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Abstract

Results from a study to identify and characterize discrepancies between
validation tests and high-fidelity analyses of compression-loaded panels are
presented. First, potential sources of the discrepancies in both the experimental
method and corresponding high-fidelity analysis models were identified. Then, a
series of laboratory tests and numerical simulations were conducted to quantify
the discrepancies and develop test and analysis methods to account for the
discrepancies. The results indicate that the discrepancies between the validation
tests and high-fidelity analyses can be attributed to imperfections in the test
fixture and specimen geometry; test-fixture-induced changes in specimen
geometry, and test-fixture-induced friction on the loaded edges of the test
specimen. The results also show that accurate predictions of the panel response
can be obtained when these specimen imperfections and edge conditions are
accounted for in the analysis. The errors in the tests and analyses, and the
methods used to characterize these errors are presented.

Introduction

To ensure high performance in the next generation of acrospace structures, it will be necessary to
develop reliable, high-fidelity analysis tools to predict the buckling of thin-wall shells. For the past thirty
years, buckling loads for shell structures have been obtained, to a large extent, by conducting linear
bifurcation buckling analyses on idealized, geometrically perfect shell structures and by using empirical
“knockdown” factors that account for the effects of geometric imperfections and other unknowns.
Unfortunately, this analysis approach can result in overly conservative estimates of the buckling load of
the shell and lead to a significant weight penalty in minimum gage design. Highly accurate or “high-
fidelity” predictions of the structural response can be obtained when initial geometric imperfections,
material property, thickness distribution, boundary conditions, load introduction effects, and other
features are simulated with a high level of accuracy (ref. 1). These high-fidelity predictions typically
require rigorous experimental validation before they can be used with confidence. However, validation-
experiment requirements for compression-loaded composite curved panels are not yet fully mature. The
primary reasons for the lack of maturity are that testing of curved panels requires complex fixtures to
facilitate load introduction and edge support conditions can be difficult to characterize. These issues are
significant because the characterization of load introduction and edge support conditions used for
validation tests can affect the relevancy of a validation experiment.

Many theoretical and experimental studies of compression-loaded curved panels have identified
discrepancies between test and analysis results (refs. 2-7). These discrepancies have been attributed to
various effects such as improper simulation of boundary conditions, initial geometric imperfections, and
geometry mismatch between the test specimen and the test fixture. For example, the effects of initial
geometric imperfections on the buckling behavior of compression-loaded curved panels have been
presented in the literature by a number of different authors (refs. 6-7) and it is widely accepted that these
imperfections are a significant contribution to the discrepancies between predicted and experimentally
measured buckling loads.

Khot and Bauld (ref. 6) found that experimentally measured buckling loads of curved composite
panels were bounded by the corresponding predicted buckling loads for the case where the
circumferential displacements on the curved loaded edges are unrestrained (free circumferential
expansion) and for the case where these displacements are fully restrained. It was also noted in this study
that some of the geometrically imperfect panels had to be forced slightly into the more geometrically
precise test fixture, which produced an initial prestress and deformation states prior to loading. However,



the effects of this initial prestress and deformation was not characterized and was not accounted for in the
analysis.

A recent numerical and experimental study by Hilburger et al. (ref. 7) identified cases where
curved composite panels exhibited large magnitude out-of-plane prebuckling deformations and buckling
loads that exceeded the classical linear bifurcation-buckling load. These response characteristics were
contrary to previously known behavior associated with compression-loaded curved panels. In addition,
the experimental buckling load was not bounded by predicted buckling loads for the case where the
circumferential displacements on the loaded edges were unrestrained and the case where these
displacements were fully restrained. In subsequent work (ref. 8), results from a numerical parametric
study illustrating the effects of test-fixture-induced initial prestress and elastic edge restraints on the
prebuckling and buckling responses of a compression-loaded, quasi-isotropic composite curved panel was
presented. The elastic edge restraints were used to simulate the effects of test-fixture-induced friction on
the loaded edges of the panel. The results showed that a wide variety of buckling and prebuckling
behaviors could be obtained by varying the magnitude of the edge restraints and prestress. In particular,
some of the results appeared to more accurately represent the experimentally measured results and
illustrated the importance of properly characterizing the experimental test configuration. However, no
experimental measurements were made to verify the actual as-tested boundary conditions of the panel.

