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Postbuckling Behavior of Selected Curved Stiffened
Graphite-Epoxy Panels Loaded in Axial Compression

Norman F. Knight Jr.* and James H. Starnes Jr.}
NASA Langley Research Center, Hampton, Virginia

Results of an experimental and analytical study of the postbuckling behavior of selected curved stiffened
graphite-epoxy panels loaded in axial compréssion are presented. The postbuckling response and failure
characteristics of the panels are described. Each panel had four equally spaced I-shaped stiffeners and 16 ply
quasi-isotropic skins. Panels with three different stiffener spacings were tested. Failure of ail panels initiated in a
skinstiffener interface region. Analytical results from a nonlinear general shell finite-element analysis computer
code correlate well with typical postbuckling test results up to failure. The analytical modeling detail necessary to
predict accurately the response of the panel is described. Measured initial geometric imperfections were included
in the postbuckling analysis. Typical stress distributions in the skinstiffener interface region were determined

analytically.

Nomenclature
= stiffener spacing
= width of uniform-thickness flange
= panel chord length
= strain
= longitudinal strain at buckling
= prebuckling extensional stiffness
height of uniform-thickness flange
= panel length
= applied load
= analytical buckling load
= applied load at failure
= panel radius of curvature
= panel skin thickness
= end shortening
= end shortening at buckling
= end shortening at failure
= out-of-plane displacement
Winax = maximum w used to normalize the contour plots
in Fig, 11 for each indicated value
wy(x, y) = initial geometric imperfection
(Wp) max = Maximum value of wy(x,y)
(WO)mea.n = mean value of Wo(x,)")
(W) ms = standard deviation of wy(x,y)
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W = panel arc length or width
X,y = surface coordinates
. = mean imperfection amplitudes
Introduction

URRENT metal aircraft design practice allows the skin

panels of some structural components (e.g., fuselage and
stabilizer panels) to buckle under various loading conditions
and are designed to have postbuckling strength. Before ad-
vanced composite structural components can be designed with
similar postbuckling response, their strength limits and failure
characteristics must be well understood. Most previous work
on the postbuckling behavior of compression-loaded com-
posite structures (e.g., Refs. 1-4) has focused on analytical
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solutions to classical unstiffened orthotropic plate problems.
Some work has focused on the analytical solutions for the
buckling and postbuckling response of curved unstiffened
lamtinated panels (e.g., Refs. 5-7). Postbuckling test results for
flat unstiffened graphite-epoxy plates loaded in axial compres-
sion are compared with analytical predictions in Ref. 8. Only
limited data have been published (e.g., Refs. 9-11) that de-
scribe the postbuckling behavior and failure characteristics of
stiffened composite panels loaded in axial compression. Post-
buckling test results for flat stiffened graphite-epoxy panels
loaded in axial compression are compared with analytical
predictions in Ref. 10.

This paper presents the results of an experimental and
analytical study of the postbuckling response and failure
characteristics of selected curved stiffened graphite-epoxy pan-
els loaded in axial compression. Results for flat and curved
stiffened panels with 16-ply quasi-isotropic skins and four
equally spaced I-shaped stiffeners are compared to determine
the influence of panel curvature on postbuckling response. A
relatively heavy stiffener design was selected for the panels so
that the nonlinear response of the panels would be primarily
due to the buckling of the skins. The paper also describes the
influence of measured surface imperfections on the predicted
postbuckling response of the panels. Analytical results from
the STAGSC-1 (Structural Analysis of General Shells'?) non-
linear general shell finite-element analysis computer code are
compared with typical test results and the level of analytical
modeling detail needed to represent accurately their postbuck-
ling response is described. Stress distributions in the interface
region between the panel skin and the stiffener attachment
flange were determined analytically using the POSTOP com-
puter code (Postbuckled Open-Stiffener Optimum Panels'>14)
and typical results are presented.

