mode set-up

Free body diagram

With:



Mode III

PhD Thesis, Ali Shivaie Kojouri, VUB, 2025



Micromechanics

http://www.ltas-cm3.ulg.ac.be/FractureMechanics/?p=Lecture6_P4

http://www.ltas-cm3.ulg.ac.be/FractureMechanics/?p=Lecture6_P4
http://www.ltas-cm3.ulg.ac.be/FractureMechanics/?p=Lecture6_P4
http://www.ltas-cm3.ulg.ac.be/FractureMechanics/?p=Lecture6_P4


Intralaminar and translaminar cracks

https://doi.org/10.1016/j.compositesa.2018.03.001

https://doi.org/10.1016/j.compositesa.2018.03.001


2D fracture



Mode I (opening)

Mode II (sliding shear)

Mode III (tearing shear)

• One-dimensional (1D) crack propagation

• Constant crack width (beam width)

• Free boundary at cracked ends

ISO 15024:2001 – Double cantilever beam (DCB) test

ISO 15114:2014 – End-loaded split (ELS) test

Delamination in real structures

Decomposition

• Two-dimensional (2D) crack propagation

P

P

P

?

Traditional fracture analysis?



Mode II

mixed-Mode II/I

Mode I

Debonding

Delamination

Avançon bridge, Switzerland, 2012

Coupon Structure

?

From coupon to structure



In the past…Mode I 2D opening

• Modeling of G: Theoretical formulation 
neglecting geometrical non-linearities

• G (2D) was estimated to be ~33% lower than 
that estimated from DCB (1D) tests 



In the past… panels with central hole



In the past…buckling/growth in stiffened panels



Wide single lap shear joints (WSLS)

Aircraft fuselage longitudinal 
joint

Low velocity impacted 
CFRP WSLS joint

Modelling the joint in 
Abaqus®

Work with ZHAW and Airbus, Germany.
Wide single lap shear joints (WSLS): Element level testing of aircraft fuselage joints/ repairs
CFRP adhesive joints: Impacted, water and ice, under fatigue loading.



Two-dimensional delamination
Experimental investigation

Two-dimensional crack growth in FRP structures, PhD Thesis, Aida Cameselle Molares, EPFL, 2019



Experimental investigation

Glass fiber and epoxy matrix

6 fiber architectures

12 laminated plates

Resin infusion method

Woven W50.50 Woven W70.30

Woven W60.40 Woven W80.20

Cont. Fil. Mat (CFM)

Multidirectional (MD)

E-glass and E-CR glass



A’A

Dimensions in [mm]

1
2

3
4

A A’

Experimental investigation



Experimental investigation

3D DIC

3D DIC

Digital 
camera

Digital 
camera

LVDTs

LVDTs LVDTs



Load and crack-displacement responses and crack pattern

BEFORE AFTER

Matrix failure

Matrix failure

2D effect





Compliance-crack area responses
W50.50.1

Initiation

Transition point

Stiffening mechanisms

Stretching  Stress stiffening

Fiber-bridging

Similar behavior in all plates

2D effect not revealed in 1D fracture 
experiments

Compliance-based fracture data 
reduction methods



Two-dimensional Mode-I delamination

Experimental investigation of 2D Mode-I delamination

Numerical investigation of 2D Mode-I delamination

vs

(a) DCB (Gtot=2.0 kJ/m2)      (b) 2D (Gtot=2.8 kJ/m2)  

 Numerical model using cohesive elements 
with fiber bridging effects considered

Parametric study on 2D Mode-I delamination

Effects of:

 Pre-crack size
 Pre-crack shape
 Loading-zone size 
 Loading-zone shape
 Fracture toughness
 Stiffness

Example of impact damage on Airbus A330 after
horizontal stabilizer accident

Propagated 
damage

 Fracture in composites 
in real scenarios is 
usually two-dimensional 
(2D)

