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Analytical-Experimental Correlation for a Stiffened
Composite Panel Loaded in Axial Compression
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A combined analytical and experimental study of a blade-stiffened composite panel subjected to axial compres-
sion was conducted. The study � rst examined the effects of the differences between a simple model used to design
the panel and the actual experimental conditions. It was found that the large imperfection used in the design pro-
cess compensated for the simplifying assumptions of the design model, and the experimental failure load was only
10% higher than the design load. Next, � nite element analyses were performed in order to correlate analytical and
experimental results. The buckling loads from � nite element analyses agreed well with the experimental failure
loads. However, substantial differences were found in the out-of-plane displacements of the panel. Finite element
simulations of nonuniform load introduction with general contact de� nitions improved correlation between the
measured and predicted out-of-plane deformations.

Introduction

S TIFFENED, laminated composite panels have been considered
for use in weight-sensitivestructuressuch as aircraftand missile

structuralcomponents,where high strength-to-weightand stiffness-
to-weight ratios are required. High strength and in-plane stiffness
propertiesof compositematerials result in thin sections that are crit-
ical in buckling. Among the several con� gurations commonly used
for stiffened panels, blade-stiffened panels have simple geometric
con� gurations with good structural ef� ciency, which makes them
a popular structural concept. Buckling loads and the sensitivity of
the response to initial imperfectionsare often expensive to calculate
with general � nite element models. Consequently, the optimization
of stiffened panels often employs simpli� ed models that are ex-
act only for idealized geometries, loading conditions,and boundary
conditions (e.g., PASCO1 or PANDA22 ).

Nagendra et al.3 studied the optimum design of blade-stiffened
panels with cutouts subjected to buckling and strain constraints.
They used the panel analysis and sizing code (PASCO1 ), based on
a linked plate model, for the buckling analysis and structural opti-
mization with continuous-thickness design variables and the engi-
neering analysis language (EAL4 ) � nite element analysis code for
calculating strains and their derivatives with respect to the design
variables. Later, the optimally designed panels with and without
centrally located holes were tested, and analytical and experimen-
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tal results were compared.5 Nagendra et al.6 extended the optimum
design study of blade-stiffened panels using PASCO for analysis
and a genetic algorithm(GA) for the optimizationof panel laminate
stacking sequences. Several designs obtained using GA optimiza-
tionwere about8% lower in weight than designspreviouslyobtained
in Ref. 3 using a continuous optimization procedure.

Recently, three of the panels designed by Nagendra et al.6

were fabricated and tested by the Structural Mechanics Branch at
NASA Langley Research Center. The experimental failure loads
differed by a maximum of approximately 10% from the design
load. However, there were signi� cant differences in loading and
boundary conditions between the design conditions and the test
conditions.

One objectiveof the present paper is to assess the effectivenessof
the simpli� ed PASCO model originally used to design the panel. A
second objective is to correlate analytical and experimental results.

Stiffened Panel De� nition
The panel designated as the baseline design corresponds to the

ninth row in Table 7 of Ref. 6. This panel, designated as GA2461
(referring to the design weight of 24.61 lb), is 30 in. long and 32 in.
wide, with four equally spaced blade stiffeners (see Fig. 1). Two
other designs from Ref. 6 were also tested in the same series of tests
with similar failure loads. This paper is focused on the GA2461
panel, with only occasional references to the other two panels. The
laminatesused for the GA2461 baselinedesign in Ref. 6 for the skin,
stiffener blade, and stiffener � ange are balanced, symmetric lami-
nates consisting of 0 deg, §45 deg, and 90 deg plies. The skin has
40 plieswith a stackingsequenceof [§45=904=§453=902=§453]s ,
and the stiffener � ange and blade have identical stacking sequences
of [§452=.§45=04/2=902=04=.§45=02/2=02=§45]s , with a total of
68 plies. Properties of the Hercules, Inc., AS4/3502 graphite epoxy
material used in Ref. 6 are given in Table 1.