Experiment

Test Specimens

The eight specimens tested in this investigation were de-
signed and manufactured by the Lockheed-Georgia Company
under NASA Contract NAS1-15949. The specimens were
fabricated from commercially available unidirectional Thornel
300 graphite-fiber tapes preimpregnated with 450 K cure
Narmco 5208 thermosetting epoxy resind Typical lamina

{Identification of commercial products and companies in this paper
is used to describe adequately the test materials. The identification of
these commercial products does not constitute endorsement, ex-
pressed or implied, of such products by the National Aeronautics and
Space Administration or the publisher of this Journal.
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properties for this graphite-epoxy system are 127.4 GPa (18,500
ksi) for the longitudinal Young’s modulus, 13.0 GPa (1890
ksi) for the transverse Young’s modulus, 6.4 GPa (930 ksi) for
the shear modulus, 0.38 for the major Poisson’s ratio, and 0.14
mm (0.0056 in.) for the nominal ply thickness. Each specimen
had four equally spaced I-shaped stiffeners of the same design.
Stiffener spacing was varied to determine the effect of skin
postbuckling response on panel performance. Specimens had
16-ply quasi-isotropic skins, 216 cm panel radius, and either
10.2, 14.0, or 17.8 cm stiffener spacing. The panel lengths were
selected so the initial buckling modes would have at least four
longitudinal halfwaves.

The panel geometry and stiffener details are shown in Fig.
1. Panel length L, panel arc length or width W, panel chord
length C, panel radius R, and stiffener spacing b are shown
schematically in Fig. la; stiffener geometry is shown in Fig.
1b; and the details of the tapered stiffener attachment flange
are shown in Fig, 1c. The stacking sequences for the panel skins,
stiffener webs, and stiffener caps are [ = 45/0,/ = 45/90,);,
[0/ + 45/ + 45/0,/ +45/0,], and [0/ %45/ +£45/0,/ +£45/
0,/90/05/90,/0,/90,/0,}, respectively. The panel length, panel
width, panel radius, panel skin thickness, and stiffener
spacing dimensions of all specimens are given in Table 1.

All specimens were cured in an autoclave using the resin
manufacturer’s recommended procedure. The stiffeners of all
of the specimens were secondarily bonded to the skins with
395 K cure American Cyanamid FM-73 adhesive. Following
cure, the specimens were ultrasonically inspected to establish
specimen quality. No detectable defects were found in any
specimen. The ends of each specimen were potted in an
epoxy-resin material to prevent brooming of the graphite
fibers during testing. The potting material was encased in 4.4
cm long steel frames for protection. The loaded curved ends
of the specimens were machined flat and parallel to permit
uniform axial compressive loading. The unstiffened side of
each specimen was painted white to reflect light so a moire-
fringe technique could be used to monritor the out-of-plane
displacement pattern during testing,

Initial Geometric Imperfection

Surveys to measure initial geometric imperfections of the
panel skins were performed for several of the curved speci-
mens using a contacting direct current differential transformer
type of displacement probe in a traversing fixture. Elevation
measurements were obtained along arcs of a specimen at 0.64
cm (0.25 in.) intervals along the length of the panel. Data were
obtained dynamically as the probe was driven along each arc
of a panel providing approximately 1000 samples/arc. The
measured data represent the rise of the curved panel above a
reference plane and are compared to the ideal rise of the panel
based on a “best fit” radius of curvature. The difference
between these two sets of values of the rise is referred to
herein as the initial geometric imperfection. The method used
to represent the geometric imperfections is described in
Ref. 15.

Apparatus

Test specimens were loaded in axial compression using a
4.45 MN capacity hydraulic testing machine. The specimens
were flat-end tested without lateral edge supports. Electrical
resistance strain gages were used to monitor strains and
direct-current differential transformers were used to monitor
displacements at selected locations. All electrical signals and
corresponding applied loads were recorded on magnetic tape
at regular time intervals during the tests. Out-of-plane dis-
placements were also monitored by the moire-fringe tech-
nique. Moire-fringe patterns were recorded photographically.
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Fig. 1 Panel geometry, stiffener details and analytical boundary con-
ditions (all dimensions in centimeters).

Tests

Eight curved specimens were tested to failure in static
compression to determine their postbuckling behavior. Data
for the flat specimens were obtained from Ref. 10. An explora-
tory study of the effect of repeated loading on postbuckling
behavior was conducted using specimens C7 and C8. Each of
these specimens was initially loaded beyond buckling until a
noise from the specimen was heard. The specimen was un-
loaded and subsequently ultrasonically inspected for damage.
This sequence was repeated several times with each subse-
quent loading exceeding the previous maximum load until
panel failure occurred.
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Table 1 Panel geometry and initial imperfection results

Stiffener  Skin
Width, Length, spacing, thickness,
Specimen cm cm cm mm

Radius. cm Initial imperfection wy(x, y)

