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How are

they made?

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



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




Paradox!

STAGE 1: Material Kitting

= 9 09 66

Core RESIN CONSYMARLES.

STAGE 2: Component Prefabrication
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Main & auxiliary Pressure & suction
shearwebs side spar caps

STAGE 4: Adhesive Bonded Assembly

1 e i Sl o

—.\——j_

STAGE 5: Finishing
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Demolding, trimming and lamination

- N

Sanding, painting, rootwork, and final finishing

Typical manufacturing process of rotor blades

{(

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

- DNV report 2023



Many adhesive joints

Suction side

Trailing
—k/\_ / edge joint
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AR S
Leading edge joint Shear webs Pressure side

Web joints




@ Thickness
Design
Compensate the variations

Adhesive assembly @ Long lifetime
Fiber reinforced epoxy ~ 20-25 years
composite + epoxy adhesive Fracture / fatigue behavior

Several adhesive joints

© Low cost
| .
Thick adhesive joint | Materials
Manufacturing process
Size
@ >100m
Electric production efficiency
Thick adhesive layer
(1-25 mm)
Griffin D, Malkin M. Lessons Learned from Recent Blade Failures: Primary Causes and Risk-Reducing Technologies 6

https://www.kd-supplychain.com/wind-turbine-blade-epoxy-structural-adhesive-wd3135dwd3137d-product



Spar cap Adhesive layer I

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



The ALOHA Airlines flight 243 (1988)




The ALOHA Airlines flight 243 (1988)

https://www.youtube.com/watch?v=YYa7Fg5Ec6c
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https://www.youtube.com/watch?v=YYa7Fq5Ec6c

Composite constructions in Europe

Avancon bridge
2012, Switzerland

* Lane widening while maintaining the old

abutment walls

W mEm ok m

e -

Pont y Ddraig Novartis Campus entrance building,
2013, UK 2006, Switzerland

» Fast and energy-efficient lifting cycles * Composite roof integrating structural, building

physical and architectural functions
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Delamination in combosites - 1D/2D/3D

Initiation Propagation

Delamination buckling

«— Delamination —» | ’/A‘

(a) Local buckling mode

(Nimje 2016) |:> @ <‘l:|

Delamination (b) Mixed buckling mode

hele - e R .

(Mehdikhani et al. 2019)

Separation of interlaminar layers or plies

Delamination
at a bolt hole : Q__/;

(c) Global buckling mode

(KOehhambs thy et sl 2060) Delémination growth in curved corne

(Cook 2009) (Makeev et al. 2014)
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Joints in FRP composite (civil eng.) structures

* FRP bridge deck panels

T TTIT T ITIT I T F RP D ec| k

Adhesive Connection

Steel Girder

Schematic of DuraSpan™ Deck Panel

S ¥ W " Failure of adhesive bond

/ ‘ V q“
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Overview of the experimental set-up



ck front i_s
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Curved crack front for conventional specimen DCB-45-2: (a) C105 (b) VIS (c) Propagation.

) never straight (?)

Composite Structures 227 (2019) 111311

Contents lists available at ScienceDirect

Composite Structures
ELSEVIER journal

www.elsevier.

Influence of curved delamination front on R-curve of DCB specimen

Zhengwen Jiang®, Shui Wan®, Thomas Keller‘, Zhi Fang®, Anastasios P. Vassilopoulos®"
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- Composites’ fracture

* Delamination/debonding

* Laminates

e Sandwich panels

~* Joint fracture

* Fracture mechanics joints

~ * Structural joints

* Planar delamination/debonding
~ * Laminate 2D cracks

* 2D Delamination in sandwich panels






Fracture mechanics

* |t 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

He introduced the “Griffiths criterion”

o\ a = const

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:

wola - wola
G = critical G,or G, = i

*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).



Fracture mechanics

* In 1957 Irwin introduced* the concept of the stress intensity factor (K)) 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”

Most engineering materials show some
nonlinear elastic and inelastic behavior

He introduced the “Stress intensity factor” to
estimate the energy in linear elastic media:

ovna = K;

EG, for plane stress

Ke = EG.

