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Response of Selected Integrally Stiffened Curved
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The results of an analyticaland experimental study of integrally stiffened curved aluminumpanelsare presented.
A panel was tested and analyzed by applying an axial compressive load. The boundary and loading conditions
for the panel were varied analytically to determine their effects on panel response. Elements representing clips
between frames and longerons were added to evaluate the effect of these clips on the deformations of the panel.
Panels were analyzed using a nonlinear � nite element analysis. Axial compressive and internal pressure loads were
analytically applied as individual loads and as combined loads. Strains and displacements, including the rotation
of longerons, are compared.

Introduction

O NE of NASA’s goals is to reduce the cost of air travel by 50%
in the next 20 years. To achieve this cost reduction, NASA

is assisting in the development of the technology needed for future
low-cost, lightweight structures for commercial transport aircraft.
The manufacturingof currentaircraft is a labor intensiveand expen-
sive process. One way to reduce the labor required and, therefore,
the expense, is to fabricate large parts of a structure from a single
piece of metal and minimize the large number of different parts and
fasterners.By machining skin, longerons,and � anges from a single
piece of aluminum, many fasteners and many hours of labor are
eliminated. One such panel was examined in this study.

Panel Description
A stiffened test panel was fabricatedfrom 1.5-in.-thick(3.81 cm)

7050-T7451 aluminum plate stock. The panel was machined to
the desired dimensions � rst as a � at panel with four Z-stiffener
longerons in the axial direction. The longerons were spaced 8 in.
(20.3 cm) apart and were integrally attached to the skin. After the
skin and Z-stiffeners were trimmed to the desired dimensions,
the panel was shaped to the desired radius. Frames were riveted
to the skin at locations 6 in. (15.2 cm) from the top and bottom
edges of the panel. A photograph of the panel is shown in Fig. 1.

The panel is 32 in. (0.813m) long and approximately32 in. wide.
It has a radius of 118.5 in. (3.0 m) to the centerof the skin thickness.
The panel skin is nominally 0.06 in. (0.152 cm) thick in the thinner
regions and 0.17 in. (0.432 cm) thick in the thicker regions. Thick-
skin regions behave like the skin plus � anges for the longerons and
provide additional stiffness at the frame locations. Longerons are
1.22-in.-tall (3.10 cm) Z-shape stiffeners, which have a 0.08-in.-
thick (0.203 cm) web and a 0.12-in.-thick (0.305 cm) cap. Frames
are 5.5 in. (14.0 cm) tall andhavea 0.08-in.-thickweb anda 0.12-in.-
thick cap. Dimensions of these elements are shown in Fig. 2. No
attachments between the frames and the longerons are used. The
longerons pass through openings in the frames (referred to herein
as “mouseholes”), as shown in Fig. 1.

Loading Conditions and Instrumentation
The test panelwas loaded in axial compression.The loadededges

of the panel were ground � at and parallel before loading. The edges
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of the panel were placed against the test machine platens with no
potting or other support. No edge support or other lateral supports
were used. The panel was instrumented with strain gauges and
direct-current displacement transducers, which were used to mon-
itor end-shorteningand out-of-plane displacement. Moiré interfer-
ometry was also used to monitor out-of-planedisplacementsof the
panelskin.The panelwas loaded to failureat a rate of approximately
10,000 lb/min (44 kN/min).

Strain gauges were located 2 in. (5.08 cm) from the top of the
panel and along the panel axial centerline,as shown in Fig. 1. Back-
to-backaxial straingaugeswere placed on the skin midway between
the longerons. Axial strain gauges were placed on the top of each
longeronand on the skin oppositethe longeron.Back-to-backlateral
strain gauges were placed on the longeron webs to monitor rolling
of the longerons.

Analysis
A nonlinear � nite element analysis using the STAGS1 computer

code was conducted to evaluate the behavior of the test panel and
to examine the effect of various boundary conditions on the panel
response. The � nite element model is shown in Fig. 3. The model
has approximately 40,000 degrees of freedom. Quadrilateral, four-
noded plate elements were used to model all parts of the panel. A
more completedescriptionof theelementused is presentedin Ref. 2.
Details of modeling and nonlinear analysis formulations used in
STAGS are found in Refs. 3 and 4. An example of postbuckling
analysis and modeling using STAGS is presented in Ref. 5. In the
analysis of this panel, offsets are used in the thick-skin regions to
shift nodal locationsso that eccentricitiesin the panel are accurately
included in the model. The material is assumed to be isotropic with
a Young’s modulus of 10.7 £ 106 psi and a Poisson’s ratio of 0.3.

