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Analysis and Testing of a Postbuckled Stiffened Panel

M. Lillico,* R. Butler," and G. W. Hunt*
University of Bath, Bath, England BA2 7AY, United Kingdom

and

A. Watson,’ D. Kennedy,! and F. W. Williams**
Cardiff University, Cardiff, Wales CF24 3TB, United Kingdom

The suitability of using the efficient, linear elastic design software VICONOPT for the analysis of a stiffened panel
with a postbuckling reserve of strength is investigated. A longitudinally compressed panel, which initially buckled
in a local skin mode, was analyzed with allowance being made for the effects of an initial overall imperfection.
The panel was also analyzed using the nonlinear finite element package ABAQUS, and four laboratory specimens
that represent the panel were tested to failure. The similarity of the experimental failure with the VICONOPT
and ABAQUS predictions indicates that VICONOPT can give satisfactory analysis results for use in preliminary

design.

I. Introduction

T is well known' that stiffened panels can have a considerable

postbuckling reserve of strength, enabling them to carry loads
in excess of their initial buckling load when initial buckling is in a
local mode, for example, skin buckling between stiffeners, but not if
itis in an overallmode, for example, an Euler or wide column mode.
The design of aerospace structures places great emphasis on mass
minimization of such panels to reduce lifecycle costs. An optimum
(minimum mass) design procedure based on initial buckling, stress,
or strain, and stiffness constraints typically results in an idealized
structural configuration that has almost equal critical loads for local
and overall buckling, resulting in little postbuckling strength and
a susceptibility to premature failure.> Recent techniques can pro-
duce lower mass designs for a given loading by permitting initial
local buckling below the design load and allowing for the response
characteristicsknown to exist in postbuckled plates®~>

Thispaperpresentsan efficientmethodof analysis, suitablefor the
preliminary optimum design of a stiffened panel with a postbuckling
reserve of strength, employing the industrially used linear elastic
software VICONOPT.® The initial buckling mode is a local skin
mode in longitudinal compression, and the panel is loaded beyond
initial buckling to failure, with an allowance being made for the
effects of an initial overall imperfection and a postbuckled neutral
axis shift. The VICONOPT analysisinvolves calculatingthe change
in stiffness of all plates following initial buckling and allows for
the associated redistribution of stress between initial buckling and
ultimate failure.

The panel has also been analyzed using the finite element pack-
age ABAQUS,” and four test specimens representing the panel have
been fabricated and tested experimentally. The present paper com-
pares the VICONOPT, ABAQUS, and experimental results, and
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thereby assesses the suitability of VICONOPT for analysis dur-
ing preliminary design of a panel with a postbuckling reserve of
strength.

II. VICONOPT: Design, Analysis, and Results

A. Example Panel

An earlier version® of VICONOPT containing an empirical post-
buckling capability was used to produce the minimum mass de-
sign indicated in Fig. 1, with free longitudinal edges and simply
supported transverse edges, subject to sets of buckling, material
strength, and practical constraints. Aluminum 6082-T6 was used to
fabricate the panels, with elastic modulus E = 72.4 GPa, Poisson’s
ratio v = 0.33, and the 0.2% proof stress = 283 MPa. The panel was
designed to carry a compressive load of 69 kN applied at its neutral
axis, with a maximum allowable midsurface strain (to at least stay
close to the VICONOPT elastic assumptions) of 3600 microstrain
in any plate. The panel design allowed for both positive and negative
overall imperfections, varying in a half sine wave over the length
of the panel such that the imperfection is zero at the ends and J
throughout the midlength cross section, the positive direction for
8o being shown in Fig. 1. The magnitude of §, was [/500, and the
interstiftener portions of skin were designated to buckle initially at
60% of the design load, thatis, at around 41 kN, with an empirically
chosen postbuckledto prebuckledstiffnessratio of 0.5. This version
of the program has since been extended to calculate the postbuckled
stiffness of plates’ and to allow for the boundary conditions associ-
ated with the experimental tests of Sec. IV. These theoretical exten-
sions are now described in the context of the general VICONOPT
analysis capability, before the analysis results obtained using these
VICONOPT extensions for the example panel are presented.