1—-v

for plane strain

Analysis of Stresses and Strains Near the
End of a Crack Traversing a Plate

Br G. R. IRWIN,' WASHINGTON, D, C.
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*Irwin G (1957), Analysis of stresses and strains near the end of a crack traversing a plate, Journal of Applied Mechanics 24,

361-364 .


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

Fatigue/Fracture mechanics

A Rational Analytic Theory of Fatigue

* Parisin 1961 shov_ved that the fatigue crack growth rate
(da/dl}l).ls a funct_lon of the stress intensity factor range AK;
(describing what is called today a fatigue crack growth curve

- FCG)

30 x|
x- NAGA
o~ SAAB 2024-T3 *
d_a:CAKm T=UofiLL lj’/’
dN 2o s
ne X o1 o
n: e o
L] o
= XF«;‘;
o
- T
¥ 10 g

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

PauL C. PaRis
.

Mario P GoMEZ* and WiLLiaM E. ANDERSON

Assistant Prof of Civil Engi

P. C Paris

A great deal of effort has recently centered around
examination of the factors influencing the growth of
fatigue cracks. Fatigue has been considered a multi-
phase problem: eg., initiation of a crack and its
growth are often considered as separate phenomena.
Tn contrast, the objective of this work is to show that
the growth of an initial “crack-like” imperfection to
a critical size, which causes static failure of a struc-
ture, may be described by a single rational theory.

Two loading parameters, the nature of the stress
field near the tip of a crack and the variation of this
field, are taken to control the rate of erack extension
in a given material. This hypothesis is proven by
using it to correlate data from three independent in-
vestigators. Since it shows a positive correlation of
all available data for crack-extension rates from 10~
to 107 in. per cycle, the hypothesis may be used to
formulate a theory of fatigue that permits computing
the structural lives of complicated geometries from
simple laboratory tests of material properties.

The Stress Distribution Near the Tip of a Crack

The form of the stress distribution in the vicinity
of a crack root was given by Sneddon® in 1946 and
has recently been expanded by Irwin®® and Wil-
Eams.* The unique character of this form, as Irwin
showed,? is a controlling factor in attempts to analyze
crack extension under static loads. We will show that
this same character becomes fundamental in crack
extension under ¢yclic loading upon the addition of
new concepts to desckibe the cyclic mature of the
loading.

“Mr. Gomez received his M. 5. degree in Metallurgical
Engineering in 1958 at the University, after which he worked
for Boeing, He is now Senior Scientist at the Missile Sys-
tems Division of Lockheed Aircraft Corporation.

JANUARY, 1961

The Trencl in Enﬁ’”%"wg 13, 4= ( I‘?éi)

b Engé 5, Boging Airplane Company

W. E. Anderson
Restricting this discussion to cracked bodies in
which the geometry and loading of the body are sym-

metric with respect to the plane of the crack results
in very little loss of generality. The nature of cracks

y

GRACK

Fi6. 1. COORDINATES USED To DESCRIBE STRESSES
NEAR 4 CRACK TR (& 75 75 v)

is to form most often on such planes, ie., planes per-
i to maximum-principle fension stresses.
Williams* and Irwin® have given the required forms
of stresses for other cases, but these will not be dis-
cussed further in this work.
The coordinates of points in a cracked body with

9


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.

SPRINGER BRIEFS IN
APPLIED SCIENCES AND TECHNOLOGY

Jaap Schijve

Fatigue of
Structures and
Materials

Second Edition with CD-ROM

Jaap Schijve

Biaxial Fatigue B
of Metals

| The Present
Understanding

2 OO 1 a SEEuztE 2 O 1 5 @ Springer




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

DIC
38.0kN

Eyy [%0]
-0.35

-0.71

-1.77

-2.12

SEM: Fiber kinking due to compression DIC measurement of strain fields

Tomography: Architecture of, and crack in an adhesively bonded

*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

Teflon




LED Light

Various needs

“Thin” laminates
and this adhesive =
joints

<ﬂg1»j Designation: D 5528 — 01 (Reapproved 2007)*

INTERNATIONAL

Standard Test Method for

Mode | Interlaminar Fracture Toughness of Unidirectional
Fiber-Reinforced Polymer Matrix Composites’

‘This standard is issued under the fixed designation D 5528; the number immediately following the designation indicates the year of

of revision, t

original adoption or, in the ca

r of last revision. A number in parentheses indicates the year of last reapproval. A

superscript epsilon (e) indicates an editorial change since the last revision or reapproval

&' Nom—Added research report reference to Section 14 editorially in March 2008.

