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Motivation and Objectives
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Keynote speakers selection by the conference committee (Sept. 2022)

@ there are many researchers who use cohesive elements and never ask
questions

3 there is another (smaller) group that considers all this as nonphysical and
rejects the method in spife of its applicability and practical usefullness

@ there is a third group that HAS to use cohesive elements, but they want answers
based on physics. (I hope we all belong to this group...)

- Obviously, the answer there is in experimental identification of cohesive laws (in
elastic, viscoeleastic problems and also in the change of these laws in fatigue+
other things)

- | believe that the group in Girona (Josep or Albert) could prepare an excellent
presentation of methodologies for experimental determination of cohesive
laws in all these different cases.
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Prompt: | need to capture delamination with my FEM model

}
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(internal code) PROPAGATION PROPAGATION NL VIS 504/ MAX NL VIS 504/ MAX
DATA* DATA*
14-1823 1354 1442 628 811 1240 577 750 1152
14-1824 1719 1891 591 460 1199 544 419 1116
Average 1536 1667 610 635 1219 561 584 1134
Standard deviation 258.09 317.46 25.98 248.25 29.32 23.60 234.10 25.23
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Load (N)

Prompt: | need to capture delamination with my FEM model
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14-1829 5914 5638 968 743 1147 861 '
14-1830 6597 7083 953 896 1303 1220 '
Average 6255 6360 960 819 1225 1041
Standard deviation 483,30 1021,86 10,24 107,86 110,67 253,69
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Prompt: | need to capture delamination with my FEM model

@3 Input properties for my fem modele _
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Prompt: I need fo capture delamination with my FEM model [ 541 parameters:

C;Ic' GI/C’ T3 Tshe N k

o Input properties for my fem modele
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Prompt: I need fo capture delamination with my FEM model [ 541 parameters:
GIC’ GIIC’ T3, Tspr N K

o Input properties for my fem modele
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Implications on a filled hole simulation

Garcia-Rodriguez et al.

3 “Most conservative” optione
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@3 Input properties for my fem model¢




Mechanics of delamination onset and propagation

O Micromechanical point of view

DCB
i) Apeel - sequence of different failure events (damage
T ‘ . mechanisms) occurring at the microscopic
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Mechanics of delamination onset and propagation

L Macroscopic (mesoscale) point of view

—> all the failure processes occur in a region called a Fracture Process Zone (FPZ)

N

T a———

| mm
—

The FPZ is bound by the “lagging” crack tip, i.e., the limit point where the interface is not able to withstand any
traction (stress free region), and the “leading” crack tip, i.e., the limit point where the interface in the pristine
material is starting to degrade)
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Mechanics of delamination onset and propagation

O R-Curve

The combined effect of the various micromechanical damage
mechanisms is a fracture toughness that increases as the
FPZ develops - R-curve.

R-curve starts with the onset of early degradation processes
(onset of damage) and converges to a plateau value
(propagation toughness).

The more convoluted the microscopic crack path, together
with the presence of bridging elements or other blunting
mechanisms, the higher the toughness for propagation.

When the effective toughness reaches the plateau value, the
FPZ is completely developed, and the delamination starts to
propagate in a self-similar manner.
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Mechanics of delamination onset and propagation

“all the material deformation and degradation of the mechanical properties
due to microscopic failure processes
can be lumped into a surface”

Cohesive zone model approach

Physical failure process
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3 Cohesive zone model approach

lagging crack tip leading crack tip,
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3 Cohesive zone model approach
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3 Cohesive zone model approach
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3 Cohesive zone model approach
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3 Cohesive zone model approach
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3 Cohesive zone model approach Force
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Does it worke - Single Lap Shear example

3 Dimensions of the specimen = Numerical Model
| 105 |
—F
20 | 20
- Width =25 mm = Solid Elements (plies)
= 0.2 mm in the fiber direction
o Lay-up = Thickness = 2 plies per element

16 plies per arm, [0/45/90/-45]2s

- Thickness perarm 0.165 x 16 = 2.64 mm
(experimentally measured)

= Cohesive Element size

= 0.2 mm in the fiber direction
- VUMAT
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Example: Single Lap Shear
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Example: Single Lap Shear
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Example: Single Lap Shear
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Example
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Example: Single Lap Shear
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Example: Single Lap Shear
| Magnitude | Numerical | 23-0026
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Shape of the cohesive law

A
Traction

Tll

L3 Direct methods

How do we measure ite
G L1 Inverse methods

Separation !
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Shape of the cohesive law

.1 Direct method

Tractionl
Not T

measurable

Separation ’

Measurable

iwi



Shape of the cohesive law

.1 Direct method

N
e ] = J T(A)dA
0

Serensen and Jacobsen (2003)

= Measurable
Traction 320
d 3
NO"' T, T — ] < ] _ A*
measurable dA*
;paration )
Measurable End-Opening

Measurable
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Shape of the cohesive law

L1 Inverse method

Inverse Method

Load‘

Traction

Traction

Error

Displacement '