B. VICONOPT Analysis

VICONOPT® is a FORTRAN 77 computer program thatincorpo-
rates the earlier programs VIPASA and VICON. It covers prismatic
plate assemblies, that is, panels of constantcross section, composed
of anisotropic plates, each of which can carry any combination of
uniformly distributed and longitudinallyinvariantin-plane stresses.
It can be used as either an analysis or an optimum design program.
The analysis principally covers the calculation of eigenvalues, that
is, the critical load factors in elastic buckling problems or the nat-
ural frequencies in undamped vibration problems. The analysis is
based on the exact solution of the governing differential equations
of the constituent members, which are assumed to undergo a de-
formation that varies sinusoidally to infinity in the longitudinal di-
rection, yielding exact stiffness matrices whose elements are tran-
scendental functions of the load factor or frequency and the axial
half-wavelength X of the deformation. The resulting transcendental
eigenproblem requires an iterative solution that is performed us-
ing the Wittrick-Williams algorithm.!” The simplest form of the
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Fig.1 Cross section of the example panel showing the direction taken
as positive for theimperfection; all dimensions are in millimeters, the un-
supported skin width b,, = 63.5 mm, and the panel length / was 539 mm.

buckling analysis' "2 is performed over a range of values of A that

usually extends from a value less than the smallest plate width to
the length [ of the panel. The lowest buckling load found for any A
is taken as the critical buckling load for the panel. This implies that
the panel of length [ is simply supported at its ends with warping of
the entire cross section allowed.

For panels with postbuckling strength, modifications were made
to the basic method of VICONOPT. These and the original
VICONOPT optionsare too extensive to quote in detail, and so only
the features and options needed to understand the current paper are
given here.

1. Approximate Postbuckling Stiffness Calculation

Local buckling loads and modes, considered to be at any A </,
are first found. Then, for collapse, which may be due to overall or
torsional (stiffener) buckling or material failure, the in-plane stiff-
nesses of the locally buckled plates are reduced by multiplying the
prebuckled stiffnesses by a factor , that may be preselected by the
user.® However, in this paper, a separate VICONOPT postbuckling
analysis’ was performed so that values of r, were automatically cal-
culated for each plate in the assembly. Each value of 7, is obtained
by dividing the plate stiffness after buckling by its stiffness before
buckling, where the plate stiffness is obtained by dividing the aver-
age axial stress in the plate by the total axial strain at the neutral axis
of the panel. The axial strain in each plate has two components: one
due to axial loading and one due to out of plane flexure. Because
the total strain is assumed to be uniform across the panel width,
those plates that have buckled most will have the greatest strain
components due to flexure, the smallest strain components due to
axial load, and, therefore, comparatively small components of axial
stress, leading to low values of r;.

When a plate is loaded axially and its longitudinal edges are
required to remain straight, a nonuniform transverse stress distri-
bution develops. This is composed of tension and compression re-
gions, such that integration along the length gives a zero transverse
stress resultant. Because the compression regions occur adjacent
to the nodal lines, that is, lines of zero out-of-plane displacement,
whereas tension regions occur around the midlength of each half-
wavelength, the tensionregionshave a greater stabilizingeffect than
the destabilizingeffects of the compressionregions. This is allowed
for in VICONOPT® by loading the plate with a uniform, thatis, lon-
gitudinally invariant, transverse tension equal to some fraction 7 of
the maximum transverse tension calculated from the postbuckling
mode. The value t = 0.3 was chosen for the present work, based on
previousstudies onstiffenedpanels,? althoughthe effectof variation
in 7 is also considered in the results that follow.

