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MODELLING DELAMINATION PROPAGATION UNDER FATIGUE

. Virtual Crack Closure Technique
Cohesive elements

Open crack | &a i(irack closedf
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THE BENCHMARK: THE DIRECT CYCLIC (DC) ALGORITHM

« Highly inefficient: from 2 to 15 more computationally expensive than cohesive
zone models [1]

 Input limited to a single set of Paris
parameters [1,2]

—— Mode |

— —— Mode Il
da _ Cgm 5;0-3‘ —— Mode il
dN Eo.a
§0.4
g'o.z
0.0 : : : : : . .
[1] Pirondi et al. (2014) o 2 4 6 8 10 12 14

Location on flange width [mm)]

[2] Raimondo et al. (2020)
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OUR APPROACH: SEQUENTIAL-STATIC FATIGUE (SSF)

S
%

‘ * Pre-processing

ANNANNNN

Bonded Node
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OUR APPROACH: SEQUENTIAL-STATIC FATIGUE (SSF)

| (C
* Pre-processing
* Launch simulation /

ANNANNNN

First static simulation
N =1
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OUR APPROACH: SEQUENTIAL-STATIC FATIGUE (SSF)

M

-
* Pre-processing &
P * Launch simulation
* SERR extraction f
» Calculation of number of Y
cycles to release one node

ANNANNNN

da
dN

G+ gm)

f (gmaX’ gmm; gtOt

Nnode
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OUR APPROACH: SEQUENTIAL-STATIC FATIGUE (SSF)

A

* G
Pre-processing &
Launch simulation
SERR extraction f

Calculation of number of
cycles to release one node

ANNANNNN

Bonded Nodée N

Second static simulation W&, = P
N'=T+ Npoge W
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OUR APPROACH: SEQUENTIAL-STATIC FATIGUE (SSF)

2, 2 A A A
/ N\ / N\ / N\ / N\

\

Fatigue load history is simulated The algorithm uses the VCCT
via a series of static simulations already implemented in Abaqus
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SSF VALIDATION

Experimental data from Asp et al. (2001)

Mode | Mixed mode Mode Il
M (50% mode-mixity)

.
& " M

e )

ANNNNNNN

ANNNNNNN

ANSNNANNN

Applied moment-> Constant propagation speed
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SSF PERFORMANCE

10 da/dN (mm/cycle)
- [—— Paris (MM=0)
||~ Paris (MM=0.5) o
c |— Paris (MM=1)
-| O SSF results
10-2E x  Exp.

I I I I I I

10'4§

10_6§

10-8— | | | | | | | |
0.1 0.2 0.3 0.4 05 06 07 08 09 1

/g

C
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SSF AND DC COMPARISON

Simulation

DC Time

SSF Time Reduction factor

Finer mesh - mode |
0.5 mm propagation

Coarse mesh - mode |
10 mm propagation

Coarse mesh — mixed
mode
10 mm propagation

Coarse mesh — mode Il
10 mm propagation

39 h,58m, 54 s
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SSF AND DC COMPARISON

Simulation DC Time SSF Time Reduction factor
Finer mesh — mode |
0.5 mm propagation 39 h, 58 m, 545 2m, 46s 867
Coarse mesh - mode |
10 mm propagation 86 h,42m, 45 8m, 29s 613
Coarse mesh — mixed
mode 76 h,3m, 15s 9m, 46 s 305
10 mm propagation
Coarse mesh — mode Il
10 mm propagation 52 h,43 m, 48s 14 m, 56 s 212

POLITECNICO MILANO 1863
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BENCHMARK VALIDATION

Composite Structures 210 (2019) 932-941

Contents lists available at ScienceDirect

Composite Structures

69‘

[{—-I‘S[;‘_/']lil journal homepage: www.elsevier.com/locate/compstruct
A benchmark test for validating 3D simulation methods for delamination )
growth under quasi-static and fatigue loading i

L. Carreras®’, J. Renart®, A. Turon?, J. Costa®, B.L.V. Bak®, E. Lin
F. Martin de la Escalera®, Y. Essa“

U, = prescribed

2 AMADE, Polytechnic School, University of Girona, Universitat de Girona 4, E-17003 Girona, Spain A_ dlsplacement
Y Dept. of Materials and Production, Aalborg University, Fibigerstraede 16, DK-9220 Aalborg East, Denmark : U f = U 5 = 0
“AERNNOVA Engineering Division SA, Llano Castellano Avenue 13, E-28034 Madrid, Spain : .