The baseline panel was designed to support an axial load Nx of
20,000 lb/in. In addition,to accountfor offdesignconditions,imper-
fections,andmodeling inaccuracies,a shear load(Nx y D 5000lb/in.)
and a longitudinal bow-type geometric imperfection (3% of the
panel length) were added to the design requirements. The baseline
design panel was assumed to be simply supported along the four
edges, which is the only boundary condition that can be accurately
modeled using PASCO.
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Table 1 Hercules Inc. AS4/3502 graphite–epoxy
lamina material properties

Young’s modulus (longitudinal) E1 D 18.50£ 106 psi
Young’s modulus (transverse) E2 D 1.64£ 106 psi
Shear modulus G12 D 0.87£ 106 psi
Major Poisson ratio º12 D 0.3
Density ½ D 0.057 lb in.¡3

Ply thickness tply D 0.0052 in.

Fig. 1 Blade-stiffened panel with four equally spaced stiffeners under
compression and shear loads. All dimensions are in inches.

Fig. 2 Layout of the displacement measurement instrumentation
(DCDTs) for the test panel.

Test Specimen and Test Procedures
The test specimens were fabricated using Hercules, Inc.,

AS4/3502 unidirectional graphite–epoxy preimpregnated tape ma-
terial. The skin (32 £ 32 in.) and stiffeners were cured separately
in an autoclave. The stiffeners were machined to a length of 32 in.,
then bondedto the skin with FM-300 � lm adhesive.The panel edges
perpendicularto the stiffeners were potted with an aluminum-� lled
epoxy resin to prevent end failure. The length of the potted area was
1 in. on each end. Thus, the effective length of the test specimen
was reduced to 30 in.

The test specimen was loaded in compressionusing a 1,000,000-
lb-capacity hydraulic testing machine. The specimen was � at-end

testedwithout lateraledge supports,and no deliberategeometric im-
perfection was introduced. Electrical resistance strain gauges were
used to monitor the strains and direct current differential transform-
ers (DCDTs) were used to monitor longitudinal inplane and out-of-
plane displacements at selected locations, as shown in Fig. 2. All
electrical signals and corresponding applied loads were recorded
automatically at regular time intervals during the tests.

Linear Buckling Analysis
Both buckling and nonlinear postbuckling analyses were per-

formed in this study. Linear buckling analyses were conducted for
the baseline design using both PANDA2 and STAGS (Structural
Analysis of General Shells7 ). Input � les for the STAGS linear buck-
ling analysis were generated by PANDA2. Next, the effect of the
shear load and the geometric imperfectionon the buckling loads of
the baseline design were investigated using PANDA2, which em-
ploys analysis techniques with a level of � delity similar to that of
PASCO. In PANDA2, local and general buckling loads are calcu-
lated either by closed-form expressions or discretized models of
panel cross sections2;8;9 similar to those used in PASCO.

STAGS is a code for general purpose analysis of shell structures
of arbitrary shape and complexity7 with a variety of � nite elements.
Four-node quadrilateral plate elements with cubic lateral displace-
ment variations (called 410- and 411-elements in STAGS) are ef-
� cient for predicting buckling response of thin shells. For plates
in which transverse shear deformation is important, the assumed
natural-strain, nine-node element (480-element) can be selected.7

While the panel investigated here warrants the use of the 480-
element, the 411-element was also used because the effect of shear
deformation is not in the analysis for the PASCO-designed panel.
STAGS results were postprocessedusing PATRAN.10

The STAGS � nite element model for the panel had a total of 20
branched shell units, and each branched shell unit had 325 nodes
(for the 32-in.-long panel) or 325 nodes (for the 30-in.-long base-
line design panel), respectively.The axial compressive design load
(640,000 lb) was applied with a uniform end-shorteningconstraint
along with compatibility conditions for adjacent shell unit inter-
faces. In the test, the load was applied to the potted ends. To simu-
late this boundary condition, the displacement along the z direction
and rotation along the x direction were constrained at the nodal
points. The adhesive � lm used to bond the stiffeners to the skin
of the test specimen was modeled by adding a 0.0121-in.-thick
isotropic layer to the model to simulate the bondline between the
skin and � ange. The skin middle surface was used as the refer-
ence plane in which the nodes lie, and the offset distance from the
middle surfaces of the skin–� ange combinationwas modeled as an
eccentricity.