&> Nore—Corrected Eg. 3 in July 2008.

1. Scope

1.1 This test method describes the determination of the
opening Mode 1 interlaminar fracture toughness, Gy, of con-
tinuous fiber-reinforced composite materials using the double
cantilever beam (DCB) specimen (Fig. 1).

1.2 This test method is limited to use with composites
consisting of unidirectional carbon fiber and glass fiber tape
laminates with brittle and tough single-phase polymer matri-
ces. This limited scope reflects the experience gained in

connd eahin tactine Thic fact mathad mav aeava eafil fae

(a) with piano hinges (b) with loading blocks
FIG.1 Double Cantilever Beam Specimen

INTERNATIONAL ISO

STANDARD

15024

First edition
2001-12-01

Fibre-reinforced plastic composites —
Determination of mode | interlaminar
fracture toughness, G, for unidirectionally

reinforced materials

Composites plastiques renforcés de fibres — Détermination de la ténacité
a la rupture interlaminaire en mode I, G, de matériaux composites &
matrice polymere renforcés de fibres unidirectionnelles

23



Various needs

‘Thin paste”
adhesive joints

INTERNATIONAL

1. Scope

1 This test method describes the determination of the
opening Mode 1 interlaminar fracture toughness, G,.. of con-
tinuous fiber-reinforced composite materials using the double
cantilever beam (DCB) specimen (Fig. 1).

Designation: D 5528 — 01 (Reapproved 2007)*

Standard Test Method for
Mode | Interlaminar Fracture Toughness of Unidirectional
Fiber-Reinforced Polymer Matrix Composites’

he number immediately following the designation indicates the year of
r of last revision. A number in parentheses indicates the year of last reapproval. A
since the last revision or reapproval

This standard is issued unc
original adoption o, in th
superscript epsilon () indicates an dtoril

&' Nom—Added research report reference to Section 14 editorially in March 2008.
&> Nore—Corrected Eg. 3 in July 2008.

’, Loasing bioe
/L>\

g

A

1.2 This test method is limited to use with composites frsent /\|- e
consisting of unidirectional carbon fiber and glass fiber tape
laminates with brittle and tol olymer matri- (a) with piano hinges (b) with loading blocks

ces. This limited scope 1f

crnnd enhin

gained in FIG.1 Double Cantilever Beam Specimen

tactine Thic 4 eaful fne

TIONAL ISO

STA'ARI1-E F M - ‘.|5024

First edition
2001-12-01

Fibre-reinforced plastic composites —
Determination of mode | interlaminar
fracture toughness, G, for unidirectionally
reinforced materials

Composites plastiques renforcés de fibres — Détermination de la ténacité
a la rupture interlaminaire en mode I, G, de matériaux composites &
matrice polymére renforcés de fibres unidirectionnelles

24



Standard Test Method for

Mode | Interlaminar Fracture Toughness of Unidirectional
Fiber-Reinforced Polymer Matrix Composites’

This standard is issued under the fixed designation D 5528; the number immediately following the designation indicates the year of

original adoption o, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (&) indicates an editorial change since the last revision or reapproval

&' Nom—Added research report reference to Section 14 editorially in March 2008.
&> Nore—Corrected Eg. 3 in July 2008.

Various needs

1. Scope
1 This test method describes the determination of the
opening Mode T interlaminar fracture toughness, Gy.. of con-
tinuous fiber-reinforced composite materials using the double
cantilever beam (DCB) specimen (Fig. 1).
1.2 This test method is limited to use with composites
consisting of unidirectional carbon fiber and glass fiber tape

with brittle and_tough single-phase polymer matri- (a) with piano hinges (b) with loading blocks
FIG.1 Double Cantilever Beam Specimen

“Thick paste”
. . . TIONAL ISO
adhesive joints 15024

[ -Loasimgbises 8.
- Loasing bocx -
[
-

i
J d o
PO

L
a1

-~

First edition
2001-12-01

—y = LEFM...