Unidirectional Uni direéti onal

CFRP plate

X, Teﬂoﬁ insert CFRP
reinforcements

Carreras et al. (2019) POLITECNICO MILANO 1863



BENCHMARK VALIDATION

R (T
A ...
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BENCHMARK VALIDATION

U, = prescribed
displacement
U=U0,=0

..........

o e _ _ _ ~ - - o - === m e

steel blocks

| £ i .
v / )/ \
inned / / \
X, / R \
[ Unidirectional  {jpidirectional 12 -
X, Teflon insert CERP CFRP plate
reinforcements

| ” ff[Ugnax =10 mm

8 L

140 \g\&
< UTeE L5 mim
130 4L ”
| (EAOCEA O
e L LR L e Umin:1
110 ol Uit = 0.5 mm oo
Time

100 |

—Step 1 Step 2 —Step 3 —Step 4
90
80 ' : : : : :

10° 10’ 102 10° 10*  10°  10°

Cycles

POLITECNICO MILANO 1863 18

Carreras et al. (2019)



BENCHMARK VALIDATION

160 Applied Force (N)
U, :'prescribed SS F
displacement g
U=U,=0 R
X(\ ;“ﬁ 4 //A _ ) _
" Tefloh insert gg;éill)rectlonal g;igll,r;?:tznal 12
reinforcements
o 10 t
8 L
140 -Applied Force (N) \g\&
>
130 SSF 4 L “
120 1 2}
110 ¢ oL ' Un = 0.5 mm
Time
100 1
—Step 1 Step 2 —Step 3 —Step 4
90+
80 ' ; ' i : :
10° 10" 102 10®  10*  10° 108
Cycles
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PROBLEMS

U, = prescribed
displacement
T U=U0,=0

................................................................................

steel blocks

X jp"i/hned 4 / \
3 - . q0 .
Unidirectional  {jpidirectional
X, Teflon insert  CFRP CFRP plate
reinforcements

+2.509e-02
+0.000e+00

X,
60
Experimental ENRRT11 ASSEMBLY UPPER DEL
crack fronts 13050001
+2.509e-01
4{] 5 +2.258e-01
— +2.007e-01
e +1.756e-01
z +1.505e-01
= +1.2546-01
+1.004e-01
P +7.526-02
201 +5.018e-02

U m I i 1 1
50 60 70 80 90 100
X (mm)