An alternative� nite elementmodelingapproachwith ABAQUS11

suggested by Greene of HKS, Inc. (private communication), was
also used. In this method, instead of locating the reference plane
at the midplane of the skin, the bottom plane of the blade stiffener
was used as the reference plane. To include the offset distances of
the midplane of skin and skin–� ange combination in the model,
an additional 0 deg ply with negligibly low stiffness was added
to both skin and skin–� ange laminates, as shown in Fig. 3. Both
the nine-node thin shell element (S9R5) and the four-node general

Fig. 3 Reference plane of ABAQUS and STAGS models.
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shell element (S4) in ABAQUS were selected for the stiffenedpanel
models. Both shell elements can account for transverseshear defor-
mations and are comparable to the 480-element in STAGS. Instead
of applying a compressive load at the panel end, uniform compres-
sive displacementswere appliedat the nodal points along the loaded
edge.To ensurea uniformstate of stressalongthe entirepanel length
and to prevent bending during the prebuckling response stage, the
incremental boundary condition option available in ABAQUS was
chosen.The buckling load factor was computed from the sum of the
reaction forces at the boundary node set.

Results of Linear Buckling Analysis
The effects of geometric imperfections,additional in-plane shear

loads, boundary conditions, and material property variationson the
buckling load of the stiffened panel are discussed in this section.
The results are intended to help understand the effect of the as-
sumed imperfectionsand the addition of in-plane shear loads on the
robustness of the design.

Effect of Geometric Imperfections and Shear Load
A summary of the local buckling load factors with and without

shear load, and with and without the initial bow-type geometric im-
perfections (§3% of the panel length) obtained from PANDA2 are
presented in Table 2. The � rst row in Table 2 includes a comparison
of PANDA2 and the STAGS (both 480- and 411-elements) for the
perfect panel without a shear load. The PANDA2 results for both
a Koiter-type analysis and a BOSOR4 analysis agree well with the
STAGS 411-elementresults.The 11% differencebetweenthe results
for the 480-element and the 411-element (Table 2) is suspected to
be due to transverse shear deformationbecause the thickness of the
skin–� ange combination is 0.56 in. Shear deformation was not in-
cluded in the originalpanel design,and this difference indicates that
the effect is signi� cant.

The panel with a negative (bulging in the direction of the blade)
bow-type imperfection had a concave surface in the middle of the
panel. Thus, the blade tip is subjected to less axial compression,
and the skin is subjected to more axial compression than that of the
perfectpanels.Similarly, the blade tip near the boundaryis subjected
to more compression, and the skin near the boundary is subjected
to less compression than in the perfect panel. The opposite holds
true for the positive bowtype imperfection. From the last two rows
of Table 2, one can note that a 3% positive imperfection results in a
very low buckling load factor. The buckling load factor is reduced
from 1.256 to 0.394. A 3% negative imperfection also reduces the
buckling load factor (from 1.256 to 1.026), but the reduction is
smaller than that for a positive imperfection. A 3% imperfection is
very large for a 32-in.-long stiffened panel, and thus will lead to
conservativedesigns.