The preceding modifications are clearly approximationsto more
rigorous approaches (such as Refs. 3 and 13) that use Koiter’s
postbuckling theory to account realistically for many of the actual
characteristics known to exist in postbuckled plates. However, the
method has been shown’'* to give good agreement with the results
of these more rigorous approaches for compression-loaded plates
and panels, and its use here for preliminary design is justified on the
basis of these previous results and the results that follow.

2. Local/Overall Interaction

A further modification was to perform approximate calculations,
based on an earlier method," to allow for an overall imperfection
of amplitude §, and, as described in Ref. 14, to allow for the exper-
imental boundary conditions in which a single-bay panel of length
[ is compression tested. Here, the end load position throughout the
test remains along the unbuckled neutral axis, so that when the skin
buckles the effective neutral axis position shifts away from the skin,
causing an offset between the load and the buckled neutral axis.

Hence, by treating the entire cross section of Fig. 1 as that of a
wide strut,a moment M is consideredin additionto the compressive
load P and assumed to act over the entire panel length during local
buckling and stress analysis, where

M = PS 1

For loads below the skin bucklingload Py, there is no offset, and
the midlength deflection § is given by the following well-known
equation:

8=25/(1—P/Pg) 2)

where Pp is the Euler or overall buckling load of the unbuckled
panel and §, is the amplitude of the initial imperfection (see curve 1
of Fig. 2).

After the skin has buckled, that is, P > Py, the situation is more
complex,and models can be developedto describesingle-and multi-
bay cases.!* For the single-bay (experimental test) case considered
here, where the load remains applied at the neutral axis of the orig-
inal (unbuckled) panel, an offset e is introduced to represent the
offset associated with the load above Py. Hence, the midlength
deflection § is given by

_ Jo,sk Pyl (7 | P
8= = P/Py +esk(1 P )[sec(z PE.sk) 1i| (3)

where Pr  is the Euler or overall buckling load of the skin-buckled
panel. Values of Pg g and e are calculated by assuming that the
stiffness of the skin is reduced by applying the factor r, following
buckling. The effect of the offset ey is to increase the compression
in the skin following buckling (see curve 2 of Fig. 2). The amplitude
of the initial imperfection for the skin-buckled panel § ¢ is given
by equating Egs. (2) and (3) with P = Py. Hence,

80.sk:80/(1 _Psk/PE) X (I_Psk/PE.sk) (4)
Load, P
A

Pi: (skin nbuckled)

1\

_________ — = P (Hin buckled)

/

1 1
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-ve initial 1

imperfection, § \'}\

+ve initial
imperfection, §

- >,
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Fig. 2 Schematic representation of load vs midlength deflection for
initial (prebuckling) panel (curve 1) and postbuckled panel (curve 2); Pg
is the Euler or overallload of the panel and the hollow circles denote local
skin buckling loads. [Note that positive (negative) J increases (decreases)
compression in the skin and decreases (increases) compression in the
stiffeners.]
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Table 1 Experimental results® and theoretical predictions®

Experimental test

Result A B C D

VICONOPT ABAQUS

Initial imperfection +ve +ve +ve —ve
Local bucklingload, kN 37.0 37.0 41.0 46.0
720 71.6 740 77.0

Failure load kN,

+1/500 0
39.6  43.6 493 391 408 459
631 776 959 654 708 788

—1/500 +1/500 0  —1/500

In all cases, local buckling occurred in the skin with nine half-wavelengths over the length of the panel and failure occurred
as a result of a combined skin/overall mode of the type shown in Fig. 3.

Table2 Peak centerline p strain at 69 kN?

Imperfection VICONOPT ABAQUS
+1/500 3712 (SK) —5665 (SK)P
0 —2758 (SK) —3565 (SK)
—1/500 —2546(ST) —2692 (SK)

4SK and ST denote skin and stiffener, respectively, and neg-
ative strain is compressive.
bpeak strain is given at 65.5 kN.