Carreras et al. (2019) POLITECNICO MILANO 1863



SIMULATIONS OF DELAMINATIONS
~~~~~———  UNDER STATIC LOADINGS

—_——— e T e
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STATIC SEQUENTIAL ALGORITHM

Standard single
simulation
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STATIC SEQUENTIAL ALGORITHM

Standard single
simulation
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STATIC SEQUENTIAL ALGORITHM

Standard single
simulation

Pu Pu

nAu




STATIC SEQUENTIAL ALGORITHM

Pu

Pu

&
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STATIC SEQUENTIAL ALGORITHM

Pu

\ 4

ﬁ |dentify crack front

y

P ! Smooth crack front

A 4

Generate new part geometry
with smoothed crack front

A 4

Prepare new simulation

Pu

ECNICO MILANO 1863



FRONT IDENTIFICATION

] L ® L ] L ® L ® L ® L ® L ®
® L ] ] L ] ® L ] ® L ] ® L] ® L ] ] L] ®
[ ] L ] ] L ] [ ] L ] ] L ] ] L ] ] ® ] L ] ]
] L ] L ] L ] L ] L ] L ® L ®
[ ] L ] ® L ] ® L ] ® ® ® L ] ® L ] ® L ] ®
] L ® L ® L ® L ® L ® L ® L ®

The Abaqus model does not define
the delamination front.

It uses bonded (red) and
de-bonded (blue) nodes.

DEBONDED
BONDED

[ ] L ] L ] L ] L ® L ® L ® L ®
[ ] L ] [ ] L ] ] L ] L] L ] ® L ] ] L ] ® L ] ®
] L ] L ® L ® L ® L ® L ® L ®
[ ] L ] ] L ] ] L ] ® ® ® ® ] L ] ® L] ®
[ ] L ] L ® L ] L ® L ® L ® L ®
[ ] L] ® L ] ® L] ® L ® L ® L ® L ®
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FRONT IDENTIFICATION

R S S G S S Ve St S T S S S
S T S S S GHE T T T S S S S

¢ S S W W W I G W U S S T

' S S S W S S S TR S (R S W .

| S WU N ST WO S SR W\ V) N N \_— O _— The front is identified using the
| S S W G G TR W W W U G G G distance between bonded and de-

bonded nodes.

| S WA ST SO MU 2 VSR W W S (R S S S

S U WS SR R 00 NS MU WY N M N WU SR

R N WD PR ' 'Y WO N NS S PR PO T S

S Y WU 'R S W PR S PR WD VSR P ' P

& . ) ] = L ] L) @ ] L] '] @ ©
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FRONT IDENTIFICATION

PR R S B SRR T S~ MR R S T
SR S S T S S S S S S S S S S

| S (/G S PSS (S (N SR S S _—

R A N SR WGP 'SP G G | S NS VS VR S

1T 1 [ 1T I 7 7 7 7 T 1 7711 If the distance is under a threshold
o s proportional to the element size, the
R R R O G A G S O bonded node is considered a front

| SN S S W SR Y N S S T S T S node.

VS (S A ) WU S W G 'S VIR S S G

P g ege B Ll o e g g W uwe g

P I S S R S T S " T W

S S AN S PSR ST S S SR S S SR S S

S S A G VIR W N S (N W S G S R

S S P W A A S M S S [ o
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FRONT IDENTIFICATION

c o o o o PR S SN S S G S
o w x4 o % % % & & 4 3
SR S S S SV S VS NS YU S S |
| S S S _— NS D S VAR S SH G
| D SN W VR S (SN VD WP S S
.+ 4 4 3 DR S S N S
P % % ¢ & & 4 4
The front nodes are approximated
1T 1771 T T 7717711 with a polynomial function.
e o o o o | S G A S S S G
S VU N S NN Y A WY S S S
R TR TS R T S TR S ) S
. & % o S S T S S S
| S Y G R S S S R Y S
| D Y NS | SR P 'S WS PR S S
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FRONT IDENTIFICATION

L ] L ] L ] L L ] L L ] L ® L ® L 3 ® L 3 L ]
L ] L ] L ] L ] L ] L ] L ] L ] L ] L ] L ] * L ] * ®
L ] L 3 L ] L ® L ® L ® L ® * L ] L ] L ]
L ] L ] L ] L ] L ] [ ] L ] L L ] L ® * ® * ®
Yy The original model is copied,

partitioned along the front and
° . ° . ° . . . . ] ] . ] . ] I"emEShEd.

L ] L L ] L L ] L ] L ] L L ] L L L L L L ]
L ] L L ] L L ] * L ] L L ] L L ] L L ] . L ]
L ] L L ] L L ] L L ] L L ] L ® L L ] L L ]
L ] L L] L ® L * L ] * L ® L L ] L L ]
L ] L L ] L L ] L L ] L L ] L L ] . L] . ®
L ] L L] L L] * L] L L] * * . L] . L ]
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EXPERIMENTAL VALIDATION CASE

04,

175

F(N)

20 +

200 r
180
160 r
140 |
120 |
100 +
80 r
60 |

------

— Specimen A
----Specimen B
40 L .‘:., ' Specimen C
/ — Specimen D
0 2 4 6 8 10 12 14 16
U; (mm)

Carreras et al. (2019)