Table 2 Summary of the local buckling load factora from PANDA2 and the lowest buckling load factor
from STAGS (four edges simple supported)

PANDA2 (Koiter analysis) PANDA2 (BOSOR4 analysis)

Loading combination with/ Panel Panel Panel Panel STAGS STAGS
without imperfection endc midlengthc endc midlengthc (480-elementb) (411-element)

Nx D 20,000 lb/in., Nx y D 0 1.256 1.256 1.328 1.328 1.166 1.296
without imperfection

Nx D 20,000 lb/in., Nx y D 5,000 lb/in. 1.234 1.234 1.048 1.048 —— ——
without imperfection

Nx D 20,000 lb/in., Nx y D 5,000 lb/in. 1.234 0.356 1.048 0.346 —— ——
with imperfection (C3%)

Nx D 20,000 lb/in., Nx y D 5,000 lb/in. 1.234 0.856 1.048 0.920 —— ——
with imperfection (¡3%)

Nx D 20,000 lb/in., Nx y D 0 lb/in. 1.256 0.394 1.328 0.398 —— ——
with imperfection (C3%)

Nx D 20,000 lb/in., Nx y D 0 lb/in. 1.256 1.026 1.328 1.083 —— ——
with imperfection (¡3%)

aBuckling occurs at the applied load times the buckling load factor. bIncludes shear deformation.
cPANDA2 cannot perform exact buckling analysis under nonuniform stress � eld. Thus, it provides buckling loads based on the stress values near the ends and at
midlength of the panel as if these represented constant stress � elds.

Effects of Boundary Conditions and Material Properties

There were slight differences in material properties, panel di-
mensions, and boundary conditions between the baseline design
and the actual test conditions.To understand the effects of these dif-
ferences,analyseswere conductedusing both sets of input data.The
differencesin materialpropertiesand dimensionsare summarizedin
Tables 3 and 4, respectively.While changes in the material proper-
ties can be input to the analysesdirectly, differencesin the thickness
of the skin or � ange are accounted for by implementing a propor-
tional change in the model’s ply thickness.A detailed discussionof
this procedure can be found in Ref. 4. Table 5 shows the effects of
boundary conditions and material properties on the buckling load

Table 3 Material properties of baseline designs and test specimen

E1 (Msi) E2 (Msi) G12 (Msi) º12 º21

Skin Design 18.50 1.64 0.87 0.3 0.0270
Test specimen 17.333 1.64 0.8151 0.3 0.0284

Blade Design 18.50 1.64 0.87 0.3 0.0270
Test specimen 19.125 1.64 0.8994 0.3 0.0257

Flange Design 18.50 1.64 0.87 0.3 0.0270
Test specimen 19.593 1.64 0.9214 0.3 0.0251

Adhesive Test specimen 0.5 0.5 0.192 0.3 0.3

Table 4 Geometric parameters of the baseline
design and test specimen

Panel Design (in.) Test specimen (in.)

Panel length 30 32
Panel width 32 32
Blade height 3.0705 3.0723
Skin ply thickness 0.00520 0.00555
Blade ply thickness 0.00520 0.00503
Flange ply thickness 0.00520 0.00491
Adhesive thickness 0.0 0.0121

Table 5 Buckling load factors obtained from STAGS
with various boundary conditions

Shell unit Shell unit
Boundary conditions 480-elementa 411-element

4 edges simply supported 1.166 1.296
(baseline design)

2 edges free, 2 edges clamped 1.197 1.340
(baseline design)

2 edges free, 2 edges clamped 1.154 1.286
(potted region, test material,
32-in. panel length)

a Includes shear deformation.
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Fig. 4 STAGS-predicted buckling mode shape of the perfect baseline design panel (simply supported on four sides) subjected to uniaxial compression
load (buckling load factor = 1.166).

factors. Comparison of the � rst two rows of Table 5 reveals that
the effects of changes in the boundary conditions are not very sig-
ni� cant. According to PANDA2 results, the lowest buckling load
correspondedto local buckling, which suggests that the differences
in boundary conditions between the analysis and the experiment
will not have a large effect on the results. Similarly, results in the
last two rows show the effects of changes in material properties and
panel dimensions.