: Fibre-reinforced plastic composites —
~5 1 mm Determination of mode | interlaminar
. fracture toughness, G, for unidirectionally
Adhesive reinforced materials

. Composites plastiques renforcés de fibres — Détermination de la ténacité
Com posl te adherend 4 la rupture interlaminaire en mode I, G,c, de matériaux composites &

matrice polymere renforcés de fibres unidirectionnelles

25



ty = D.4mm Pk

T h | n vs. t h | C k J 0 | ﬂtS 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

26



...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

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

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

ovra = K;

27



Various needs

Gripping part
Aluminum tabs Inner GFRP i Epoxy adhesive Quter GFRP laminates i ———— —————
\ N N\t | L
{ N\ 2mmi_| ' ! |l
[ 1 : i \ :
|' Gmm ‘ t I
f=——50mm: 100mmr S0mm- 100mm ) S0mimy =—50mm—=
(40 mm) |
(for compression configuration)
- 410mm { -

“Structural
ioints”

initiation
tion

condary failure

28



Various needs

“Structural
joints”
Sub-component

(b)

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

29


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

Various needs

“Structural
joints”
Sub-component

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].

Notched lap shear fatigue specimen A. 7. 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

30



I Objective (quasi-static

400 T T T T T T T T T 1 DD 1800 T
1600 |- ‘-"; \\/,_,/\\
f \
: _________.=:--""' - | \\/" - \\_\ o .
b T 1400 - / — N
P | N — e ——
f’.’-"; : T== o
= 1200 T
’,,,,-/JH —— Smothened Data 3 o )
2 P AR Raw Data £ E 1000
D200 = Visual Crack 150 x =S
3 — — —DIC Crack © © 800
— Effective Crack © O
600

| 400 1 ;‘.‘ — Corrected Beam Theory

I .‘" Experimental Compliance Method

' 200 - ‘,:“ Modified Compliance Calibration

/ —— AITM Standard
0 i i i i 1 1 i i i 0 0 [ I I I I
0 2 4 6 8 10 12 14 16 18 20 20 30 40 50 60

Displacement [mm] Crack Length [mm]



Objective
(fatigue)

da/dN (mml/cycle)

-7

300 400

500 600




Measures needed (simplified)

Many other
methods

Modified beam theory: G; = ZbMS,(I:l5-|Ij|A|) exist...
= 3POF
"7 2bM(a + 14))

P: Applied load

o: displacement

a: crack length

F: large displacement correction factor
M: load block correction factor

b: the specimen width and

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



Damage monitoring




Damage monitoring

Crack front

(b)

=
e
W
4,
=
]
=
W
o
=
2
=

888

g

600 o

300 A

Crack tip

1] B0 40 20 1] =20
Sensor's distance from crack tip (mm)




Damage monitoring DIC

DIC = Digital Image Correlation
s |

sigma [pixel]
0.0438

. 0.0411125
LED Light
0.038625
— 0.0361375
— 0.03365

. = 0.0311625
- Test Piece
—1 0.028675
[~ 0.0261875
1 0.0237

1 0.0212125

[ 0.018725

0.0162375

0.01375

0.0112625

Piano Hinge DIC Camera =~ — == 0.008775

0.0062875

0.0038



Damage monitoring



Measures needed (when fiber bridging)

3P6F
Modified beam theory: G; =
2bM(a + |4]) What is represented
' ?
c 3PSF by this value? ...
"7 2bM(a + |4]) Total SERR!