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ALGORITHM PARAMETERS

Polynomial smoothing of crack fronts

' 12t degree

Displacement Au=Tmm_

intervals between

simulations

N  /
10 O 1 2 4 5

3
COD [mm]

Force [N]
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FIRST VALIDATION: NO PROPAGATION

[08] [04]
/ / 60
v
z| 50 |
A 40 | N
12.5
35 —_
5 175 530 -
>< )
i A
20
Specimen A
10 r 4 ./ —— Specimen B
—— Specimen C
/'] ——Specimen D
0 ‘ pecimen
35 55 75 95
X; (mm)
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FIRST VALIDATION: NO PROPAGATION

jiiii . =
:-____r =t _,_,.—l Tyl :I__! S === _:_'_I_‘
SSSSSESSSSSSSSS .:_. b 60 % 4mmw }0 mmy12 mm
I_:_: : : s =_'="_'_::!'_':rﬁi .
il o) /
: SSSS=S=sSSssssss /
o - ! 1 L =1 = o = = —] 3
;'_.,;._I_ — === '_:-.-:-:.,-'-_- ::-_-E='= =."—.H 1= 40 . Q
FEEE b Eso -] ( ; 1
.=:==;: ._._:_ =i __:_ R ._._===_ ——= o~ 4 |
=SSS=SS=S==E==== SeEE { '
e e e S 20 F | \
SR e | \ oo
e =8 == 10 \ 1 ./ —— Specimen B
e s =SE== } |' ) ‘ Specimen C
et T e | [ ) .
boliiint e ==sscrune 0 .f/ _y ) — Specimen D
SEEEEEEEEE e e e b 35 55 75 95
SESESEEE==ES =225 X, (mm)
== — = === =
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FIRST VALIDATION NO PROPAGATION

POLITECNICO MILANO 1863



SIMULATION WITHOUT PROPAGATION

—@®—standard

—@®— remeshed

0.6 | U
0.5 |

AL == |
Zi / i =Y\

Y [mm]
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SECOND VALIDATION: FULL SIMULATION

04,

175

F(N)

20 +

200 r
180
160 r
140 |
120 |
100 +
80 r
60 |

------

— Specimen A
----Specimen B
40 L .‘:., ' Specimen C
/ —— Specimen D
0 2 4 6 8 10 12 14 16
U; (mm)

Carreras et al. (2019)
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BOTH TECHNIQUES UNDERESTIMATE THE DELAMINATION RESISTANCE

190

140

=

@

© a0

() ]

L — gXperimental
standard
remeshed

40

COD [mm]

POLITECNICO MILANO 1863 39




BOTH TECHNIQUES UNDERESTIMATE THE DELAMINATION RESISTANCE
experimental /
= Standard
remeshed
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THE NEW MESH CANNOT COPE WITH SERR CONCENTRATIONS

@ 10 mm propagation

S =y
PUANA ‘mw s
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SIMULATION OF 12 MM DELAMINATION FRONT

190

=

@

© a0

() ]

- experimental
standard
remeshed

12 14 16

COD [mm]
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SIMULATION OF 12 MM DELAMINATION FRONT

(
Experimental
—— Standard
| — Remeshed
\
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SIMULATION OF 12 MM DELAMINATION FRONT

_Glc

1: - Standard

- Remeshed
= o ) ] ]
e Vh | hinl ‘1
= . i i
7 'L = | 'vﬁ,i_ J.gl"‘ e “

' | y"" o090 “" \ ‘ V

i Y [mm]

The experimental crack should not be possible according to VCCT
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THE EXPERIMENTAL CRACK SHOULD NOT BE POSSIBLE ACCORDING TO
VCCT

Possible explanations: D

20

* VCCT is a node-wise technique that does not -
include a fracture process zone =

0.6
1]

— ey

Xy (mm) 0 8 100 120
40 60 X 8‘11m )

Carreras et al. (2019)
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THE EXPERIMENTAL CRACK SHOULD NOT BE POSSIBLE ACCORDING TO
VCCT

Possible explanations:
« VCCT is a node-wise technique that does not
include a fracture process zone

 Fibre bridging increases local fracture toughness

Bridging fibers

Khan (2019)

q T T :'?-‘I‘i'lilIr.TIiiIEF]iFE'-m.fr:r;_-, T
aanARALs -'-""":'-"‘w““l“-*'“mu-.i.im. -
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CONCLUSIONS: WHY AM | HERE?

Evolving fracture toughness Fracture process zone in VCCT
to model fibre bridging B 2
Bridging fibers = 0.8
=10
K] . 0.6
40 04
i T T T S e 20 \‘ 02
Xo(mm) 0 10 60 XBP ~, 100 120 14 0
Hybrid CZM-VCCT
Evaluate modes decomposition
with remeshed VCCT y
.Ul Fy'2
1 2 3
1* Fx,2 X
Growth driving -
direction % . ; ;
Opencrack ; 6a iCrack closed:
Delaminated POLITECNICO MILANO 1863 47
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