The results presented in the literature reviewed herein indicated several sources for the observed
discrepancies between test and analysis results. These discrepancies need to be well understood in order
to develop experiments that are adequate for validating analysis methods for compression-loaded curved
panels. The discrepancies have been attributed to initial geometric imperfection measurement errors, test-
fixture-induced changes in specimen geometry, test-fixture-induced edge restraint due to friction, and
nonuniform load introduction. To a large extent, these effects are not well understood. Thus, the
objectives of the present paper are to describe the potential sources of discrepancies, how they affect
high-fidelity modeling and validation experiments of compression-loaded panels, and the steps that were
taken to quantify and minimize these discrepancies. Towards these objectives, a series of laboratory tests
and finite-element analyses were conducted on flat and curved compression-loaded aluminum panels.
Aluminum panels were chosen, as opposed to composite panels, for ease of manufacture and to verify that
the observed discrepancies were not restricted to composite materials. Details of the experimental and
analysis methods used in this study, and the initial observations that led to this study are described. Then,
selected test and analysis results are presented that illustrate the effects of various sources of testing
discrepancies on the panel response. Finally, new test procedures used to minimize the discrepancies are
described.

Experimental Test Fixture

In this study, a set of four panels were fabricated from 0.125-inch-thick 6061-T6 bare aluminum.
Two of the panels (AL-FLAT-1 and AL-FLAT-2) were flat and the other two (AL60-1 and AL60-2) were
rolled to a radius of 60 in. The panel lengths were 14.75 in. and the circumferential arc-widths were 14.5
in. The loaded edges of the panels were machined flat and parallel to a tolerance of £0.003 in. in order to
provide uniform end loading during the tests. The test fixture for compression-loaded curved panels is
shown in figure 1 along with a corresponding schematic of the fixture and displacement measurement
instrumentation.

Initial geometric imperfections, thickness variations, and imperfections on the loaded edges of the
panels were measured by using a coordinate measurement machine (CMM). While in the CMM the
panels were held in a specially designed stand that gripped the panel at three or four points along the sides
of the panel and held the panel stationary while it was being measured. The panels were measured
outside the test fixture so that a larger portion of the panel’s surface and the geometry of the loaded edges
could be measured. In addition, this measurement stand could hold a panel in an undeformed, stress-free



configuration. Geometric data taken from a panel in this configuration allowed for subsequent
characterization of panel and fixture geometry mismatch effects, specifically, test fixture-induced
deformations and stresses in the panel.

The test fixture developed for this study was designed to replicate the idealized boundary
conditions of a panel clamped along the loaded edges and simply supported along the sides (see figure 1).
The curved loaded edges of the panel were clamped between a set of 3/8-in-thick clamping plates (g).
These plates were precision machined to hold the curved edges at a precise radius-of-curvature and to also
hold the panel aligned with the loading direction. The unloaded edges of the panel were supported by
knife-edge supports (e) to simulate simply supported edges. The knife-edge supports were mounted in
fixed support towers (d) that allowed the knife edges to rotate about the loading axis and maintain
alignment during testing. The clamping plates on the loaded edges of the panel and the knife-edge
supports were tightened against the panel to a finger tight condition. The loading plates (c, f) provided a
surface for the clamping plates to be mounted to and a smooth surface for the panel to contact. The top
loading plate (c) was free to move in the loading direction, relative to the rest of the fixture, by means of a
set of linear bearings and guide posts (h).

Three direct-current differential transformers (DCDTs) were used to measure the displacement of
the upper platen relative to the lower platen and one DCDT measured the out-of-plane center
displacement of the panel. Two DCDTs were used to measure the lateral displacement near the top of the
panel. In addition, a three-dimensional video image correlation system VIC-3D was used to measure the
in-plane and out-of-plane panel deformations, and the strains. VIC-3D is a displacement and strain
measurement technique developed by Correlated Solutions Inc. and uses a proprietary mathematical
correlation method to analyze digital image data taken while a test specimen is subjected to load.
Consecutive digital images taken during test are used to monitor changes in a high-contrast speckle
pattern applied to the surface of the specimen as the specimen is loaded. The image data is processed to
produce in-plane and out-of-plane full-field displacements and full-field in-plane surface strains.

