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Introduction

: : : : Multi-stringer panel
= Allowing postbuckling could lead to skin-stringer gerp

separation in composite stiffened panels.
- Critical locations are often at the buckling extrema.
~ Difficult to identify initiation of skin-stringer separation.

= Expensive to model or test large multi-stringer panels.

Meeks, C., Greenhalgh, E. and Falzon, B.G., “Stiffener
Debonding Mechanisms in  Post-buckled CFRP
Aerospace Panels”, Composites Part A: Applied Science --------

and Manufacturing, 36(7): 934-046, 2005. iy e oy

_ _ Single-stringer specimen _ .
Seven-point bending Four-point twisting
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Van Rijn, J.C.F.N., and Wiggenraad, J.F.M., “A Seven-Point Bending Test to Determine the Strength Kootte, L.J., and Bisagni, C., “A Methodology to Investigate Skin-Stringer Separation in Postbuckled
of the Skin-Stiffener Interface in Composite Aircraft Panels,” NLR Technical Report 2000-044, 2000. Composite Stiffened Panels,” Proceedings of the AIAA Scitech 2020 Conference, 2020.
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Methodology

Objective: Investigate skin-stringer separation in a stiffened composite panel
due to postbuckling conditions using representative single-stringer specimens

1. Simple panel model:

2. Specimen numerical: 3. Specimen experimental:
- Obtain postbuckling shape - Determine - Verify initiation - Validate numerical models
configuration - Study propagation - Study the physics

—>
Bending

Skin-stringer separation
initiation criterion

- Obtain critical locations Twisting
- Obtain applied displacements —*
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Skin-Stringer Separation Criterion Flow

Design input
Panel and laminate Finite element (Abaqus)
design Semi-analytical (Python)

Finite Element ABD matrix for skin,

postbuckling analysis flange and overlap
Moment output Strain energy Failure index
at flange edge release rate
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Panel and Laminate Designs

~ Skin laminate (1.54 mm): [-45/45/0/90/-45/45]s
~ Stringer Laminate

1. Thin (1.54 mm): [45/-45/0/90/45/-45]

2. Thick (3.08 mm): [45/-45/0/90/45/-45].,
~ Stringer spacing of 102.5 mm

Material properties of IM7/977-3.

Longitudinal modulus E1z 164000 MPa o
Transverse modulus E22 8980 MPa Four_strlnger panel
Shear modulus G2 5010 MPa
Poisson’s ratio viz  0.32 .
Ply thickness t 0.128 mm = Clamped boundary conditions at the ends
. . 2
Mode I critical strain ~ Gic 0.256  kJ/m ¥ Free boundary conditions parallel to stringer

energy release rate

* Clay, S.B., and Knoth, P.M., “Experimental Results of Quasi-Static Testing for )-) Non“near dynamlc ImpIICIt, 1 mm/s

Calibration and Validation of Composite Progressive Damage Analysis .
Methods,” Journal of Composite Materials, 51(10):1333-1353, 2017. » Mesh size of 1 mm
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Postbuckling Analysis
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Moment Output at Flange
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Bending moment My, Nmm/mm

Twisting moment Mxy, Nmm/mm

Postbuckling of panel with thick B
stringer at a displacement of 2.2 mn 0 200 400 600

Position along stringer edge, mm

Position along stringer edge, mm

sfl. S
Output locations

Thick stringer laminate
= Bending: 200 Nmm/mm
~ Twisting: 35 Nmm/mm
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Skin-Stringer Separation Criterion Flow

Design input
Panel and laminate Finite element (Abaqus)
design Semi-analytical (Python)

Finite Element ABD matrix for skin,

postbuckling analysis flange and overlap
Moment output Strain energy Failure index
at flange edge release rate
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Strain Energy Release rate |

The strain energy release rate is calculated locally*:

dU, dUg
G=-— —
< da da )

Change in rotation:

Variable description
2w dé dd
o2 T ay v T Mydee = Ue External work
The change in external work due the crack extending: Us Strain energy
Change in crack
dUe =(Mm dq)s + % (M dq)sfl +M dq)sfz da Iengtf?
da \ Vs da a Ysf1  da Ysf2  da

= M Bending moment
bst, y normal to flange

[} o
L D e
yéff\ PSS dy, compliance

I normal to flange
Mys Mst1 g d)sfl : q)s 2 Mys . g
() Rotation

2\ Mstz g
Mstl g

*J.G. Williams, “On the calculation of energy release rates for cracked laminates”, International Journal of Fracture 36:101-119, 1988.
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Strain Energy Release rate |

The strain energy release rate is calculated locally*:

dU, dUg
G=-— —
< da da )

Change in rotation:

Variable description
?w  do do
o2 T ay v T Mydee = Ue External work
The change in external work due the crack extending: Us Strain energy
Change in crack
dUe_Mzd M.2 d M.2 d da Ientf?
T = Mz, = (M oo, + My o) g
M Bending moment
st y normal to flange
[} o
z Mstzg z My, g \da D My, =0 Bendmg
yé/T\ yéff\ o dy, compliance
M M ' normal to flange
Ysf1 M Ysf1 bst, . bs D M
Ys Ys .
() Rotation

*J.G. Williams, “On the calculation of energy release rates for cracked laminates”, International Journal of Fracture 36:101-119, 1988.
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Strain Energy Release rate |l

The strain energy in a plate is given by*:

1 1
US = E [M)Z(dll - ZM)Z(ydse + M}%dzz] = EM}%dZZ

Strain energy at the crack front before and after a crack extension:

Variable description
1 1
Us = 5 (M, doz, + My, daz) and Us = 5 (MJ dap, + Mipdag) U, External work
=0 .

The change in strain energy due to an extension is: Us Strain energy
dus 1, , 5 1, da Change in crack
da - 2 (Mys B Mysfl) dzzs - EMysfzdzzf length

M Bending moment
Pst; y normal to flange
: -
z Mstzg z My, g \da D My, =0 Bendmg
yéf\ y L - dy, compliance
M M ' normal to flange
Yot M sty sty i/ | Ps D M
Ys Ys .
() Rotation

*T.H.G. Megson, “Aircraft Structures for Engineering Students”, Elsevier Science, 5t edition, 2012.
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Calculate the Failure Index

After obtaining that:

dus, _ 1dU,
da 2 da
The strain energy release rate becomes:
Variable description
G =1(M 2-M,2 )d VIR
b= 5\ Mys Ysf1) “22s 9 " Vsfp o 22f U, External work
The strain energy release rate due to bending is compared to the critical U Strain energy
strain energy release rate for mode I, resulting in the expression: Change in crack
G gl length
Bending: Fl, = — _
Gy bst, M Bending moment
. y normal to flange
M, =0
. Mmg z Mysfzg E 232 e Bending
y< %) : d,, compliance
Mysflg My,1, g bsr, !/ [ Ps DMys normal to flange
o) Rotation
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Methodology

1. Simple panel model: 2. Specimen numerical: 3. Specimen experimental:
- Obtain postbuckling shape - Determine - Verify initiation - Validate numerical models
- Obtain critical locations configuration . Study propagation - Study the physics

- Obtain applied displacements

—>
Bending
Skin-stringer
separation initiation
criterion
- Obtain critical locations Twisting _¢ g
—>

- Obtain applied displacements
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Single-Stringer Specimen Design

» Skin laminate: [-45/45/0/90/-45/45];
~ Thick stringer laminate: [45/-45/0/90/45/-45],
= Supports: 20 mm from both edges

= Loading points: 34 mm from the edge

Kootte, L.J., Bisagni, C., Davila, C.G., and Ranatunga, V., “Study of Skin-Stringer
Separation in Postbuckled Composite Aeronautical Structures”, American Society
for Composites (ASC) 33rd Technical Conference, Seattle, WA., 2018.

Interlaminar properties of IM7/977-3.

Skin-stringer interface Mode I critical SERR G,  0.256 kJ/m?

. Mode Il critical SERR G, 0.65 kd/m?
7 Cohesive elements (COH3D8) (0.3 mm) Mode I strength T, 789 MPa
» Quadratic stress criterion Mode Il strength T 994 MPa

B-K parameter n 2.07

Clay, S.B., and Knoth, P.M., “Experimental Results of Quasi-Static Testing for
Calibration and Validation of Composite Progressive Damage Analysis
Methods,” Journal of Composite Materials, 51(10):1333-1353, 2017.

- Benzeggagh-Kenane (B-K) law
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Cohesive Result of Single-Stringer

3.0
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Single-Stringer compared to Multi-Stringer
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Conclusions and Future Work

= Methodology to study skin-stringer separation in postbuckled
composite structures is under development.

» ldentify critical locations through bending and twisting moments.
» Estimate displacement through skin-stringer separation criterion.
» Verify response through single-stringer specimen.

= Benefits:
= Reduce dependency of cohesive elements on large scale models.
» Allow to select the single-stringer specimen configuration.

= Study the interaction between the skin-stringer separation and the
postbuckling deformation.

= Future Work:
» Validate response with experiments
» Extend for Mode Il + Il and study with four-point twisting

L.J. Kootte, C. Bisagni, V. Ranatunga, S. Clay, C.G. Davila, C. Rose 18 'i"u Delft