The buckling mode shape of the perfect baseline design (simply
supported on four sides) predicted by the STAGS 480-element is
shown in Fig. 4. The correspondingABAQUS results are shown in
Fig. 5. The overall buckling mode shape obtained from ABAQUS
agrees well with that of STAGS. Both modes have four half-waves
in the longitudinal directions, but even though the problem is sym-
metric in both directions,the bucklingmode is not, as oftenhappens.
This asymmetry is more accentuated for the STAGS model, where
the displacementspeaknot far from the support.The computedlow-
est buckling load factor is slightlyhigher than that of STAGS (1.218
for ABAQUS and 1.166 for STAGS). This small differencemay be
due to modeling differences discussed in the following paragraph.
The STAGS predictionof the bucklingmode shape of the test panel
with potted boundary conditions (with the other two edges being
free) is shown in Fig. 6.

An examination of the STAGS model in Fig. 3 shows that there
is a double counting of the material between the blade stiffener and
the � ange–skin combination due to the way the nodes are located
in the blade elements and in the elements that represent the � ange–

skin combination. These elements have midplane nodes leading to
an overlap equal to the thickness of the blade with a width equal
to half the thickness of the � ange–skin combination. This overlap
is avoided in the ABAQUS modeling approach described earlier.
The additional material that results from the overlap is expected to

Table 6 Comparison of prebuckling stiffness
and buckling load factors (STAGS results)

Buckling load
EA/L (kip/in.) EA (kip) factor

Model with overlap 3931.2 125,800 1.15
Model with no overlap 3684.4 117,900 1.23
Experiment 3453.9 110,500 1.09

increase the prebucklingaxial stiffnessof the panel.To estimate this
increase, the STAGS model was modi� ed to resemble the ABAQUS
model, and a linear buckling analysis was performed on the mod-
i� ed model. The results of this analysis are presented in Table 6,
which also compares these results with the experimental results.
The increase in area due to the overlap contributed to about one-
half of the difference in total stiffness between the analysis and test
results.

Summary of Differences Between Design Model and Test Model

The PASCO model used for designing the panel had several
modeling simpli� cations and compensating factors; their effects
are listed in Table 7. The two major model simpli� cations were as
follows: 1) PASCO does not account for shear deformation, which
may be signi� cant for thick composite panels, and this effect re-
duces the buckling load by 11%. 2) PASCO employs simple support
boundaryconditions.The differencedue to boundaryconditionswas
only about 1% because the buckling mode is local.

To obtain a more robust design, the PASCO model was subjected
to an additional shear load and bow-type initial imperfection with
maximum amplitude of 3% of the panel length. Both of these fea-
tures had substantialeffects on the buckling load. However, because
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Table 7 Differences between baseline design analysis and analysis of actual test panel

Baseline design Test panel Effect on buckling load

Loading condition (lb/in.)
Axial compression 20,000 20,000
In-plane shear load 5,000 0 ¡20%
Imperfection ¡3% of panel length Not measured ¡30% (with shear load)

(initial bow type) ¡18% (w/out shear load)
Boundary condition 1% (with test material)
Loaded edges Simple support Clamped (potted)
Unloaded edges Simple support Unsupported
Transverse shear deformation No Yes 11%

Fig. 5 Predicted buckling modeshape of the baseline design (simply supported on four sides) with nine-node shell elements from ABAQUS (bluckling
load factor = 1.218).

the panel was designed only for imperfection of one sign, the de-
sign became more sensitive to an imperfectionof the opposite sign.
Finally, because of the substantial thickness of the blade, it was
also found that a midsurface reference plane modeling, which is
common in thin-walled structures,producesan approximate7% in-
crease in the prebuckling stiffness and a 7% reduction in buckling
load. The opposite effects are explained by the fact that the stiff-
ness of the overlap causes more load to be supported by the blade,
which is the critical element. Overall, the more accurate analyti-
cal model predicts a buckling load that is about 18% higher than
the design load; however, this does not take into account any ini-
tial imperfections. The actual test buckling load was only about
10% higher than the design load. For this panel, the simpli� ed
model used in PASCO, together with the shear and imperfection
loading added for robustness, worked reasonably well. The other
two tested designs were also within a few percent of the design
load.