Nominal Measured ( Yo ) max/t ( o ) mean/l (WO ) rms/l

Flat panels'®

Curved panels

o0
o0
o0

216 167 041 0.06 0.12
216 164 0.34 0.08 0.09
216 — — — —
216 142 0.44 0.12 0.11
216 — — — —
216 199 0.58 0.15 0.13
216 — — — —
216 — — — —

F1 381 50.8 102 1.94
F2 49.5 66.0 14.0 1.99
F3 61.0 81.3 17.8 1.99
C1 381 50.8 102 2.06
Cc2 38.1 50.8 10.2 2.09
C3 49.5 66.0 14.0 2.09
C4 495 66.0 14.0 2.09
Cs 61.0 81.3 17.8 219
Cé 61.0 8L.3 17.8 2.02
c7? 49.5 66.0 14.0 2.07
cg* 61.0 81.3 17.8 212

2Repeatedly loaded specimens.

_ Analysis

The analyses performed in this study included both linear
buckling and nonlinear postbuckling calculations. Buckling
calculations were performed to predict the initial buckling
response of the specimens and to determine the level of
analytical modeling detail required to predict accurately the
postbuckling response of the specimens.

Stiffener Modeiing

To determine the required level of analytical modeling
detail, buckling solutions were determined using the efficient
buckling analysis capability of the PASCO computer code
(Panel Analysis and Sizing Code'®). The buckling analysis
used in PASCO is based on an orthotropic prismatic plate
formulation and is considered to be very accurate. The PASCO
buckling solutions indicate that the stiffener webs deform and
that local bending occurs in the skin near the skinstiffener
interface region in much the same manner as described in Ref.
10. Since PASCO does not have a nonlinear analysis capabil-
ity, the STAGSC-1 nonlinear general shell finite-element anal-
ysis computer code'? was used to perform the postbuckling
analyses.

The PASCO buckling solutions indicate that the stiffener
attachment flange affects the panel buckling load and corre-
sponding mode shape by influencing the panel’s effective
stiffener spacing. Based on these solutions, it was assumed
that an accurate model of the tapered attachment flange (see
Fig. 1¢) would be required for the STAGSC-1 postbuckling
analysis. The STAGSC-1 postbuckling model was constructed
to simulate the tapered flange and to minimize computational
costs. To simulate the tapered flange, a stepped-flange model
was developed with the appropriate stiffnesses for a PASCO
model in the same manner as described in Ref. 10. Using
PASCO, the buckling load for this mode! was calculated and
used as a standard for comparison. Finally, an equivalent
uniform-thickness flange finite-element model was developed
for STAGSC-1 by adjusting the width b and the height & of
the uniform-thickness flange to values of 17.8 and 1.4 mm,
respectively, so that the STAGSC-1 model would have the
same extensional stiffness and buckling solution as the PASCO
stepped-flange model.

Postbuckiing Analysis

The finite elements used in the STAGSC-1 model to predict
the postbuckling response of the specimens are combined
membrane and bending quadrilateral elements with midside
nodes. The finite-element model consisted of six shell elements
across the skin between the stiffeners and six shell elements
per longitudinal half-wave of the buckling mode shape. The
stiffener web was modeled by two shell elements between the
skin and the stiffener cap and the same number of plate

elements along the length as the skin. The stiffener cap was
modeled as a discrete beam. The loading and boundary condi-
tions used for the analysis were selected to be consistent with
the test conditions. The loading condition corresponds to a
uniform end shortening applied to one of the curved ends of
the specimen. The boundary conditions used for the analyses
are indicated in Fig. la. The effect of residual stresses due to
curing was neglected in the analyses. The initial geometric
imperfection shape was obtained from a half-wave sine Four-
ier expansion of the measured surface imperfection (see Ref.
15). Selection of the modal content of the measured initial
geometric imperfections for use in the nonlinear analysis was
based on the largest 20 values of the mean imperfection
amplitudes. _

In the past, the postbuckling response of a structure has
been obtained analytically with STAGSC-1 by using the mod-
ified Newton-Raphson solution procedure, which increments a
load parameter and solves for the corresponding solution
vector. The problems associated with the use of a load param-
eter as an independent parameter are related to solution
prediction beyond a limit point and to ill-conditioning of the
tangent stiffness matrix in the neighborhood of a limit or
bifurcation point. Recently, a method based on controlling an
equilibrium path/arc length parameter instead of the load
parameter has been introduced into the STAGSC-1 computer
code. The arc length control procedure implemented in the
STA(1}78C-1 computer code closely follows that proposed by
Riks.