Finite-element Model and Analysis Methods

The panels presented in this study were analyzed with the STAGS (STructural Analysis of
General Shells) finite-element analysis code (ref. 9). STAGS is designed for the static and dynamic
analysis of general shells and can include the effects of both geometric imperfections and nonuniform
wall thickness in its analysis. The panel is defined by an x-y-z curvilinear coordinate system with the
origin at the center of the panel, as illustrated in figure 2. The positive x-axis is directed along the axis of
the panel towards the top of the panel; the z-axis is directed outward, normal to the surface of the panel
and the y-axis is circumferential coordinate. Displacements u, v and w refer to the mid-surface axial,
circumferential and out-of-plane displacements respectively. The panel length, width, and radius are
defined as L, W, and R, respectively. Both flat and 60-in-radius curved panels were modeled, and the
lengths and widths were 14.75 in. and 14.5 in., respectively. The panels were modeled assuming nominal
material properties as follows: Young’s modulus E = 10.0 Msi, and Poisson’s ratio v = 0.33. The
measured initial geometric imperfections and thickness variations were included in the finite-element
model by using user-defined shell wall and imperfection subroutines. Test fixture support conditions
along the clamped edges and knife-edges were also defined by a user-defined load subroutine that
provided a convenient means of applying nonuniform loading conditions that arise due to the
imperfection. In addition, the subroutine was used to apply displacements on the panel edges to simulate
the effect of putting a geometrically imperfect panel specimen into a more geometrically precise test
fixture. The subroutine specifies displacements on the edges of the panel to be equal to the negative of
the imperfection values from the appropriate rows or columns of nodes associated with the four
boundaries. Thus, the deformed geometry of the panel (initial geometry plus imperfection) is forced to
conform to the geometry of the fixture, which was assumed to be perfect (see figure 3). These boundary



conditions remain constant throughout the loading of the panel and the end-shortening displacement is
introduced through a second load set. The knife-edge-support conditions were simulated by prescribing a
displacement w along a line 3/16 in. from each unloaded edge of the panel and the clamped edge
conditions were applied in the boundary regions that extend 3/8 in. in from each loaded edge as shown in
figure 2. The compressive load is introduced by applying a uniform end shortening displacement A to
one end of the panel while holding the other end of the panel fixed on the boundary; that is u(-L/2, y) = A
and u(L/2, y) =0.

Previously Observed Discrepancies Between Test and Analysis

A series of tests were planned, prior to this investigation, to study the effects of laminate
orthotropy and cutout size on the response of compression-loaded, composite laminated, curved panels
with circular cutouts. Finite-element analysis predictions of the response of the panels were obtained that
included the effects of measured geometric imperfections and test-fixture induced panel deformations and
pre-stress.  Preliminary tests were conducted with composite curved panels without cutouts and
significant discrepancies between test results and predictions were identified that warranted further study.
A typical example of the observed discrepancies between the predicted and measured load-end-shortening
response curves and load-center-displacement response curves for a compression-loaded composite
laminated panel are shown in figures 4 and 5, respectively. This composite panel was 14.75 in. in length
and 14.5 in. in width, with a [0,/+45];, stacking sequence and had a nominal thickness of 0.13 inch and a
radius of 60 inches. The panel was constructed out of AS4/3502 graphite-epoxy tape. Nominal lamina
properties include a longitudinal modulus E; = 18.5 Msi, transverse modulus E, = 1.6 Msi, in-plane shear
modulus G, = 0.83 Msi, and Possion’s ratio vy, = 0.35. The predicted load-shortening response and load-
center-displacement response of the panel indicated a linear prebuckling response and inward snap-
through behavior that is typical for compression-loaded curved panels. In contrast, the experimentally
measured results indicated nonlinearity in the prebuckling region of the load—end-shortening response
curve, outward displacements from the onset of loading, and a buckling load that exceeded twice the
predicted buckling load.