Nonlinear Analysis
Although the linearbucklingloadsprovide a measure of the com-

pressive load-carrying capacity of the stiffened panels, the test re-
sults indicate that the panels underwent substantial nonlinear trans-
verse deformations before failure. Hence, a nonlinear analysis was
performed to understand the effects of boundary conditions includ-
ing the eccentricity in load application. The nonlinear analysis was
performed without applying any initial imperfection, but the dif-
ferences in the stacking sequence and material properties between
the skin and the blades introduced small amounts of bending de-
formation. The modi� ed Riks path-followingalgorithm in STAGS
was used for the nonlinear analysis. The computation time required
for the nonlinear analysis was an order of magnitude greater than
that for the linear analysis, indicating signi� cant nonlinearity with
response (near the buckling load). The following subsections dis-
cuss the results of the nonlinearanalysesand compare experimental
and analytical results.
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Fig. 6 Predicted buckling mode shape of the blade-stiffed panel (with test material and boundary conditions) from STAGS (buckling load factor =
1.154).

Fig. 7 Compressive load vs end shortening form analysis and experi-
ments.

Compressive Load vs End Shortening

The compressive load vs end-shortening de� ection curves from
the STAGS nonlinear static analyses, the test, and a linear least
squares � t of the measured data are shown in Fig. 7. The test panel
designatedas GA2461 in Ref. 6 is the baselinedesign. In additionto
the baseline panel, two other test panels (GA2414, GA2458) from
Ref. 6 have slightly different geometries and stacking sequences.
As expected, their compressive load vs end-shorteningcurves from

Table 8 Comparison of the prebuckling stiffness and buckling load
results from STAGS and experiments

EA/L (kip/in.) EA (kip) Buckling load factor

STAGS nonlinear 3931.2 117,900 1.23
(panel GA2461)

Experimental result 3453.9 110,500 1.09
(panel GA2461)

Experimental result 3347.8 107,100 0.94
(panel GA2414)

Experimental result 3333.8 106,700 1.07
(panel GA2458)

the tests exhibit a similar trend, exceptat the initial stage of loading.
The prebuckling stiffness was calculated from the slopes of the
linear portions of the experimental load vs end-shortening curves
for the three panels and by multiplying the slopes by the panel
length. The prebuckling stiffness from the experiments with the
prebucklingstiffnesspredictedusing STAGS for test panel GA2461
are compared in Table 8. The prebucklingstiffnessof the test panels
is about 6% less than that of the analysis.

Compressive Load vs Out-of-Plane Deformations

The layout of the DCDTs used to measure displacements in the
test panel is shown in Fig. 2. The out-of-planedisplacements,mea-
sured from DCDTs at selected locationsde� ned in Fig. 2, are shown
in Figs. 8 and9. The results in Fig. 8 show thatout-of-planedisplace-
ments were initiated at an early stage of the loading and increased
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Fig. 8 Load vs out-of-planedisplacementsof the skin at the center bay.

Fig. 9 Load vs out-of-plane displacements of the stiffener at selected
location in Fig. 2.

linearlyin proportionto the loading.Furthermore,thedisplacements
were largest near the loaded edge. These observations suggest that
loading eccentricities may exist along the load introduction edges,
or rigid body rotation of the panel with respect to the clamped edge
may have occurred,in additionto the effectsof geometric imperfec-
tions. The results in Fig. 9 show that the out-of-planedisplacements
of the blade stiffeners also started at an early stage of the load-
ing. With the exceptionof DCDT 11, the out-of-planedeformations
were an order of magnitude lower than those of the skin in Fig. 8.
Furthermore, a signi� cant nonlinear response was only exhibited
near the failure load. The large nonlinear response of DCDT 11
throughout the axial loading was probably due to the effect of the
unsupported side-edge boundaries. The out-of-plane displacement
variations along the length of the panel (DCDTs 1–4 in Fig. 2) at
selected load levels are shown in Fig. 10. The results in Fig. 10 in-
dicate that bending and end shortening occurred in the test panel as
a result of the applied axial compression. The load vs out-of-plane
displacement response across the panel at midlength can be found
in Ref. 12.