In analyzing the test panel, the unloaded edges are assumed to be
unsupportedwhile rotations and out-of-planemotion of the loaded
edgesarenotpermitted.Lateralmotion is restrictedonlyat thecenter
of the skin at each end of the panel. End-shortening is required to
be uniform across the loaded edge of the panel.

The analysisof the testpanelwas conductedin two steps.First, the
panel was analyzedby assuming that no initial geometric imperfec-
tions were present.A linearbifurcationbucklinganalysisof the per-
fect panelwas conducted.The bucklinganalysis indicated that there
were numerous buckling loads with several different mode shapes
occurring at very low loads. A geometrically nonlinear analysis of
the perfect panel was conducted that would accurately account for
changes in deformation shapes as the applied load was increased.
Loaded-edgeboundary conditionswere considered in which all ro-
tations and out-of plane deformations were assumed to be zero and
in which only the out-of-plane deformations were assumed to be
zero. However, numerical dif� culties in the form of an inability to
obtain a converged solution even with extremely small load steps
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Fig. 1 Panel prior to testing (dimensions are in inches).

Longeron dimensions

Frame dimensions

Fig. 2 Panel geometry (dimensions are in inches).

Fig. 3 Finite element model.

made it dif� cult, if not impossible, to obtain results for loads greater
than approximately half of the failure load of the panel for either
of these boundary conditions.To obtain predictions for greater load
levels, initial imperfectionswith magnitude0.1 in. (0.254 cm) were
added. These assumed imperfectionshad the approximatedeforma-
tion shape predicted by the nonlinear analysis of the perfect panel.
These imperfections were included only in the thin-skin regions of
the panel between the frames. A geometrically nonlinear analysis

of the imperfect panel was conducted, including the initial imper-
fections in the analysis, which signi� cantly reduced the amount of
time needed to analyze the panel and the number of incremental
load steps needed to obtain results.

The imperfect panel loaded in axial compression was analyzed
using three sets of boundary conditions. The assumed boundary
conditions for the loaded edges were the following: 1) rotations
and out-of-plane motion of the panel skin and longerons were re-
strained; 2) out-of-plane motion of the panel skin and longerons
were restrained; and 3) out-of-plane motion of the panel skin was
restrained.Numerical analyses for loads up to 66,000, 100,000, and
89,000 lb (293, 444, and 395 kN) were performed for the three
types of boundaries, respectively. In some cases numerical dif� cul-
ties caused by lack of convergence prevented analysis from being
conducted for higher load levels.

One additional restraint condition was considered. Two connec-
tions between the frames and longerons at each mousehole were
added to simulate the presence of clips that would prevent inde-
pendent rotation of the longerons and frames. Only the boundary
condition that restrained out-of-planemotion of the panel skin and
the longerons at the loaded edges was consideredfor the analysisof
the panel with longeron-to-frameconnections.

A pressureload conditionwas also includedby applyinga normal
load in the out-of-planedirectionto the concave surfaceof the panel
skin.Pressureloadsoneachelementweredeterminedby theelement
area so that the skin was uniformly loaded. Panels with and without
longeron-to-frameconnectionswere analyzed. Pressure loads up to
18 psi without axial compressive load and pressure loads of 9 psi
with axial compressiveloadsup to 74,000 lb (329 kN) were applied.

Results
Analytical and experimental results are presented � rst for axial

compressive load alone. Then analytical results are presented for a
pressure load applied to the skin. Finally, analytical results are pre-
sented for the panel subjected to a combinationof compressionand
pressure loads. Results are also presented for geometrically per-
fect and geometrically imperfect panels. Except where otherwise
noted, results shown are for analyses with the loaded-end bound-
ary conditions that restrain out-of-plane deformation everywhere
on the loaded edges, but free rotations in the skin and longerons
are allowed. Because little effect is seen for variations in boundary
conditions on the loaded edges, additional results are not presented
in detail. In graphical comparisons between experimental and an-
alytical results, experimental results are shown as solid lines, and
analytical results are shown as dashed lines.