P: Applied load

o: displacement

a: crack length

F: large displacement correction factor
M: load block correction factor

b: the specimen width and

|A|: 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)

Smax S
* Giotal = Gtip + Gpr = Grotar T fo O-b(5)d5

* Gyp is the fracture toughness at initiation

e @, is the contribution of bridging to G;,+,;, €xpressed by the integral of the traction stresses,
e 4,(8) on the crack planes with §,,,, 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

Cohesive Crack-closing O
Zone o traction, o

Traction-
Crack Separation, 6 Separation
o Law, o(d) &

S,

L'

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

Smax
Gy = f 6,(8)ds
0


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

s SERR a material property?

| I ] 1 | 1
2100 -
—
E 1800 -
-
o
1500
&2
®
3 1200 -
O
TE L By
~, 900 - —o— 5.4
E‘ s— 10,1
S 600+ —o—14.2
L —&—19.0
specimen's thickness (mm)
i :3':"} 1
| |I ¥ T ¥ T d T ¥ T d T ¥ T
di BO 120 160 200 240 280

f=19 mm

Crack length (mm)

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



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

s SERR a material property?

T T I I
3.2 {5 3.05 i
S Tt {EH ke %ﬂﬁ}ﬁ
=
E -
o ] y
Ll ; L J Thr ‘-! :

2.4

2.058

# H=1gmm

& H=1ovmm

i H=mm
1.6 - -

by MCC method
0.8 - g -
T Crack advance (mm)
ﬂ T T T T
30 60 9o 120 150

« R-curves depend on specimen thickness
« Steady state bridging zone increases with the thickness
https://doi.org/10.1016/j.ijsolstr.2016.02.007
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Other
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fracture




Mode I




Mixed
Mode I-l|




Mixed mode set-up

B G e L -
Lever ~ . Py e 0y —y
& Center of gravity
E o0 9 ]
Applied load
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Initial crack?
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Free body diagram
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Mixed mode set-up

Free body diagram

PlL#+c)+PyL+cs) P c+Pa.cy
2 L
)
L=170 L=170 — 9.7
a l 1
13.4] Il
A azs0 I”
I 400 | =

PiL+cH+Po{L+es) PL-c)+Pg(L-g;)
2L 2L

G =

I —

(2¥+1)(Pet Pycy) ~(P+PR)LI"

8v¢(1+4) BL? (EI)

eq

o

[P(L+c)+ Py (L+cg)]”
8¢(1+y)’ BL*(ED),,

(149 — &1+ 9)*)a?

. (EI) (BDeq
With: V=@, ¢ = @,




Mode Il

Mode |

PhD Thesis, Ali Shivaie Kojouri, VUB, 2025



Micromechanics

Fiber rupture
, A

Delamination
Matrix rupture



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

- " o & a A f é i Il %
t f A 4l P : ¥ - 7 - " [ ¥
A% s - P £ ¥ = - - = r - P i - = 4
. £ 4

Interlaminar Intralaminar Translaminar

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



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




Traditional fracture analysis?

I

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

P
Decomposition l
P -
- F_,.-‘/f
L L :
a ISO 15114:2014 — End-loaded split (ELS) test

Mode Il (sliding shear)

Delamination in real structures _— * One-dimensional (1D) crack propagation
, , ) D »  Constant crack width (beam width)

* Two-dimensional (2D) crack propagation

* Free boundary at cracked ends

Mode lll (tearing shear)
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Avancon bridge, Switzerland, 2012
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In the past...Mode | 2D opening

PRECRACK
(@ 35-45mm

EXPERIMENTAL DETERMINATION OF INTERLAMINAR
G USING A FULLY EMBEDDED CENTRE-CRACKED
SPECIMEN

P. KUMARY and S. R. REDDY

Engineering Fracture Mechanics Vol. 59, No. 2, pp. 183-189, 1998

TP

(LD
p IIIIIII//, 277227272224 28mm
.((\\\\\\\\\\%\\\\\\\\\v 28mm

P

 Modeling of G: Theoretical formulation
neglecting geometrical non-linearities

Fig. 1. Plate specimen with a circular crack.

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



In the past... panels with central hole

A.T. Rhead et al./ Composite Structures 171 (2017) 326-334

Compressive

displacement

1 1
1 " 1
P ———— l OSSN = ———— i
1 i
I I

Top assembly

Simply
supports

198mm 218mm

Test specimen

PTFE insert
39mm O

Base assembly

. ! V]
I . 1 75mm { %

Fig. 1. Test fixture and panel dimensions for testing of laminates unrestrained against global buckling.