To understandthe substantialprebucklingbending,a combination
of different geometric imperfections and loads applied at small an-
gles to the axial directionas analyzed to determinetheir in� uenceon

Fig. 10 Variation of the out-of-plane displacements along the panel
lengthwise direction.

Fig. 11 Schematic of blade-stiffened panel and loading platen.

the observed out-of-planedisplacements.Geometric imperfections
in the shape of the buckling modes were modeled in STAGS. Vari-
ous combinationsof imperfection amplitudes and load angles were
considered. Although for some combinations it was only possible
to partially reproduce the test results,12 obtaining the right imper-
fection and load introduction angle seemed elusive. This dif� culty
suggests that the source of the prebuckling bending response was
caused by some other effects.

Contact Between the Panel and Loading Platen

Hilburger13 investigated the effects of nonuniform load intro-
duction and boundary condition imperfections on the compression
response of composite cylindrical shells with cutouts. He de� ned
the nonuniform load distribution as being other than a uniform ax-
ial displacement of the cylinder’s loading surface and found two
sources of nonuniform load introduction. One source was due to
lack of planarity in the loading surfaces of the specimen and the
loading platens. The other source was due to tilting of the load-
ing platen with respect to the specimen before the loading began.
Hilburger measured the top and bottom loading surface imperfec-
tions as well as the potting thickness.These imperfectiondata were
� tted to curves and input into STAGS models. Furthermore, the test
frame loading platen was modeled as rigid � at plates, and STAGS
generalizedcontact analysis was used. (Generalized contact de� ni-
tion means that contact points are calculated by STAGS rather than
speci� ed by the user.)

A similar modeling approach was used in the present study to
identify the causes of the substantial out-of-planedeformationsand
nonlinear end shortening during the early stage of the test. The
loading platen was modeled as a rigid � at plate in the STAGS anal-
yses. Because the loading surface imperfectionswere not measured
before the test, they were not considered in this study. Instead, it
was assumed that the rigid loading platen initially contacted at the
tip of the blade stiffeners at a small tilt angle, as shown in Fig. 11.
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Table 9 Summary of contact angles and stiffnesses of contact element

Panel length Contact angle Force–displacement relation for contact elementa

(in.) (deg) (lb/in.)

Model 7 30 0.01 Disp. 0.005 0.05 0.1 0.2 1.0
Force 1.0e3 1.0e5 1.0e7 2.0e8 2.0e8

Model 8 30 0.01 Disp. 0.0001 0.03 0.05 0.2 1.0
Force 1.0e3 1.0e7 1.0e8 2.0e8 2.0e8

Model 9 30 0.01 Disp. 0.005 0.03 0.05 0.2 1.0
Force 1.0e3 1.0e5 1.0e8 2.0e8 2.0e8

Model 10 30 0.005 Disp. 0.005 0.03 0.05 0.2 1.0
Force 1.0e3 1.0e5 1.0e8 2.0e8 2.0e8

a STAGS interpolates for intermediate values.

Fig. 12 Compressive load vs end shortening from analyses with con-
tact models and experiment. Model numbers refer to Table 9.

The panel in Fig. 11 is shown sideways, with the bottom element
representing the bottom support of the loading aparatus.