Skinstiffener Interface Stress Analysis

The stress distributions in the interface region between the
panel skin and the stiffener attachment flange were de-
termined analytically using the POSTOP computer code (post-
buckled open-stiffener optimum panels'>'4). POSTOP is a
preliminary design and analysis code for postbuckled panels
with open section stiffeners. The buckled skin deformation
mode modeled in POSTOP is based on Koiter’s shear field
theory'® extended to orthotropic laminates. The mode shape
depends on four parameters that are determined by the
Rayleigh-Ritz procedure. The definition of the deformation
mode is valid well into the postbuckling range of the panel
skin response. The details of the interface stress analysis
procedure incorporated in POSTOP are described in Ref. 19.

Results and Discussion

Test Results

Initial Buckling

Each specimen tested in this investigation buckled into a
stiffened panel buckling mode in which both the stiffeners and
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the skin deformed. Each specimen failed at an applied load
greater than the experimental buckling load. The experimental
prebuckling extensional stiffness, buckling load, failure Ioad,
and corresponding end shortenings and the predicted buckling
load and corresponding end shortening are given in Table 2
for each specimen. Initial buckling was identified by monitor-
ing data from back-to-back strain gages on the skin and from
direct current differential transformers that measure out-of-
plane displacements of the skins.

Postbuckling Response

Moire-fringe patterns representing out-of-plane displace-
ments were used to identify the buckling mode shape of each
specimen and to visually monitor the out-of-plane displace-
ment patterns associated with the postbuckling response of
the panel skins. The buckling mode of each specimen had one
transverse half-wave between each stiffener and five longitudi-
nal half-waves. A photograph of a typical moire-fringe pattern
of the out-of-plane displacement pattern for specimen C1 with
an applied load equal to 679 kN just before failure is shown in
Fig. 2

End-shortening results for the flat and curved specimens are
shown in Fig. 3 as a function of the applied compressive load.
The end shortening u of each specimen is normalized by the
specimen’s analytical end shortening u,, at buckling and the
applied load P is normalized by the specimen’s analytical
buckling load P,, given in Table 2. The analytical buckling
solution is represented on Fig. 3 by the open circle. These
results indicate that the load shortening response curves are
similar for both flat and curved specimens. The reduction in
extensional stiffness that occurs after buckling is illustrated by
the change in slope of these load shortening response curves.
The failure of each specimen is indicated in Fig, 3 by the filled
symbols on the appropriate curve. The filled circles represent
the failure of the flat specimens and the filled squares repre-
sent the failure of the curved specimens. Each specimen failed
at an applied load greater than its analytically predicted
buckling load.

Surface strain measurements from back-to-back strain gages
at four locations on a typical specimen (i.e., C1) are shown in
Fig. 4 as a function of applied load. The measured strain e is
normalized by the analytical strain at buckling e, and the
applied load P is normalized by the analytical buckling load
P,,. Data from longitudinal strain gages located at panel

Table 2 Results for flat and curved specimens

Test Analytical
results results

EA, Pcr’ Uers Pai[! ufai[? Pcr’ Uers
Specimen ~ MN kN cm ﬁN cm kN cm

Flat panels'®

F1 142 358 013 616 025 452 016
F2 148 214 0.09 518 025 243 011
F3 164 138  0.08 461 026 156  0.08
Curved panels
C1 136 465 017 679 027 477 016
2 142 438 019 662 026 477 016
C3 163 271 011 488 022 267 011
C4 147 281 013 463 026 267 011
Cs 162 205 010 516 030 207 010
C6 164 186 009 482 028 207 010
C7 (1)? 150 270 012  404°
9] 251 438°
3) 247 4600
4) 248 492°
(5) 144 240 011 529 0.25
Ccs (1)® 153 231 012 392
) 210 442>
3) 156 201 011 479 0.28

2() load cycle. "Maximum Ioad of cycle.
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Fig. 2 Moire-fringe pattern of skin buckling mode just before failure
for specimen C1 at 679 kN.
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Fig. 3 End shortening results for flat and curved specimens.