Geometry ‘

Error < tolerance

Displacement '

Separation'

Separation '
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Cohesive law dependence

S. Ahmed, PhD thesis (2020)
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Cohesive law dependence

!

o.maw‘

e —
— —
e -—

S. Ahmed, PhD thesis (2020)
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Implementation in FE (Option 1: TABULAR)

Experimental
characterization

(
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Mixed-mode interpolation “managed” by abaqus

3 Traditional data reduction (a) Numerical
- verification
© .
3 Data reduction / LEFM
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Shape of the cohesive law
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Tijs et al. 2022
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Implementation in FE (Option 1: TABULAR)

Proposed methodology (b) d \ B !
-- 0000 0000 00O
- — g 0.100 0001 00
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Implementation in FE (Option 2: Superposition)

S.M. Jensen, et al.

—O— Pure Mode 1, Glc= 13.9371
—O— Pure Mode S, GSc= 19.5994
—O— Mixed Mode (7=0.41), Ge= 15.0906

15

Traction norm, o [MPa]

Shear separation, As [mm] 6
8 8 Opening separation, A3 [mm]

Jensen et al. 2019
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Implementation in FE (Option 2: Superposition)

Traction
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|
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— o
Bin—1= By
Separation : n—1 = A
> | jm-1~ "
(a) input CL j ! A

() output n-bilinearCL.

e,
UdG !
Abdel-Monsef et al. 2023 lu



Implementation in FE (Option 2: Superposition)
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Abdel-Monsef et al. 2023



Implementation in FE (Option 2: Superposition)

Ay

Abdel-Monsef et al. 2023

=0 |



400 | T | T T

— P, ASTZ
350 e EEM-biilinear CL i
e EE M- linear L
300 r i
— 250
=
E 200
o
=

(a) DCB

S ,_’g:‘;l?:_’. s i

——

Bonded joint configuration

3000 T T T T .
—_—EXP AZT2

2500 — FEM—".’H'II‘IEHI’ GL i
m FEM-PMultti linear CL

1000
BOO
GO0
400
—_— NP AZTZ2
200 —FEM-bilnearCL | ]
e £ M-Multi linear GL
D 1 1
0 5 10

Displacement [mm]

(c) MMB 75%

15



i1 Static loading

I

i Modelling approach - Superposition of 5
linear (bilinear) cohesive laws

Force [N]
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L1 Experimental crack growth curve

Fatigue response
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Fatigue simulation

L1 Modelling approach
L1 Superposition of 5 CL (static)
Ly CLI, CL2 and CL3 undergo static and fatigue degradation
i1 CL4 and CL5 only static degradation

OPTION 1 OPTION 2
L Same fatigue degradation parameters for i1 Different degradation parameters for the
CL1, CL2 and CL3 differents damage mechanisms
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Conclusions
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D Discussed about the mechanics of delamination onset
and propagation

 “Linked” to the cohesive zone model concept

3 Cohesive law shape “matters” and how it can be
“measured”

I Discussed about the implementation using FEM of a
general CL shape

3 Discussed about the infrinsic relation between the shape
of the cohesive law and the different damage
mechanisms

3 Discussed about the mixed-mode interpolation
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UudG
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Keynote speakers selection by the conference committee (Sept. 2022)

@ there are many researchers who use cohesive elements and never ask
questions

3 there is another (smaller) group that considers all this as nonphysical and
rejects the method in spife of its applicability and practical usefullness

@3 there is a third group that HAS to use cohesive elements, but they want answers
based on physics. (I hope we all belong to this group...)
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L3 Challenging test case

o0E ]

Fatigue simulation

Loading conditions of Iybrid benchmark test that can be considered as equivalent as in service loading;:

Step Loading mode

Loading angle

Maximum displacement,
Omaz [mm]

Number of
cycles

0 Mode I
1 Shear mode
2 Mode 1
3 Mode I
4 Mode |

+ 09
t 309
— 30°
— 30°
= 30()

v !

10

12 000
30 000

400 000
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Fatigue simulation

Loading conditions of Hybrid benchmark test that can be considered as equivalent as in service loading:

— .
£ Challenging fest case Step Loading mode Loading angle Maximum displacement, Number of

Omaz [Mmm] cycles
0 Mode I + 0° - -
L1 Shear mode 1 30Y i 12 000 |
2 Mode 1 — 30° 5 30 000
3 Mode I — 30° 10 -
4 Mode 1 — 30° 10 400 000
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L3 Challenging test case

o0E ]

Fatigue simulation

Loading conditions of llybrid benchmark test that can be considered as equivalent as in service loading:

Step Loading mode

Loading angle

Maximum displacement,

Number of

Omaz [Mmm] cycles
0 Mode 1 4+ 02 - -
] Shear mode + 309 7 12 000
2 Mode 1 — 30° 5] 30 000
3 Mode I — 30° 10 -
[4 Modc 1 — 300 10 400 000
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Conclusions
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