As noted in the introduction and in references 7 and 8, a number of phenomena can cause shallow
curved panels to exhibit the behavior observed in the tests. Examples include initial geometric
imperfection measurement errors, test-fixture-induced changes in specimen geometry, test-fixture-
induced edge restraint due to friction, and nonuniform load introduction. Since both geometric
imperfections and test-fixture-induced panel deformations and pre-stress had been included in the model,
it seemed likely that the discrepancies were being caused by test-fixture-induced friction along the loaded
edges in a similar manner to that described in References 7 and 8. However, other potential contributions
to the observed discrepancies were also identified in these tests. In particular, there were cases where the
measured panel shape of the panel mounted in the fixture obtained from the VIC-3D video image
correlation system prior to testing did not always agree with the corresponding predicted panel shape
obtained from a finite-element analysis. If the initial as-tested geometry of the panel was not being
modeled accurately, then errors would be expected in the predicted panel response, which is highly
sensitive to initial out-of-plane geometric imperfections. In addition, it was difficult to hold the panel
shape constant while measuring the initial geometric imperfection with the CMM machine, because the
force of the CMM probe caused slight bending of the panel during measurement. This error in the
imperfection shape measurement could lead to inaccurate analysis results that were based on these
measurements. Finally, studies on the buckling of thin-walled compression-loaded composite cylinders
(see reference 1) suggest that the panels considered herein could also be sensitive to nonuniform load
introduction that can occur when the loaded ends of the specimen are not flat and parallel. However,
these end imperfections were not characterized for these composite panels and were not accounted for in
the analysis predictions.



A subsequent set of tests and analyses were conducted to characterize and determine the effects
of these errors on the response of compression-loaded flat and curved aluminum panels and the results of
these tests are presented in the following sections. Specifically, results are presented that illustrate the
effects of test-fixture and panel geometry mismatch effects such as test-fixture-induced changes in panel
geometry and pre-stress, errors in imperfection measurements, effects of test-fixture-induced friction on
the loaded boundaries, and effects of nonuniform load introduction on the panel response.

Results and Discussion

Effects of imperfection measurement errors

Initial geometric imperfections, thickness variations, and imperfections on the loaded edges of the
panels are measured prior to each test by using a coordinate measurement machine (CMM). The panels
are mounted in a specially designed measurement stand that grips the panel at three or four points along
the sides of the panel (see figure 6). The panels are measured outside the test fixture so that a large
portion of the panel’s surface can be measured. In addition, this measurement stand can hold a panel in
an undeformed stress-free configuration. Measurement data taken from a panel in this configuration
allows for subsequent characterization of any panel and fixture geometry mismatch effects, specifically,
test fixture-induced deformations and stresses in the panel.

In order to measure the geometric imperfection of a panel with the CMM, the panel must be held
fixed while a measurement probe contacts its surface. Ideally, the panel would be restrained in the
measurement stand at just three points, so that the gripping forces of the fixture would not induce any
deformation of the panel. In addition, the magnitude of the contact force from the probe is small
(typically less than 0.1 N) and the CMM software has features to minimize the measurement error due to
surface deformation. However, thin panels are relatively flexible when being subjected to out-of-plane
contact forces and measurements using this procedure produced noticeable errors because the panel
deformed under the contact force. This measurement error was most evident when the geometry
measurements from both sides of the panel were used to determine the thickness variation over the
surface of the panel. Both surfaces deformed in the inward normal direction during the measurement and
the thickness data, obtained by subtracting the inner mold line (IML) from the outer mold line (OML) of
the panel, erroneously indicated a thinning of the panel away from the fixture support points. Although
this measurement error was only a few thousandths of an inch for a 0.125 in. thick panel, it was enough to
invalidate this thickness data for use in the finite-element analysis.