midlength on the skin midway between the two inner stiffeners
are shown in Fig. 4a. This pair of strain gages is located near a
point of maximum out-of-plane displacement of the skin
buckling mode and indicates that considerable bending can
occur in the skin. Data from longitudinal strain gages located
at panel midlength at the stiffener attachment flange of one of
the inner stiffeners are shown in Fig. 4b. One of these gages is
located on the stiffener attachment flange and the other on the
panel skin. These gages indicate that relatively large strains
can occur in the stiffener attachment flange. Data from two
pair of back-to-back strain gages on the stiffener web near a
quarter point of the panel length are shown in Fig. 4c. One
pair of these gages (gages A and B in Fig, 4c) is oriented in the
direction of the applied load and indicates that large mem-
brane strains exist in the stiffener web. The other pair of these
gages (gages C and D in Fig. 4¢) is oriented normal to the
panel skin (transverse to the direction of the applied load) and
indicates that bending of the web about the loading axis
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occurs after initial buckling. The results shown in Fig. 4
indicate that web buckling occurs at a load level of approxi-
mately 20% above the analytical panel buckling load (i.e.,
12P.).
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Fig. 4 Typical strain gage data for specimen C1.
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Typical membrane strain distributions across the skin be-
tween stiffeners are shown in Fig. 5 for the curved specimens
with 10.2, 14.0, and 17.8 cm stiffener spacings just before
panel failure. The filled circles on the figure are the membrane
strain e from back-to-back strain gage pairs located at a
distance y from the left interior stiffener just before panel
failure. The results in Fig. 5 indicate that increasing the
stiffener spacing b of the panels decreases the magnitude of
the membrane strains distributed across the panel. Membrane
strain distributions for the curved specimens just before failure
are similar to the membrane strain distributions given in Ref.
10 for the corresponding flat specimens. The membrane strains
near the skinstiffener region are higher for the curved speci-
mens than for the flat specimens.

The longitudinal membrane strain distribution is uniform
for loads up to the buckling load. After buckling, the strain
distribution has reduced membrane strains in the center of the
skin bay and increased strains near the stiffeners at the edges
of the skin bay. The differences in the magnitudes of the
membrane strain in the center of the skin and the membrane
strain at the stiffeners becomes larger as the applied load is
increased above the buckling load. These higher strains at the
stiffener attachment flanges contribute to a local failure in this
skinstiffener interface region that causes panel failure.

Effect of the Panel Curvature

The effect of panel curvature on the postbuckling response
of the specimens is shown in Fig. 6. The measured end
shortening u normalized by the specimen length L is shown
in the figure as a function of the applied load P normalized
by the specimen prebuckling extensional stiffness EA. Experi-
mental buckling results are indicated by the open symbols on
the figure and panel failure is indicated by the filled symbols.
The results in Fig. 6 indicate that each specimen has some
postbuckling strength and that increasing the panel curvature
increases both the initial buckling strains as expected from
classical buckling theory and the failure strains. The effect of
panel curvature combined with a large stiffener spacing re-
sulted in a snap-through buckling phenomenon for the curved
specimens with a 17.8 cm stiffener spacing.

Failure Characteristics

All specimens failed when the stiffeners separated from the
skin in the interior of the specimens. A typical failed curved
specimen (C1) is shown in Fig. 7. Buckling of the stiffener
webs occurred prior to panel failure for the curved specimens
with a 10.2 c¢m stiffener spacing. Stiffener web buckling in the
curved specimens with 14.0 and 17.8 cm stiffener spacings was
not detected.

The effect of repeatedly loading specimens C7 and C8 into
the postbuckling range is indicated in Fig. 8. The out-of-plane
displacement w measured near the center of the specimen
normalized by the specimen skin thickness ¢ is shown in Fig. 8
as a function of the applied load P normalized by the
analytical buckling load P,, for the initial and final loadings.
Ultrasonic inspection after each load cycle detected local
damage in the skinstiffener interface region. The results for
the curved specimen with a 14.0 cm stiffener spacing shown in
Fig. 8a indicate that the local damage accumulated from four
previous loading cycles has lowered the buckling load by
approximately 11% (also see Table 2). Apparently, the local
damage changed the local stiffness characteristics of the panel
enough to affect the buckling response. After buckling, the
postbuckling response of the panel became asymptotic to that
of the previous loading cycle. The results for the curved
specimen with a 17.8 cm stiffener spacing shown in Fig. 8b
indicate that the local damage accumulated from two previous
loading cycles lowers the buckling load by approximately 13%.
For specimen C8, the changes in the local stiffness of the
panel apparently led to an abrupt change in the out-of-plane
displacement pattern of the postbuckling response.
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Fig. 5 Longitudinal membrane strain distributions for curved specimens just before failure.
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Fig. 6 End shortening results for 16-ply graphite-epoxy panels loaded in axial compression.
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Fig. 7 Postbuckling failure mode of a stiffened graphite-epoxy curved
compression panel with a 16-ply skin and 10.2 cm stiffener spacing.