As the analysis progresses, STAGS uses generalized contact
analyses to check for contact and to construct contact element-
coupling contact points with the contacted shell elements. In do-
ing this, STAGS uses penalty functions to enforce displacement
compatibilitybetween each contactingpoint and each element with
which it is in contact. STAGS utilizes analyst-suppliedstiffness vs
displacementinformationto compute the forcesthatmay result from
the small contact-surfacepenetration.A contact element is concep-
tually a nonlinear spring connecting the contact point to the surface
of the contacted element. This nonlinear spring typically has low
stiffness when the contact-surface penetration is small, but it gets
progressively stiffer as penetration increases.7

Generalized contact analyses were implemented for the � nite el-
ements that simulate the rigid platen and load introduction edge of
the test specimen. The selection of proper stiffnessesof the contact
elements for the present analyses is somewhat arbitrary. Therefore,
several nonlinearanalyseswere performed to simulate the observed
out-of-plane deformation response of the test specimen by chang-
ing both the tilt angles and the stiffnesses of the contact elements
between the loading platen and load introductionedge. The combi-
nationsof the tilt anglesand stiffnessesof the contact elements used
for the analyses are summarized in Table 9, and the correspond-
ing load vs end-shortening results are shown in Fig. 12. The re-
sults in Fig. 12 suggest that the computed end-shorteningresponses
strongly depend on the user-supplied input data in Table 9. Among
the computed load vs end-shortening responses, the response of
model 9 is quite similar to that of the test panel in Fig. 12. The
computed out-of-plane displacements of the skin and stiffeners of
model 9 at the selected DCDTs locations are further indicated as
shown in Figs. 13 and 14, respectively. The response of model 9
in Fig. 13 shows a good correlation with those of the test panel
skin in Fig. 8 during the early stages of the load history. However,
model 9 exhibits a considerable nonlinear out-of-plane deforma-
tion of the skin when the compressive load is above 400,000 lbs.
This was not present in the results for the response of the test panel
in Fig. 8.

Fig. 13 Load vs out-of-plane displacements of the skin at the center-
bay, from the analysis result (model 9).

Fig. 14 Load vs out-of-planedisplacements of the stiffeners at selected
locations, from the analysis result (model 9).

Generalized contact analyses revealed that the panel was locally
buckled at about 80,000 lb. The global buckling occurred at load
level 650,000 lb (load factor of 1.016), where signi� cant nonlin-
ear out-of-planedeformations were seen, as shown in Fig. 13. This
compares to a load factor of 1.23 from the nonlinear analysis with-
out the contact analysis and 1.09 from the experiment (see Table 8).
The computed load vs out-of-plane stiffener deformation at DCDT
11 has signi� cant nonlinear behavior, as shown in Fig. 14. This sig-
ni� cant nonlinear response was also observed from the measured
response of the actual test panel, as shown in Fig. 9. In general, the
� nite elementmodelwith thegeneralizedcontactanalysesimproved
correlationbetween the measured and predicted out-of-planedefor-
mation. However, the details of the displacements are considerably
different.Some combinationof tilt anglesand contactstiffnessescan
produce the observed pattern, but there may be some other causes
that affect the out-of-planedisplacements.
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Conclusions
Computational cost considerations often dictate the use of sim-

pli� ed models in structural design optimization.The effect of such
simpli� cations was examined by analyzing test results and � nite
element simulations for a stiffened composite panel designed with
a simple � nite strip model.

Several structural analysis models were used to assess the ade-
quacy of the design model and the correlation with experimental
results. Shear deformation was the most important of the effects
neglected by the simple model, accounting for about 11% differ-
ence in buckling load. The effect of simpli� ed (simple support)
boundary conditions was small. The addition of shear loads and
initial imperfections to the design model improved the correlation
of the results, even though including an imperfection that was bi-
ased in one direction apparently induced an increased sensitivity to
imperfection in the other direction. Overall, the simpli� ed model
produced designs that failed within 10% of the design load in the
experiments.

The most signi� cantdifferencebetweentheanalyticalpredictions
and theexperimentalmeasurementswas the substantialout-of-plane
prebuckling deformations. To explain these differences, imperfec-
tions, load eccentricities,and loadingplaten tilt angles were consid-
ered. Of these, the loading platen tilt produced patternsof deforma-
tion similar to the measured deformations but with more nonlinear
characteristics.
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