The solution to this problem was to restrain the panel at four points instead of three. By gripping
the panel at two points on the left and right sides, the support condition was stiff enough to eliminate the
error in the thickness measurement. The drawback to this method is that it is possible to deform the panel
and create an artificial twist in the mid-surface imperfection measurement. This twist can be minimized
by first gripping the panel securely at three of the points and then carefully restraining the panel at a
fourth point. Some amount of deformation is still expected to occur as a result of the constraints,
however, this was deemed to be acceptable, since a small twisting imperfection was not expected to
change the predicted response of the panel significantly enough to invalidate the analysis.

In order to confirm this expectation, a simple comparison was made between a model of a typical
panel and one that also included a large artificial twist in the mid-surface imperfection. The comparison
was made for a flat aluminum panel and a 60-in-radius curved panel. The panels were first modeled by
including the measured geometric imperfection and thickness variation. Then the model was modified to
include the effects of a twist to the initial geometric imperfection of the form



A =5 N (1)

imp twist 2

where § and n are normalized longitudinal and transverse surface coordinates, respectively, and vary
between 1 over the surface of the panel. The magnitude of the twist, d,,;, Was chosen to be 0.1 in.,
which was an order of magnitude larger than the worst case error expected in the CMM data.

The predicted results for the aluminum panels with and without a twist imperfection are shown in
figures 7 and 8. Figure 7(a) shows the load versus out-of-plane deformation response at the center of the
flat panel and figure 7(b) shows the corresponding load versus end-shortening response. Figures 8(a) and
8(b) show the corresponding results for the 60-in-radius curved panel. The results indicate that the large
twist imperfection causes only a slight change in the predicted response of the flat and curved panels
considered herein. In particular, there is only a difference of about one percent in the buckling load of the
curved panel and the end-shortening curves. Since the twist error used in this comparison is an order of
magnitude larger than the worst-case error expected for the CMM data, the error caused by clamping a
panel in order to measure it in the CMM should not significantly affect the accuracy of the predicted
panel response.

Effects of test-fixture-induced changes in specimen geometry

Results from several panel tests indicated that the measured shape of the panel mounted in the
fixture obtained from a VIC-3D video image correlation system prior to testing did not always agree with
the corresponding predicted in-the-fixture panel shape obtained from a finite-element analysis. It was
determined, through repeated independent CMM measurements, that the geometry of the specimens was
known to a high degree of accuracy. This result suggested that there might be some geometric
imperfections in the test fixture or that the interaction between the test fixture and the test specimen was
not well understood, and thus could affect the validity of the assumed boundary conditions used in the
analysis models.  Therefore, a series of measurements were made in the CMM to determine the
geometric accuracy of the test fixture and how the specimen deforms when it is placed into the test fixture
prior to loading.

First, the geometric accuracy of the fixture was examined. In particular, measurements were
taken to verify that the fixture had been manufactured to the correct tolerances for flatness and
perpendicularity. The fixture support towers (see Fig. 1) were measured to be offset 0.00196 in. to the
panel left, relative to the center of the fixture base plate (left and right directions are defined relative to a
view of the panel OML). The knife-edge supports were offset 0.00318 in. to the panel left and the left
knife-edge support is tilted 0.0382° towards the panel front, and the right knife-edge support was tilted
0.0199° towards the panel front. These misalignments are not critical to the function of the fixture, but
could be significant when other measurements or alignments are referenced from them. The right knife-
edge support was measured to be almost perfectly aligned with the loading direction, but the left support
was found to be tilted 0.046° towards the panel front (or about 0.010 in. from top to bottom of the knife
edge). This is likely a small enough deviation that results would not be affected, but it can be
compensated for by small adjustments of knife-edge set-screws.

Next, it was discovered that the 3/8-in-thick clamping plates used to clamp the loaded edges of
the panel had inaccurately machined bearing surfaces. Although they formed the correct radius of
curvature, the bearing surface was not perfectly square. In particular, a deviation from perpendicular of as
much as 0.003 in. across the 3/8-in-thick clamping plate was measured. This imperfection on the bearing
surface corresponds to an angle of approximately 0.5 degrees. Thus, when the panel was clamped in the
fixture, the top loading plate would tilt forward or back, depending on the imperfection shape on the
clamping plate bearing surface and created a localized bending near the top of the panel when the panel
was loaded. As a result of this discovery the clamping plates were all re-machined by a wire EDM



(electrical discharge machining) procedure, resulting in clamping surfaces that were perpendicular to
within the accuracy of the CMM (a few ten thousandths of an inch).