In the past...buckling/growth in stiffened panels
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Figure 12. Delamination front shapes at different load steps.

(e}

JOURNAL OF
° COMPOSITE
Article MATERIALS

Journal of Compasite Materials
2014, Vol. 48(23) 2857-2870
- . - (©) The or(s) 2013
Delaminations buckling and growth Rt i
. - - sagepub.co.ukfjournals| issions.nav
phenomena in stiffened composite panels oo cimomiss .

jem.sagepub.com

under compression. Part Il: a numerical §)SAGE
study

A Riccio', A Raimondo', F Di Car.wicn2 and F Scaramuzzino'

Figure 9. Deformed shapes at: (a) local delamination buckling (69 kN), (b) delamination growth initiation (279 kN), (c) global
buckling (390 kN), (d) last available step (571 kiN).



Wide single lap shear joints (WSLS)

Aircraft fuselage longitudinal Low velocity impacted Modelling the joint in
joint CFRP WSLS joint 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.



Internal steel plates
—Teflon
—— Laminate
External steel plates

\'A Section loaded
P/6

TR

-

———____ Two-dimensional delamination

W' . . . .
e Experimental investigation

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



Experimen ation
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Glass fiber and epoxy matrix
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Load and crack-displacement responses and crack pattern
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Compliance-crack area responses
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Stiffening mechanisms
Stretching = Stress stiffening > |2D effect|not revealed in 1D fracture

Fiber-bridging experiments
= Similar behavior in all plates Compliance-based fracture data

reduction methods



Two-dimensional Mode-l delamination

Background

in real scenarios is

(2D)

Propagated
damage

Example of impact damage on Airbus A330 after
horizontal stabilizer accident

= Fracture in composites

usually two-dimensional

(a) DCB (Gtot=2.0 kJ/m2)

(b) 2D (Gtot=2.8 kJ/m2)

Experimental investigation of 2D Mode-I delamination
\_

Traction (MPa)

Cohesive elements

Separation (mm)

Numerical investigation of 2D Mode-| delamination

Loading zone

Pre-crack perimeter

Reference points

= Numerical model using cohesive elements
with fiber bridging effects considered

J

R90

7

C90-C35-S

E2/1-C35-S

E3/1-C35-S

R90

b=24.75

L \a=495
U

b=20.2

J

sssssss

Parametric study on 2D Mode-I delamination

Effects of:

= Pre-crack size
= Pre-crack shape
= Loading-zone size

= Loading-zone shape
= Fracture toughness
= Stiffness

~N

J







Experimental investigation
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Load-displacement and crack propagation
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2D Mode-| experiments: What we learned?

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 G,

=7 1D (DCB)

Schematic illustrations of 1D and 2D Mode-|

delamination experiments

72



Parametric investigation




Model description

420 |

Cohesive elements .
Pre-crack perimeter

Rigid bolt SINE
Stainless-steel insert

Model 1

Simplification

420

Cohesive elements Pre-crack perimeter
Reference points

Loading zone

Model 2

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



7.5

Cohesive elements

Model 3

Model description

max r

Cohesive model employed

Loading zone

Pre-crack perimeter

Reference points

Load (kN)

121°

10

Load (Detailed finite square plate) ' ' 150
= = = Load (Simplified finite square plate)
- Load (CMF1 exp.) 4 140
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- -@- - Crack (Simplified finite square plate) il 130
A Crack (CMF1 exp) I ’g
v Crack (CMF2 exp.) i =
- 3 - ) I —
L et g 120 2
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| Both models agreed with the experiments well | ,,, £
- ¥ 5
i
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 4100 ©
- 90
1 80
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Opening displacement (mm)

3. Simplified semi-infinite circular plate

Same simplified modeling strategy
Artificially increased dimensions, stiffness and
fracture resistance

Parametric study focusing on late stages



Parameters description (simplified square plates)

Plate outline IZ Loading zone |}l Pre-crack

R90

Different
(same circumference)