For the results thatfollow, the values for P and P g were overall
panel buckling loads calculated by VICONOPT, rather than Euler
loads.

C. VICONOPT Results

The VICONOPT analysis used an infinitely wide model for the
panelofFig. 1, based on arepeatingportion comprisingone stiffener
and associated skin of width 79.2 mm. The initial buckling and fail-
ure modes were found to repeatover two such repeatingportions. As
canbe seenin Fig. 1, the flanges at either end of the stiffenerinclude
curved portions. These were each modeled using five flat plates, to
approximate a circular arc with a centerline radius of 3 mm. The
model allowed forthe offsets'' between the centerlinesof connected
plates. The lower flange and the associated skin were modeled as a
single plate, representing perfect adhesion between them. To model
the stress distribution after initial buckling, each plate was divided
into four strips of equal width, each carrying a different, longitu-
dinally invariant, stress. The aluminum was assumed to be linear
elastic with modulus £ =72.4 GPa and Poisson’s ratio v =0.33.

The VICONOPT initial buckling and failure loads of the perfect
and imperfect panels are givenin Table 1. For the positiveimperfec-
tionthe failureloadis 68.1 kN, whereas for the negativeimperfection
the failure load is some 40% higher. The critical half-wavelength
for initial buckling is / /9 =59.9 mm, that is, approximately equal
to the width of the interstiffener portion of skin. The peak strains at
the original design load (69 kN) are given in Table 2. These strains
are centerline strains in the respective plates. They occurred in the
skin for the positive imperfection case and in the remote flange for
the negative imperfection case. Failure in all cases was precipitated
by material yield in the skin (i.e., when the strain in the skin ex-
ceeded 3600 microstrain) and would be in the form of a combined
skin/overall mode. Additional runs for the negative imperfection
case showed that the failure load was decreased by less than 7%
when the transverse tension factor t was reduced from 0.3 to the
more conservative value of 0.1.

III. ABAQUS: Modeling and Results

A. ABAQUS Model

Finite element (FE) modeling was carried out to determine both
the bifurcationbuckling and the postbucklingbehavior of the panel,
using the package ABAQUS.” The purpose was both to validate the
VICONOPT analysis and to predict the failure of an actual panelin
the laboratory. The model used 10160 Quad 4 thin shell elements.
The simply supported end conditions and load distribution were
applied such that the load remained along the neutral axis of the
unbuckled panel both before and after the onset of buckling. A
simple check was carried out to confirm these boundary conditions
by ensuring that uniform axial strain was obtained before buckling
when no imperfection was present. The effect of material plasticity
was included using the material properties given in Table 3 and

Table3 Measured material properties for Al 6082-T6 used in the
skin (SK) and stiffeners (ST)

SK/ST  Microstrain 0 2000 3000 4000 5000 6000

SK o, MPa 0 156 223 277 299 309
E,GPa 76.1 725 66.6 364 12.8 6.4
ST o, MPa 0 154 220 266 286 294

E,GPa 71.6 695 608 265 12.4 4.4
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Fig. 3 End shortening plot and final deformed shape given by the
ABAQUS model for the perfect panel.

v =0.33. These properties were obtained from a series of tensile
tests on samples of the material.

B. ABAQUS Results

Table 1 shows that there is agreement of 7% or better between
the local buckling loads given by ABAQUS and those given by
VICONOPT. The ABAQUS solutions are lower, due to the effects
of accounting for the nonlinear material behavior. (ABAQUS linear
bifurcationanalysisgave alocalbucklingload of43.8kN for the per-
fect panel.) They are also more approximate than the VICONOPT
results because they were obtained from nonlinear analysis either
by checking for negative eigenvalues at each analysis step, or, in
the case of the negative imperfection result, by observing a stiff-
ness change in the load end shortening relationship.In all cases, the
buckling is in the form of a skin mode with nine half-wavelengths
over the panel length.