Once the geometry of the fixture was verified, a numerical and experimental study was performed
to determine the accuracy of the predicted in-the-fixture shape of the panel. A finite-element analysis was
used to apply displacements on the panel edges in order to simulate installing a geometrically imperfect
panel specimen into a more geometrically precise test fixture. A flat panel (AL-FLAT-2) and a 60-in-
radius curved panel (AL60-1) were evaluated in this study. A prediction of the in-the-fixture shape of
each panel was obtained as follows. First, the measured geometric imperfection of the unrestrained panel
was incorporated into the finite-element model. Then, displacements were applied to the four edges of
the panel to simulate the installation of the panel into the fixture. These displacements were applied to
the panel by using a user-defined subroutine that defined the displacements to be equal to the negative of
the measured geometric imperfection values from the appropriate rows or columns of nodes associated
with the four boundaries. Following this procedure, the geometrically imperfect panel was forced to
conform to the idealized perfect geometry of the fixture. In the experiment, the panels were installed into
the fixture by securing one edge at a time and the panel geometry was measured with the CMM as each
edge was secured. The edges were secured in the following order: bottom clamped edge, right knife edge,
left knife edge, and then top clamped edge. Corresponding finite element predictions were also obtained
that simulated the installation of the panel in the fixture.

Results that illustrate the predicted changes in geometry of the flat aluminum panel (AL-FLAT-2)
subjected to the test-fixture boundary conditions are shown in figure 9. Figures 9(a), 9(b), 9(c), and 9(d),
correspond to the sequential application of the boundary conditions in the following order: bottom
clamped edge, right knife edge, left knife edge, and then top clamped edge, respectively. The measured
geometry of the test specimen was found to be very different from the predicted geometry. The following
measurements of the panel geometry were obtained from the panel at locations 1/8 in. above the bottom
clamping plates and are marked with X symbols in figure 9(a)

Y coord. (in.) : ‘ 5.8 3.0 0.0 3.0 5.8
w measured (in.): | 0.00059 -0.00029 -0.00063 -0.00024 0.00057
w predicted (in.) : | 0.00043 0.00044 0.00041 0.00035 0.00034

The data indicates that the panel is bowed just above the clamped end, which is assumed flat. The set of
clamping plates for the flat panels was measured in the CMM and was determined to be flat within
+0.0001 in. Thus, it was first suspected that the panel was not being clamped firmly enough, but
tightening the clamping plates did not change the panel geometry. The panel was then reversed in the
fixture and the out-of-plane deformation was measured at the same locations just above the bottom
clamped end. The following out-of-plane displacement values were obtained and indicate a similar bow
in the panel, but appears reversed.

Y coord. (in.): ‘ -5.8 -3.0 0.0 3.0 5.8
w measured (in.) : | -0.00093 -0.00001 0.00131 0.00116 -0.00154
w predicted (in.) : | -0.00043 -0.00044 -0.00041 -0.00035 -0.00034

Thus, the clamping plates do not seem to have any bias in their geometry, they are just not fully removing
the geometric imperfection along the clamped edge in this case. A second measurement of the actual in-



the-fixture panel geometry was verified by using the VIC-3D system and the results are shown in figure
10. The results indicate that the predicted initial in-the-fixture geometry (figure 9) is completely different
from the measured geometry and also show the initial outward bow in the panel indicated by the previous
measurements.

Upon further examination of the clamping plates, it is believed that a manufacturing anomaly in
the clamping plates is causing the discrepancy between the predicted and measured in-the-fixture shape of
the panel. More specifically, the clamping plates were originally machined with a radius on the top
corner of the bearing surface to prevent the sharp corner from digging into the panel during testing. The
set of clamping plates for the flat panels were accidentally machined with too large of a radius on this
corner, and the rounded edge extended across a quarter of the clamping surface, as illustrated in figure 11.
Even though the clamping plates were re-machined with the wire EDM process, this rounded edge
condition still existed. Thus, the actual fixture boundary condition is acting over a smaller area of the
panel and the assumed boundary conditions used in the finite-element model are not accounting for this
discrepancy.