… …

Background



Two-dimensional debonding
Quasi-static experimental investigation



Glass fiber and epoxy matrix

Face sheet

Balsa wood

Core

2 face sheet configurations

4 sandwich panels

Resin infusion method

SPA (W)18

SPB (CFM)2 /(W)9 /(CFM)2

POM cylinder

≈ bending stiffness

Woven W50.50 Cont. Fil. Mat (CFM)

Experimental investigation



3D DIC

Digital 
camera

DICDigital camera

Visual

Experimental investigation



Crack migration
SPA.2 SPB.2

Load-displacement and crack propagation 



SPA.2 SPB.2

Crack nucleation

Crack migration

2D effect

Stretching-induced shear 
fracture modes

Stretching induced shear fracture modes



72

2D Mode-I experiments: What we learned?
P

P
1D (DCB)

P

P
2D

Main differences from 1D tests

• Increasing crack-front length

• Constrained boundary at the crack wake

• Appearance of membrane stresses

Resulting 2D effects

• Increasing loads even after crack propagation

• Enhancement of fiber bridging

• Greater GI

Schematic illustrations of 1D and 2D Mode-I 

delamination experiments



MODE-I DELAMINATION MODELS

75/34

Parametric investigation



Model description

Cohesive elements

Stainless-steel insert
Rigid bolt

Pre-crack perimeter

7.
5

420

7.
5

420

Cohesive elements Pre-crack perimeter

Loading zone

Reference points

1. Detailed finite square plate

• Simulation of experiments (specimen CFM1)

• Detailed modeling

• Fitting the cohesive law

2. Simplified finite square plate

• Same fitted cohesive law

• Simplification of the above model

• Parametric study focusing on early stages

Simplification

Model 1

Model 2

P



3. Simplified semi-infinite circular plate

• Same simplified modeling strategy

• Artificially increased dimensions, stiffness and 

fracture resistance  

• Parametric study focusing on late stages

Pre-crack perimeter

Reference points
Loading zone

Cohesive elements

7.
5

Model 3

Cohesive model employed

σc

Gbr

δf

σmax

Gtip

δ1O

σ

δ

A

B

C

Both models agreed with the experiments well

Model description



Different pre-crack shapes
(same circumference)

Different loading-zone shapes
(same area)

Plate outline Pre-crack Loading zone

Parameters description (simplified square plates)



C90-C35-1.0G

R90

R35

R90

R35

a=127.3

b=63.6

a=156

b=52

R35R35

C90-C35-1.0G E’2/1-C35-1.0G E’3/1-C35-1.0G

Different pre-crack shapes Different loading-zone shapes

a=180

b=90

a=220.5

b=73.5

R35

R127.3

R35 R35

R90

a=70

b=35

a=85.8

b=28.6

R49.5 R90 R90

-0.5G
-1.0G
-1.5G

-0.5G
-1.0G
-1.5G

-0.14G
-0.25G
-0.5G
-1.0G
-1.5G
-2.0G

(same circumference)
(same area)

(same area, doubled)

(same area, doubled)

(same area)

∙∙∙
∙∙∙
∙∙∙

∙∙∙
∙∙∙
∙∙∙

∙∙∙
∙∙∙
∙∙∙
∙∙∙
∙∙∙
∙∙∙

Loading zonePre-crack 

E2/1-C35-1.0G E3/1-C35-1.0G

a=116

b=58

a=126

b=42

R35 R35

R90

R35

b=20.2

a=60.6

R90

b=24.7

R90

a=49.5

b=17.5

a=70

R90

C90-E4/1-1.0GC90-C35-1.0G C90-E2/1-1.0G C90-E3/1-1.0G

Parameters description (simplified square plates)



2D Mode II delamination – experimental  



1D

1D (ELS)

2D

P

P

Schematic illustrations of 1D and 2D Mode-II 
delamination experiments

a0=79
L=150

a0=40, 80

R=150 Optical fiber
N

Digital 
camera

3D DIC

Digital camera LVDT 2D Fixture assembly

Loading block

Rubber pad

LVDT

Teflon films
Clamping 

frames

Specimen

Fillet

8 x M16 screws

1D Mode and 2D Mode II delamination



2D Mode II delamination – experimental 

Experimental results (a) 1D ELS, (b) 2D plate testing



Laminate lay-up (in-plane quasi-isotropic)