Table 1 also compares the nonlinear failure solutions found using
ABAQUS and VICONOPT, and Fig. 3 shows a typical ABAQUS
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end shortening plot and deformed shape just before collapse for
the perfect panel. ABAQUS predicts that for the 4+//500 case the
panel will not quite be able to support the original design load of
69 kN. This is due to the effects of plasticity (see following discus-
sion). However, for both the negative and zero imperfection cases,
the model predicts that the panel will satisfy the design load re-
quirement. For all FE solutions the predicted failure mode is an
interaction between a skin mode with nine half-wavelengthsand an
overall mode.

The ABAQUS peak strains at a load of 69 kN, given in Table 2,
all occur in the skin, next to the stiffener, on the side opposite the
lower flange. For the perfect panel, the level of strain is close to the
point were the material starts to behave plastically. This explains
why in the ABAQUS solution for the 4/ /500 case the panel fails at
a load of 65.5 kN, at which the peak strain is well into the region
where the material behaves plastically.

IV. Experimental Testing and Results

A. Experimental Procedure

Four panels were manufactured to the design of Fig. 1. Stiffen-
ers were attached to the skin using adhesive plus a single row of
rivets that were placed at 25 mm spacing along the middle of the
stiffener lower flanges. Once the stiffeners had been attached, the
panel ends were machined to ensure that they were flush. The exper-
imental methodology has previously been used successfully.'® For
the current set of tests, strains before and after initial buckling were
recorded using strain gauges attached across the midlength of the
panel to each stiffenerupper flange, the middle of each skin section,
and to the lower web of the two central stiffeners. The recorded
strains were compared to prebuckling predictions of strain in the
panel, to both monitor the test imperfections, ensuring that they
were within acceptable limits, and also to help determine the onset
and advance of buckling. For brevity, only a representative sample
of the strain data will be presented.

B. Experimental Results

The experimental results obtained during the laboratory tests are
compared with the predictions given by VICONOPT and ABAQUS
in Table 1. With the exception of the negative imperfection result,
there is good agreement between the predicted and experimental
failure loads. All of the panels failed at loads greater than the origi-
nal design load despite the initial imperfection being in the weaker
positivedirection for tests A-C. The cause of failure for two experi-
ments differs from that predicted by theoretical methods. ABAQUS
predicted that, in every case, failure is due to an interaction be-
tween the initial skin mode and an overall mode. In tests A and B
failure was due to a localized buckle in the lower flange/skin in-
terface at the free panel edge (Fig. 4). Some plastic deformation in
the skin sections also occurred across the panel, originating from

Test A Test B

the large plastic deformation at the panel edge. In tests C and D
(Fig. 4), the predicted type of failure occurred. In every case, the
panelretainedthe ability to carry load after failure, although the load
dropoff varied between 14% of the failure load for the test A and
68% for test D.

The local buckling loads were assumed to occur when the strain-
loadrelationshipceasedto be linear. In Fig. 5, which shows the strain
at the midbreadth of the central skin section during test B, this point
can clearly be seen. Here, SK2 is the strain gauge attached to the
surface of the central skin section at the panel midlength, on the
side of the stiffeners, whereas SK2R is the strain gauge directly
opposite on the other side of the skin and is visible in the test B
photograph of Fig. 4. Figure 6 shows the similarity in ABAQUS
prediction of strain at this point in the skin but indicates initial local
buckling in the opposite sense to the experimental data given in
Fig. 5. This differenceis a consequence of the multiple equilibrium
states following bifurcation buckling.