Axial Compression

Experimental results indicate that the panel skin has a nonlinear
response. Changes in Moiré patterns of the panel skin during load-
ing indicate that the panel buckled in the outer thin-skin regions at
a load of less than 10,000 lb (44 kN). The loading of the test panel
was continued past buckling, and the panel continued to support an
increasedaxial load to a maximum load of 97,200 lb (432 kN). Pho-
tographs of the panel showing out-of-planedeformationpatterns at
loads of 18,000, 44,000, and 85,000 lb (80, 196, and 378 kN) are
shown in Fig. 4. Loading was continued until increasing the end
displacement no longer increased the load. The attempt to increase
the load further resulted in increased displacement and strain, but
no increase in load. An example of this increased strain is shown in
Fig. 5a for two strain gaugeson the axial centerlineof the panel.The
strain gauge on the skin measured large strains as the displacement
was continued past the point of maximum load. No cracking in any
part of the panel was observed. No rivets appeared to be damaged.
This maximum load of 97,200 lb (432 kN) corresponds to a global
stress of approximately30,100 lb/in2 (207,540kPa). Permanent de-
formation was present in the panel after failure. This permanent
deformation is shown in Fig. 5b. Because plasticity is not included
in the analysis, test results presented in the subsequent � gures are
limited to loads that are less than the maximum experimental load.

Analysis of the geometrically perfect panel predicts buckling
loads of 8062 and 8095 lb (35.8 and 36.0 kN) with loaded-end
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a) Applied compressive load of 18,000 lb (80 kN)

b) Applied compressive load of 44,000 lb (196 kN)

c) Applied compressive load of 85,000 lb (378 kN)

Fig. 4 Out-of-plane deformations.

a) Measured strains

b) Panel after testing

Fig. 5 Permanent deformations.

rotations restrained and with loaded-end rotations unrestrained, re-
spectively. The lowest predicted value of the buckling loads corre-
sponds to mode shapes with buckles in the outer thin-skin regions.
Higher values of buckling loads correspond to buckling in the thin-
skin regions between frames and longerons.

End-shorteningresults for the test panel, for the analysis of a ge-
ometricallyperfect panel, for the analysisof a geometrically imper-
fect panel using three types of boundaryconditions,and for the geo-
metrically imperfect panel with longeron-to-frameclips are shown
in Fig. 6. The predicted stiffness of the perfect panel is only shown
for loads less than 40,000 lb (177 kN) because of an inability to
obtain convergence for higher load levels. The experimentally de-
termined stiffness is approximately 12% less than the stiffness cal-
culatedby the analyses.The analysesof the geometricallyimperfect
panels resultedin a stiffnesspredictionthat is the same as that calcu-
lated for the geometrically perfect panel, indicating that the global
stiffnessof the panel is unaffectedby the assumed geometric imper-
fection.Similarly, no difference is seen between the end-shortening
predictions for the different boundary conditions. Added restraints
connectingthe frame to the longeronat eachmouseholedo not affect
the global stiffness of the panel.

Axial strains measured in the test panel and those predicted by
analysis of the geometricallyperfect panel and of the geometrically
imperfect panels are shown in Fig. 7 for strain gauges located 2 in.
(5.08 cm) from the top of the panel. Boundary conditions have lit-
tle effect on the strains so that results for the boundary conditions
with rotations of the longerons permitted at the loaded ends are
presented in Figs. 8–14. Results are shown for back-to-back strain
gauges midway between the center two longeronsand on the � ange
region of the two center longerons.Experimental and analytical re-
sults for loads less than 40,000 lb (177 kN) are shown in Fig. 7a
for the test panel, for a geometrically perfect panel, and for a geo-
metrically imperfect panel without longeron-to-frameconnections.
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Fig. 6 End-shortening results as a function of applied load.

a) Strain gauge results in top center bay for load less than 40,000 lb
(177 kN)

b) Strain gauge results in top center bay for load less than 100,000 lb
(445 kN)

Fig. 7 Axial strain near loaded edge.

a) Strains in central longerons

b) Midbay strains for load less than 40,000 lb (177 kN)

c) Midbay strains for load less than 100,000 lb (445 kN)

Fig. 8 Axial strain along panel centerline.

Midbay strain gauges (labeled site B in the � gure) indicate that
buckling occurs at a load of approximately 17,000 lb (75 kN) in
this skin bay, which is consistentwith the results from the analyses
of the geometrically perfect and imperfect panels. Results that are
approximatelylinear from the strain gaugesat the stiffenersindicate
that bucklingdoes not occur at sites A and C. Test and analysis show
the same trends in strains.