CP40-3

(CP40-1~5, 5 specimens)

CP80-1

(CP80-1~3, 3 specimens) 

Three stages: 

(i) crack initiation → (ii) slow propagation → (iii) rapid propagation

TP

TP

TP

TP

TP: transition point

TP

Experimental analysis (2D)



• Stiffening mechanism: membrane effect

• Softening mechanism: delamination growth

(resisted by microcracking and fiber bridging)

a0=40

a0=80

softeningstiffening

softeningstiffening

Compliance = δ/P

Stiffness = dP/dδ

Stiffness = dP/dδ

Experimental analysis (2D)



CP40-3

B1 – B3, manually opened B4 – B6, original position

B1 ~5 cm behind the tip

Broken fibers

Broken fibers

Bridging fiber bundles

Local branching

Hackles oriented ~45° 
from the main crack

 Hackles

B2 ~4 cm behind the tip

B3 ~3 cm behind the tip

B4 ~2 cm behind the tip

B5 ~1 cm behind the tip

B6 right behind the tip

Reflecting microcracking

Post-inspection of delamination path

Experimental analysis (2D)



(a) – (b) manually opened (c) – (d), original position

Broken fibers

Local 
kinkingBridging 

fiber bundles Delamination barely visible

(a) ~3 cm behind the tip 

Hackles oriented ~45° 
from the main crack

(b) ~2 cm behind the tip 

(c) ~1 cm behind the tip 

(d) right behind the tip 

Load and crack length vs displacement Post-inspection of delamination path

Experimental analysis (2D)



2D Mode II delamination – numerical modeling 
Symmetric plane

Reference point Rigid surfaces

240

P

a0

Pre-crack region Cohesive layer (COH3D8)

CFM (SC8R)
MD (SC8R)

L

CFM (SC8R)

MD  (SC8R)

Rigid surfaces 1/8 model

a0

180

2×R= 300

h M
D

h C
FM

2h

Pre-crack region Cohesive Layer (COH3D8)

Completely 
separated Intact

500 µm

Bridging fibers Bridging bundles Hackles

Post inspection in experiments (cracks in left two 
pictures were manually opened )

500 µm 100 µm



2D Mode II delamination – 1D numerical modeling 

GII vs crack sliding at the insert tip and 
the derivative curves  

Crack sliding at the insert tip in 1D (ELS) 
experiments

A semi-experimental method was developed to 
derive the softening traction-separation law 
based on video extensometer measurements. 

D
ifferentiation



Determination of sliding separation (δ)

Δa

δp*
Sliding at insert tip

Derivation of cohesive law



R-curve

Sliding separation at insert tipTraction-separation law

G - a

G and σ vs δ*

Differentiation

G - δ*

σ - δ*

Derivation of cohesive law



Independent variables: {Gtip, GIIc, K0, σc, σm, δ2, δf}

Iterative fitting for Models 1, 2a and 2b

1D 2D

Crack-tip component

Microcracking-dominant component

Bridging-dominant component

Gtot=Gtip+Gm+Gbr

Comparison of 1D and 2D cohesive laws

δ

2D delamination

1D delamination

σ

O
O

Microcracking

(both pre-crack radii)

Derivation of cohesive law



2D Mode II delamination – numerical analysis

A new Mode-II cohesive law considering microcracking and fiber bridging was developed using a 
semi-experimental approach.

The analysis resulted in two distinct cohesive laws, one for the 1D case and another for the 2D cases.

The assumption of equal Gtip in 1D and 2D Mode-I and Mode II delamination was validated by 
comparisons between the numerical and experimental results regarding the crack initiation 
displacement (deflection).

GIIc value was similar for 1D and 2D regardless of the difference in the traction-separation response. 
This contradicts the results in Mode-I (1D, 2D) delamination and raises more questions for future 
investigations. 



2D Mode II delamination - publications
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