Since the STAGS finite-element analysis was incorrectly predicting the shape of the panel in the
fixture, presumably due to the bad clamping plates, the predicted compression response of the panel was
subsequently incorrect also. The predicted out-of-plane center displacement, o, from the finite-element
analysis is shown in figure 12 and compared with the experimentally measured value. The finite-element
analysis indicates slight out-of-plane deformations in the pre-buckling range of loading and large
magnitude outward deformations in the postbuckling range of loading. In contrast, the experimental
results show the panel deforming inward with large magnitude pre-buckling displacements from the onset
of loading. The inward deformation under load is not surprising, since the CMM measurements and VIC-
3D measurements showed the panel to have an inward bulge after being clamped into the fixture prior to
loading, as shown in figure 10.

An additional STAGS finite-element analysis was conducted to simulate the effects of the
imperfect clamped boundary condition on the top and bottom loaded edges of the panel caused by the
rounded edge of the clamping plates. As discussed above, the original finite-element analysis deformed
the panels to match the idealized geometry of the fixture. However, if the initial geometric imperfection
of the panel was only partially removed, as the measurements seem to suggest, then the panel might
obtain an inward bulge-like shape similar to the observed in-the-fixture geometry. The measured out-of-
fixture geometric imperfection of the panel consisted of an inward bulge with a magnitude of 0.040 in.
The measured in-the-fixture panel geometry indicates a bulge of approximately 0.016 in. as shown in
figure 10. Thus, it was assumed that the clamping plates removed approximately sixty percent of the
imperfection. A finite-element analysis was performed in which sixty percent of the fixture-induced
displacements were applied along the panel edges. The predicted initial geometry and compression
response were very similar to the measured results.  In particular, a plot of the out-of-plane center
displacement of the panel using this modified boundary condition is shown in figure 12. The predicted
in-the-fixture panel geometry now indicates a bulge with similar shape and comparable magnitude to the
measured out-of-plane deformation shown in figure 10. The corresponding predicted out-of-plane
deformation for the panel mounted in the fixture prior to loading is shown in figure 13. In summary, the
results from the analysis with the modified boundary condition agree quite closely with the experimental
values and illustrate how important it is to correctly characterize and model the experimental boundary
conditions.

Next the corresponding curved aluminum panel (AL60-1) was examined. Results that illustrate
the predicted changes in geometry of panel AL60-1 due to the application of test-fixture boundary
conditions are shown in figure 14. Figures 14(a), 14(b), 14(c) and 14(d) correspond to the sequential
application of the boundary conditions in the following order: bottom clamped edge, right knife edge, left
knife edge, and then top clamped edge, respectively.  The bottom clamped edge was secured first and
measurements of the panel geometry were made at five points along the panel 0.125 in. above the bottom



clamping plate (marked by the X symbols in the figure). The measured and predicted results are
summarized in the following table

Y coord. (in.) : | 5.8 3.0 0.0 3.0 5.8
w measured (in.) : -0.13876 0.06743 0.14249 0.06777 -0.13894
w predicted (in.) : -0.13849 0.06745 0.14250 0.06745 -0.13849

These results show good agreement between the measured and predicted values, with less than 0.0005-in.
difference. Similarly, geometry measurements were taken along horizontal lines at four locations when
the panel was fully clamped. The horizontal measurements were vertically located at the mid-plane of the
panel, £3.0 in. from the mid-plane, and 5.88 in. above the mid-plane, as indicated by the dashed lines in
figure 14(d). The out-of-plane deformation along these locations is shown in figure 15 and demonstrates
the agreement between test and prediction for the initial geometry. The fact that the lines do not converge
towards x = -7.0 in. indicates that the left knife edge was not aligned perfectly vertical. This correlates
with results discussed earlier that indicated that the left knife edge was tilted 0.046° towards the panel
front (or about 0.010 in. from top to bottom of the knife edge).

Overall, the analysis to simulate the effects of the fixture-induced changes in the panel geometry
appears to work well when the fixture geometry is well characterized. Thus, it is reasonable to expect
good correlation between the predicted and measured results for all of the curved panels that use the same
type of clamping plates.