Results for loads up to 100,000 lb (445 kN) are shown in
Fig. 7b for the test panel, a geometrically imperfect panel without
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Fig. 9 Longeron rolling.

Fig. 10 Displacement pattern of axially compressed panel at 85,000 lb
of load.

Fig. 11 Displacement pattern of internally pressurized panel at 18 psi
of load.

Fig. 12 Strains in longerons caused by compression or pressure.

Fig. 13 Strains in longerons caused by pressure load with and without
axial compressive load.

Fig. 14 Displacement pattern of panel subjected to 74,000 lb (329 kN)
of axial compressive load and 9 psi internal pressure load.
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longeron-to-frame connections, and for a geometrically imperfect
panel with longeron-to-frameconnections.Nine lines are shown in
Fig. 7b, and noneare linear; all indicate that the panel behaviorafter
buckling is complicated with numerous buckling modes affecting
the data in both test and analysis.Midbay strains from test and anal-
ysis indicate a greater difference between back-to-back strains for
the test than for the analysis. In addition, a snap-through response
(instantaneous change in deformation shape) occurs, at a load of
73,610 lb (327 kN) in the test, but no snap-through response oc-
curs in the analyses. However, little difference can be seen between
the results from the analysisof the panel without longeron-to-frame
connections and for the panel with longeron-to-frameconnections.
Experimental and analytical results indicate that the axial strains in
the longerons are linear for loads less than approximately90,000 lb
(400 kN). Test resultsagreewell with predictionsfor locationsA and
C. Analysisdoes notpredictthe snap-throughresponsephenomenon
indicatedat locationB, but bucklingbehavior is still predictedaccu-
rately.Adding the connectionbetween the longeronsand the frames
has little effect on the behavior of this panel skin bay.

Axial strains measured in the test panel and predicted by the
analysis for a geometrically perfect panel and a geometrically im-
perfect panel are shown in Figs. 8 and 9 for strain gauges located
at the axial centerline of the panel. Measured and predicted ax-
ial strains at the � anges of the central two longerons are shown in
Fig. 8a. These strains are linear for loads less than approximately
80% of the failure load, and analysis results agree well with test
results for the geometricallyperfect panel analysis and the two geo-
metrically imperfect panel analyses. Measured and predicted axial
midbay strains between the longerons are shown in Figs. 8b and
8c. Midbay strain gauges indicate that buckling occurs at a load of
approximately 12,000 lb (53 kN) in all three central bays of the
test panel.Analysis of the geometricallyperfect panel indicates that
buckling occurs at a load of approximately 16,000 lb (71 kN) in
two bays and at approximately 20,000 lb (89 kN) in the third bay.
Buckling loads in these bays of the geometrically imperfect panel
are not predicted because the skin in these bays is assumed to have
a buckled deformation shape prior to loading. There is little differ-
ence between the predictions for the panel with longeron-to-frame
connections and the panel without these connections. Test results
agree well with predictions. For a load of 98,000 lb (436 kN), the
axial strains in the panel range from ¡ 0.0005 to ¡ 0.0075 in./in.
whether the longeron-to-frameconnections are present or not.

The strains in the web of the longerons are shown in Fig. 9.
Surface strains in the longeronperpendicularto the skin can be used
to evaluate rolling or rotation of the longerons.The large difference
between the strains on the front and back surface of the longeron
web of the test panel indicates rolling of the longeron. Similarly,
the difference between predicted surface strains indicates that the
analysis predicts rolling of the longeron at the axial center of the
panel.The similarityof thesestrainsfor the test and forbothanalyses
indicatesthat rolling of the longerons is predictable.However, more
rolling is indicated by the test data than by the analysis results for
the test panel. A comparison between the analytical results for the
panel with no longeron-to-frameconnection and for the panel with
these connections indicates that the longerons roll at the center of
the panel even if they are supported at the frame locations. The
frames are 24 in. (0.61 m) apart, and this distance is too great to
reducesigni� cantlythe rollingof the longeronshalfwaybetween the
frames.