C90-C35-8 E2/1-C35-S E3/1-C35-S

R90 b=24.75 b=20.2

Different
(same area)

C90-C35-S C90-E2/1-S C90-E3/1-S



Parameters description (simplified square plates)

Pre-crack (//.) Loading zone
4

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

C90-C35-1.0G

b=28.6




2D Mode |l delamination - experimental

MD [-45/0/45/90]
MD [-22.5/22.5/67.5/-67.5]

AVA'A"AVAVA'A‘
MD [90/-45/0/45] AVAVAYAYAYAYA

MD [0/45/90/-45]
: > 7 CFM
[ L
—— Teflon film (13 pm) e
| : ) v:‘v’Aa;; MD ::
R TAVAVAVAVA
[ ] .> HkEl YAVAVLYAYA ]
- VAVAVAVAVAVA'
E % MD [45/90/-45/0] VAVAVAVAVAVA'
= VAVAVAVAVAVA!
E: | MD [67.5/-67.5/-22.5/22.5] AVAVAVAVAVAYA'
[ |

(@)

Fig. 2. Material description: (a) laminate layup; (b) continuous filament mat
and (c) multidirectional sewed fabric. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. 2D specimen description and final delamination patterns of specimens (a) CP40-3 and (b) CP80-1.



1D Mode and 2D Mode |l delamination
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2D Mode |l delamination - experimental
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Experimental analysis (2D)
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Experimental analysis (2D)
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Experimental analysis (2D)

£

B4 ~2 cm behind the tip

Hckles orieted }‘

B3 ~3 cm behind the tip
B1 — B3, manually opened B4 — B6, original position

Post-inspection of delamination path
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Experimental analysis (2D)
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2D Mode |l delamination - numerical modeling

P¢ Symmetric plane Rigid surfaces 1/8 model
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2D Mode |l delamination - 1D numerical modeling

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

& experiments

G = (a‘)da = o(6) =

daé*

A semi-experimental method was developed to
derive the softening traction-separation law
based on video extensometer measurements.
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G, vs crack sliding at the insert tip and

the derivative curves



Derivation of cohesive law

Determination of sliding separation (J)

I Sliding at insert tip



G, (kJ/m?)

10

Derivation of cohesive law

Traction-separation law

Sliding separation at insert tip

o(8p) =

a6,
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Derivation of cohesive law

o
A A
A B
O, [T —
¢ Gtot_Gtip'I-Gm'l-Gbr
| G, Crack-tip component
/ 1D delamination
E @)J\mn 4
dle /D
Cnlli
2D delamination (both pre-crack radii)
G, Bridging-dominant component
L E
L > 0] >
O o, 6,9, o, 6, o O o

Independent variables: {G,, Gjis, Ko, Oc; Om, 03, O} . _
Comparison of 1D and 2D cohesive laws
lterative fitting for Models 1, 2a and 2b
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2D Mode Il delamination - humerical analysis

A new Mode-ll 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 Gy, in 1D and 2D Mode-l and Mode |l delamination was validated by
comparisons between the numerical and experimental results regarding the crack initiation
displacement (deflection).

G, 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 |l delamination - publications

Composites: Part A 173 (2023) 107666

Contents lists available at ScienceDirect composires

Composites Part A

journal homepage: www.elsevier.com/locate/compositesa

)
Experimental investigation of two-dimensional Mode-II delamination in il
composite laminates
Congzhe Wang, Anastasios P. Vassilopoulos, Thomas Keller
Composite Construction Laboratory (CCLab), Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 16, Batiment BP, CH-1015 Lausanne, Switzerland
Composites: Part A 179 (2024) 108012
Contents lists available at ScienceDirect ;o/”,ao.sﬁ‘ej

Composites Part A

P

ELSEVIER journal homepage: www.elsevier.com/locate/compositesa

Numerical investigation of two-dimensional Mode-II delamination in ey
composite laminates

Congzhe Wang, Anastasios P. Vassilopoulos, Thomas Keller

Composite Construction Laboratory (CCLab), Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 16, Batiment BP, CH-1015 Lausanne, Switzerland
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