Surface strain measurements from back-to-back strain gages
at two locations on the skin midway between the two interior
stiffeners of specimen C8 are shown in Fig. 9 as a function of
the applied load normalized by the analytical buckling load.
The panel was first loaded to 392 kN and unloaded when a
noise was heard from the panel. The panel was then loaded to
442 kN in a five longitudinal half-wave mode and unloaded
when additional noise was heard from the panel. While load-
ing the panel to 479 kN on its third loading cycle, an abrupt
change in the out-of-plane displacement pattern occurred at
427 kN. The change in mode shape is indicated on Fig. 9 by
the change in the strain gage response at this load. Ap-
parently, the local damage in the skinstiffener interface region
was enough to change the postbuckling characteristics of the
panel.

Analytical Results

Effect of Imperfections on Buckling

Buckling solutions were determined using the PASCO com-
puter code'® for various amplitudes of a bow-type imperfec-
tions to determine the influence of initial geometric imperfec-
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tions on buckling. A negative bow-type imperfection causes
additional compression in the skin. Increasing the amplitude
of this imperfection has the effect of lowering the buckling
load without changing the out-of-plane displacement pattern.
A positive bow-type imperfection causes additional compres-
sion in the stiffener cap. Increasing the amplitude of this
imperfection has the effect of raising the buckling load with a
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P W
cr 1
P
1 1 J
0 1 2 3
W
t
a) Specimen C7.
3.
FINAL
LOAD
2+
P
5 INITIAL

LOAD
CYCLE

t
b) Specimen C8

Fig. 8 Out-of-plane displacements near panel midlength, midway be-
tween stiffeners for initial and final load cycles.
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corresponding change in the out-of-plane displacement pat-
tern. Initial imperfections affect the panel response by redis-
tributing the applied load in the panel skin and the stiffener
caps. Apparently, the initial geometric imperfection measured
for specimen C1 causes additional compression in the panel
skin, since the analytical buckling load exceeds the experimen-
tal values for the buckling load of both curved specimens with
a 10.2 cm stiffener spacing.

Postbuckling Response

Comparisons between test results and analytical results
obtained with the STAGSC-1 computer code!® are shown in
Fig. 10 for a typical specimen (i.e., Cl1). End shortening u
normalized by the analytical end shortening u,, at buckling
(Fig. 10a) and out-of-plane displacement w near a point of
maximum displacement normalized by the specimen skin
thickness ¢ (Fig. 10b) are shown as functions of the applied
load P normalized by the analytical buckling load P,,. The
open circles on the figure represent test data and the curves
represent analytical data determined from STAGSC-1 by a
nonlinear analysis. The filled circle on Fig. 10a represents the
linear bifurcation buckling load of the specimen determined
from STAGSC-1 by a buckling calculation. These experimen-
tal and analytical results correlate well up to the load where
local failures influence the overall panel response. The finite-
element model of the laminated panel assumes that the
material system remains a linear elastic system throughout the
analysis. The local failures, such as local delaminations or
localized stiffener disbonding, which occur near the
skin /stiffener interface region, can not be modeled analyti-
cally with STAGSC-1 at the present time. A progressive
failure analysis capability that accounts for the local failure
modes of composite structures would be required for such an
analysis. ,

Contour plots of the out-of-plane displacements generated
by the STAGSC-1 computer code at several values of the
applied load are shown in Fig. 11. The out-of-plane displace-
ments are normalized by the maximum value of the out-of-
plane displacement w,,, for each load step and the contour
lines are at 5% increments of the maximum value. Prior to
buckling, the imperfections cause the asymmetric deformation
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Fig.9 Strain gage data for specimen C8 (skin surface strains midway between stiffeners above panel midlength).
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Fig. 10 Comparison of experimental and analytical postbuckling re-
sponse results for specimen C1.

pattern (see Fig. 11a). The pattern develops into a symmetric
deformation pattern with five longitudinal halfwaves at a load
level of approximately 1.1 P,, (see Figs. 11b and 11c). Includ-
ing the measured initial geometric imperfection in the post-
buckling ‘analysis allows the deformations to be predicted
reasonably well. These analytically determined contour plots
compare well qualitatively with the moire-fringe patterns ob-
served during testing. The moire-fringe pattern of the skin
buckling mode just before failure shown in Fig. 2 compares
quite well with the predicted out-of-plane displacement pat-
tern shown in Fig. 11d.