The predicted deformation shape of the geometrically imperfect
panel without longeron-to-frame connections and subjected to a
load of approximately 85,000 lb (378 kN) is shown in Fig. 10. The
deformations are ampli� ed by a factor of 10 in the � gure to make
them more visible. The skin deformation is much greater than the
deformationof the longeronsso that rolling of the longeronscannot
be seen in the � gure.The out-of-planedeformationsshownin Fig. 10
are similar to the patternof the deformationsshown in Fig. 4c,which
shows the out-of-plane deformations of the test panel at a load of
85,000 lb. Out-of-plane deformations for the panel with longeron-
to-frame connections are very similar to those of the panel without
these connections.

Internal Pressure

A panel with and without longeron-to-frame connections was
analyzed with an applied internal pressure load of 18 psi. The de-
formations from these analyses are almost identical, but they are
different from the deformations of the panel subjected to the axial
compressive load. The deformation pattern for the pressure-loaded
panel is shown in Fig. 11. The deformationsare ampli� ed by a factor
of 10 in the � gure to make them more visible. The most signi� cant
deformation is at the unsupported edges. Less deformation occurs
for the pressure-loadedpanel than for the axially loaded panel. The
effect of the pressure load on longeron rotation is determined by
examining the surface strains on the web of the longerons. These
strains at the centerlineof one longeronare shown in Fig. 12 for the
axially compressed panel without longeron-to-frame connections
and for the pressure-loaded panel with and without longeron-to-
frame connections. The scale on the left side of the � gure shows
axial compressive load and applies to the long dash curve in the
� gure. The scale on the right side of the � gure shows the pres-
sure load and applies to the short-dash curves in the � gure. The
pressure loading does not induce signi� cant longeron rolling. The
maximum surface axial strain is 0.002 in./in. for assumed loads up
to 18 psi.

Combined Loads

A combinationof an axial compressive load and an internal pres-
sure load was analyticallyapplied to a panelwith longeron-to-frame
connectionsand to a panel without longeron-to-frameconnections.
The maximumappliedpressureload is 9 psi, and the maximumaxial
compressive load is 74,000 lb (329 kN). The strains in a longeron
web for these two panels and for the panel with only an axial com-
pressive load are shown in Fig. 13. The difference in the surface
strains indicates that the longerons roll. However, a comparison be-
tween the strains for a panel loaded only by axial compression and
for a panel subjected to combined loads indicates that the longerons
in the pressure-loaded panel roll less than the longerons in the
combined-load panel when subjected to the same axial compres-
sive load. The deformation shape of the geometrically imperfect
panel without longeron-to-frame connections is shown in Fig. 14.
For a load of 98,000 lb (436 kN), the axial strains in the panel range
from ¡ 0.0005 to ¡ 0.0075 in./in. whether the longeron-to-frame
connection is present or not.

Conclusions
An aluminum panel representative of an aircraft fuselage struc-

ture was loaded experimentally in axial compression and analyzed
for both axial compression and internal pressure loads. The panel
was fabricated with the longerons and skin cut from one piece of
7050-T7451aluminum to verify that integral stiffeners can be man-
ufacturedwithin tolerancesusing thismaterial.The panel test results
veri� ed that an integrallystiffenedpanelcan supportsuf� cient loads
to be useful as an aircraft structural part with no fasteners to attach
the longerons to the skin. The panel failed as a result of permanent
deformationswithout any cracks or broken components.The panel
withstood 97,200 lb (432 kN) of load and 30,000 psi of stress.

Analytical results agree well with test data, and these results ac-
curately predicted out-of-planedeformations, longeron rolling, and
surfacestrains.Analyticallyvaryingboundaryconditionson the un-
loaded edges of the panel had little effect on panel behavior.The ad-
dition of connectionsor clips between the frames and the longerons
at each longeron-to-frame intersection had almost no effect on the
panel behavior in terms of displacements, stiffness, or strains for
any of the loading conditions or boundary conditions considered.
The frame spacing of 24 in. (0.61 m) appears to be too long for
the longeron-to-frame clips to affect or prevent the rolling of the
longerons halfway between frames.

Internal pressure loads up to 18 psi induce strains of less
than 0.002 in./in., which would not alone cause failure. The
pressure-loaded panel displays less longeron rolling than the axi-
ally compressed panel. A combination of internal pressure and ax-
ial compressive loads induces less strain than the axial compressive
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load acting alone, and the combined loads induce a different defor-
mation pattern than either load acting alone.

The integral-stiffenedstructurewas able to supportsuf� cient load
to warrant further consideration of this structural concept to help
achieve the goal of reducing part count and cost associated with
aircraft manufacturing.
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