The local buckling loads of panel tests A and B were about
5.4% (6.6%) below the lowest value predicted by the ABAQUS
(VICONOPT) model, whereas the loads given by tests C and D
were within the range of the predicted values for both models. The
local buckling load for test D was the highest due to the negative
initial imperfection. The differences between the values given for
tests A, B, and C may partly be because the stiffenersin test C were
made from a different sheet of A16082-T6 from that used for the
stiffenersfor tests A and B and also because the initial imperfection
was biggerin tests A and B. In all of the laboratory tests, the panels
initially buckled in the skin, in nine half-wavelengths,and remained
buckled in this state until failure. This matches both the ABAQUS
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Fig.5 Strain at the midlength of the central skin section during test B.
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Fig. 4 Panel failure modes: in tests A and B panel failure were due to localized buckling at the panel edge, whereas in tests C and D failures were

due to interaction between skin and overall modes.
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Fig.6 ABAQUS strain at the midlength of the central skin section for
the perfect panel.

and VICONOPT buckled shape predictions. However, there is evi-
dence in the strain data taken during test A to suggest that a change
in the buckling pattern occurred. It is thoughtthat the length of each
half-wavelength was not uniform along the panel and changed as
load was applied.

V. Discussion

The solutionsobtainedby VICONOPT are not the resultof a fully
nonlinear analysis, but of an approximate analysis of the panel in
its assumed buckled state. However, as can be seen from the results
given, VICONOPT predicted that the panel would initially buckle
in the skin and then behave in a stable manner in the postbuckled
regime. This behavior was confirmed by the nonlinear ABAQUS
model and by the tests carried outin the laboratory. The VICONOPT
results were obtained using 56 strip elements comparedto the 10,000
or more shell elements in the ABAQUS results.

With the exceptionof the positiveimperfectionmodels, for which
failure occurred at 95 and 99% of the original design load, the
ABAQUS and VICONOPT models predicted that the design would
carry the design load and that failure would be in a combined
skin/overall mode. For the theoretical cases, initial buckling loads
for positive and negative imperfections agreed to within 2 and 7%,
respectively, and failure loads to within 4 and 18%, respectively.
The VICONOPT loads are consistently higher than those given
by ABAQUS, due to the effects of accounting for plasticity in the
ABAQUS model. With the exception of the local bucklingloads for
tests A and B, the experimental loads all lie within the range of the
theoretically predicted loads, suggesting that the actual imperfec-
tions were less than those modeled.

The strains predicted by VICONOPT at the design load of 69 kN
are consistently lower than those predicted by ABAQUS. The main
reason for this is that the VICONOPT analysis is based on linear
elastic theory, whereas Tables 2 and 3 confirm that, in the ABAQUS
analysis, some plates were already behaving plastically at the de-
sign load. In addition, VICONOPT only gives an average value for
the peak strain in the skin, whereas ABAQUS takes into account
the variation in strain distribution caused by the actual postbuckled
shape of the panel. Note that, for the negative imperfectioncase, the
VICONOPT peak strain is in the remote stiffener flange, indicating
that, at this level of load, the influence of the offset in Eq. (3) is not
sufficient to produce postive central deflection (see Fig. 2).

Inall cases, the panelisinitiallyloaded alongits unbuckledneutral
axis. When the skin buckles, the neutral axis moves away from the
skin, but the load position remains fixed, so that in the postbuckled
regime there is an offset between the load and the neutral axis. This
results in an out-of-plane bending moment, which exaggerates the
skin buckling, causing failure on the skin side, even when the initial
imperfection is negative and initially increases compression in the
stiffener (see Fig. 2). Note that an earlier study'* has shown that the
VICONOPT model can be adapted so that the load follows the shift
in the neutral axis position after buckling. This so-called multibay

model matches the boundary conditionsin a compression panel of
an actual aircraft wing subject to overall bending moment.

VI. Conclusions

The local buckling loads, failure loads, and buckled mode shapes
given by both the linear elastic VICONOPT model and the plastic
ABAQUS model match well with the behavior of the panel in the
laboratory. The VICONOPT results, though approximate, require
a fraction of the computational effort required by the ABAQUS
runs. Hence, the paper indicates that VICONOPT can give satisfac-
tory analysis results for use in preliminary design of postbuckled
compression panels assuming linear elastic material properties.
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