Skinstiffener Interface Stress Distributions

The failure of ail specimens tested in the study and in the
study reported in Ref. 10 is initiated by local skinstiffener
separation. The high membrane strains in the vicinity of the
stiffeners coupled with the large out-of-plane displacements
are apparently sufficient to cause separation of the skin and
the stiffeners. Using the POSTOP computer code,'>* the
stress distributions in the adhesive interface layer between the
skin and the stiffener attachment fiange are determined for
three values of skin loading. Stress distributions across the
width of a stiffener attachment flange b, are shown in Fig. 12
as a function of the distance y measured from the stiffener
web midplane. The normal stress o, at a buckle crest is shown
in Fig. 12a, the transverse shear stress 7,, at a buckle crest in
Fig. 12b, and the transverse shear stress 7., at a buckle node
line in Fig. 12¢. The shaded regions in the figure represent
nominal design allowables for the interface adhesive material.
The nominal design allowable values for the normal stress are
55 MPa (8 ksi) in tension and 207 MPa (30 ksi) in compres-
sion and the values for the transverse shear stresses are 62
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Fig. 11 Contour plots of out-of-plane displacement field of the ana-
lytically determined postbuckling solution for specimens C1.

MPa (9 ksi). Since POSTOP does not currently have a free-edge
stress singularity analysis or a progressive failure analysis
capability to relieve any severe stress concentrations, unusu-
ally large stresses for the interface material system may result
from the analysis. The normal stress o, distribution shown in
Fig. 12a and the transverse shear stress 7,, distribution shown
in Fig. 12b indicate that the maximum stresses occur near the
stiffener web and exceed the nominal design allowables for the
interface material for the values of skin loadings considered.
As the longitudinal inplane loading in the skin is increased,
the stresses that exceed the nominal design allowables extend
toward the free edge of the stiffener attachment flange. The
transverse shear stress 7, distribution shown in Fig, 12c

xZ

indicates a severe free-edge stress gradient.

Conclusions

An experimental and analytical investigation was conducted
to study the postbuckling behavior of selected curved stiffened
graphite-epoxy panels loaded in axial compression. Eight pan-
els with a 216 cm radius of curvature and 16-ply quasi-iso-
tropic skins were tested in this investigation. Each panel had
four equally spaced I-shaped stiffeners. Panels with three
different stiffener spacings were tested. Two of the panels were
subjected to repeated loading beyond the buckling load to
observe the effect of the growth of local damage on the
postbuckling response prior to panel failure.

The buckling mode of all specimens was a stiffened panel
buckling mode in which both the stiffeners and the skin
deformed. Failure of all panels appeared to initiate in a
skinstiffener interface region. The high membrane strains
that exist at the stiffeners after skin buckling are apparently
sufficient to cause a local skinstiffener separation that con-
tributes to the overall panel failure. Local damage that
occurred prior to panel failure changed the postbuckling re-
sponse characteristics of the panels that were loaded re-
peatedly beyond buckling. Apparently, the local damage
changes the panel stiffness enough to affect postbuckling
response on subsequent loading cycles.
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Fig. 12 Interface stress distributions across attachment flange for a
specimen with 16-ply skin and 10.2 cm stiffener spacing.

Analytical results from the STAGSC-1 nonlinear general
shell finite-clement analtysis computer code correlate well with
typical postbuckling test results up to the load where local
failures initiate. Since the analytical buckling mode had con-
siderable deformation in the stiffener webs and attachment
flanges, it was necessary to model these stiffener components
with shell elements having the appropriate stiffnesses to ob-
tain satisfactory correlation with the postbuckling test results.
Measured initial geometric imperfections were used to model
the panel skin geometry. Use of these measured imperfection
data allowed the panel response to be predicted accurately
until local damage occurred in the panel.

AJAA JOURNAL

Analytical results from the POSTOP computer code indi-
cate qualitatively that the stresses in the interface region
between the skin and the stiffener attachment flange lead to
local failures. These local failures apparently initiate in the
interface region near the stiffener web and progress toward the
free edge of the stiffener attachment flange to fail the panel.
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