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Airframes consist of thin skins
that are stiffened longitudinally by
stringers and circumferentially by
frames.

The design of thin structures
subjected to compression is
challenging, especially for
composites.

Composite fuselage




Postbuckling Response & Collapse
of Stiffened Panels

Typical stages in a panel's postbuckling response
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Skin/Stiffener Failure Modes

Typical damage modes that can result from
postbuckling deformations
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Expanding the Design Envelope

For structural efficiency, the strength reserves
within the postbuckling range must be exploited.
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‘ GOAL: Reduce structural weight through accurate
simulation of postbuckling response and collapse

Building Block Approach:
Testing for Compression

Material Selection
and Qualification
Coupons

Structural Elements

Components/Sub
Components

Full Scale
Article




Development of a Single-Stringer Compression
Specimen (SSCS)

Stiffened Panel 3 The expense of evaluating the
damage tolerance of stiffened
panels would be minimized if
simpler single-stringer coupons
could be used.

Single Stringer
Specimen

. . Free edges
The SSCS must be dimensioned such (underconstrained

that its postbuckling response and its
damage tolerance are representative
of a stiffened panel. Potted edges

(overconstrained)

Design of Stiffened Panels for High
Compression Loads

The cross-sectional geometry of the stringers
determines the strain at which collapse by Hat—stringer_/_\_
global buckling occurs.
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SSCS Development Plan and Objectives

Develop parametric models of panel and SSCS

Design SSCS that is representative of stiffened panel
*Minimize critical response difference between panel and SSCS using
criteria: deformation and stress distributions.

Manufacture and Test SSCS
* Observe response, damage propagation
e Introduce a defect into the flange by using a Teflon strip and
investigate residual strength

Analyze SSCS with damage models
« Investigate postbuckling; delamination; intralaminar failures.

Specimen (SSCS)

Development of a Single-Stringer Compression

Postbuckling response of 5-
stringer panel at 0.5% strain

Strength criterion evaluated on 5-
stringer panel and SSCS indicates
similarity of crippling load (Maximum
Stress criterion)

Full panel SSCS




Single-Stringer Compression Specimen (SSCS)

Manufacturing process: co-curing

Implanted Teflon

(o

[45/90/-45/0]s

All units in mm.

Development of a Single-Stringer Compression
Specimen (SSCS)

Manufacturing of end-tabs

Composition: Epoxy + Aluminum powder




Testing of SSCS

SSCS immediately before failure (approx. 4% global strain)

Nominally pristine specimen With embedded delamination

SSCS Modes of Failure: Delamination and
Crippling

Delamination

Crippling

Teflon film




Analysis Methodology

» Analysis was performed in Abaqus/Standard
 For efficiency, shell elements were used

» All damage modes are captured with two user-
written subroutines:
v Delamination (skin/stringer separation)
— Cohesive elements (UEL)
v Ply Damage (Crippling)
— Continuum Damage Model (UMAT)

Cohesive Elements for Structural Analysis
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Advanced Failure Criteria for

Laminated Composites

LaRC02/04 Criteria

e In-situ matrix strength
prediction

* Advanced fiber kinking
criterion

« Prediction of angle of
fracture

Matrix Tension & Shear
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LaRC02: Davila et al., JCM, 2005
LaRCO04: Pinho et al., NASA TM, 2005

Progressive Damage Analysis

(Maimi/Camanho 2007)

Damage Modes:

Tension Compression

a 3.[ b 3,

1z ayy Tz
— 0 @—r—g] —Q

Damage Evolution:

Thermodynamically-consistent material
degradation takes into account energy
release rate for each mode and element size.
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Representation of damage:
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Analysis of SSCS

/ Hat
Skin

/

N/

Cohesive elements

SSCS Model

¢ Parametric model: all dimensions &
mesh can be changed on the fly

* Shell elements for stiffener & skin

» Cohesive elements connect hat to
skin

240 mm

Typical element size: 0.8 mm
e Typical number of D.O.F: 701E3

Material Properties — IM7-8552

Ply Properties [ref: camanho et al., cseT, 2007]

Engineering Moduli (MPa)

En Ey Gy Vi oy %
150E3 9.08E3 5.29E3 0.32 -5.5E-6 26.8E-6

Ply Strengths (MPa)

XT XC YT YC SL
2323. 1200 62.3 199.8 92.3

Ply Fracture Toughnesses (N/mm)

GF(+) |GF(H |G&m GMII
81.5 106.3 0.277 0.788

Interlaminar Properties

Gl (Nfmm) | Gll. (N/mm) | ©,, (MPa) | o,, (MPa) | B-K
0.277 0.788 50. 100 1.6




Analysis of SSCS - Nominally Pristine Specimen

Delamination

Sequence
(edge view)
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Predicted propagation of delamination (top view)

Delamination Propagation under Hat Stiffener
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Analysis of SSCS - Nominally Pristine Specimen

Fiber Damage
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Test/Analysis Correlation

Load-deflection results for analyses and tests
with and without embedded delamination

Improving the Predictions
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Achieving Solution Convergence

Damage prevents convergence in Quasi-static analyses
 Loss of Ellipticity/No Quasi-Static equilibrium state exists.
Solution past point of convergence difficulties is necessary:
» To ensure highest peak load has been realized & obtain same damage state as in test.

» Convergence of solution deep into collapse was obtained by combining Q.S. & dynamic
procedures.

At peak load _ - Past peak load
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Summary

» SSCS were designed to represent the postbuckling
response and damage tolerance of much larger multi-
stiffener panels.

» Pre-existing delamination induced with a 20-mm-long Teflon
insert resulted in a 0-15% reduction in collapse load.

» Parametric FEM models of SSCS were developed in
Abaqus. All damage modes are represented using user-
written LaRC damage model and cohesive elements.

» The propagation of fracture is unstable and static equilibrium
solutions cannot be obtained. A combination of quasi-static
and implicit dynamic procedures were used to successfully
predict the collapse load of the structure as well as solutions
representing the complete fracture of the component.

Ongoing Model Enhancements

1. Two or more postbuckling deformation modes were
observed for the skin:
= initial imperfections will be applied to determine if all
observed modes can be reproduced by the model.

2. The predicted collapse loads are 10-20% lower than the
experiment:

» the G, obtained from a 0/0 DCB has been shown in the
literature to be about 4X lower than the G, of
skin/stringer interfaces.

3. The experimental load-deflection response displays more
nonlinearity than the model.

® add nonlinear effect of compression on the Modulus E;;
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