One other item that was noted during the setup and measurement of the panel in the fixture is that
the knife-edge blades were discovered to be more flexible than previously known. While the knife edge
blades are made of steel and seem very stiff, it is quite easy to cause them to bend a few thousandths of an
inch by adjusting the knife-edge blade set screws unevenly. How much effect an uneven knife edge
would have on the loaded response will likely depend on the particular panel, but it is something that
should probably be avoided as much as possible, since it would be hard to quantify the curvature in the
knife edge without measuring it. Because of this flexibility, the verticality of the knife edge should be
measured at more than just two points. Measurement at five positions located from top to bottom should
be sufficient to ensure that the knife-edge is relatively straight.

Effects of test-fixture-induced friction

Based on previous experience, a significant portion of the observed discrepancies between test
and analysis results can be attributed to test-fixture-induced friction along the loaded edges. However,
the effects of test-fixture-induced friction and other nontraditional boundary conditions have not been
discussed to a great extent in the literature, presumably because in many cases they have little effect on
the response of compression-loaded panels. In addition, most analytical models assume free expansion of
the panel in the circumferential direction (N, = 0) because of solution difficulties associated with
prescribing the v = 0 boundary condition. Specifically, setting the circumferential displacement equal to
zero along the loaded edges (v = 0) while having free expansion of the side edges results in a singularity
at the corners. This is not a limitation for finite-element analyses, but choosing between the two
boundary conditions is somewhat arbitrary without knowledge of the as-tested boundary conditions. For
curved panels, when the circumferential displacement is equal to zero along the loaded edges, the panel
deforms outward when it is loaded in axial compression. Depending on the geometry and properties of
the panel, this outward deformation can sometimes be large enough to retard or prevent the inward snap-
through of the panel.



Several examples illustrating the different response characteristics exhibited by compression-
loaded aluminum panels with v = 0 or N,, = 0 boundary conditions are shown in figure 16. These
predicted results are based on finite-element models that use the same nominal thickness, length, and arc-
width as the panels discussed in the previous sections. For the flat panels, the two different boundary
conditions create very similar load versus center displacement responses, as shown in figure 16(a). There
is, however, a 5% difference in the buckling load for the flat panel. The corresponding response of a 15-
in-radius curved panel is shown in figure 16(b). In this case, there is a difference in the magnitude of out-
of-plane deformation, but the buckling loads are very similar. When large cutouts are present in the
panel, the difference caused by the two boundary conditions is often negligible as shown for a 60-in-
radius aluminum panel with a 7-in-diameter circular cutout in figure 16(c). However, the load versus
center displacement for a 60-in-radius panel with no cutout varies significantly for the v =0 and N,,= 0
boundary conditions (figure 16(d)). In particular, the panel has a monotonically increasing stable
response similar to a flat panel when the v = 0 condition is used. In contrast, the panel has much smaller
magnitude out-of-plane displacements prior to collapsing inward when the N,, = 0 condition is used. In
references 7 and 8, cases are noted where a shallow curved panel does collapse inward with the v = 0
condition, but the collapse occurs at higher load levels than when the edges are free to expand. While it is
not difficult to model the v = 0 condition along the loaded edges with finite-element methods, it was
deemed preferable to achieve free expansion during the experimental tests so that the test results could be
used to validate analytical predictions from models that assume the N,,= 0 boundary condition.

A test method development activity was initiated to develop and verify methods to reduce test-
fixture-induced friction effects observed in tests. Two curved aluminum panels, AL60-1 and AL60-2,
were tested and measurements with DCDTs were made to verify that the panel was sliding laterally
relative to the fixture. The outward lateral displacement near the top of the panel was measured using a
set of DCDTs as shown in figure 1. Several layers of material were placed between the loaded edges of
the panel and the fixture to help reduce the coefficient of friction along the loaded edges including 0.003-
in-thick Teflon tape, 0.003-in-thick piece of aluminum shim stock and thin steel shim stock. A cross-
sectional view of the resulting sandwich of materials is illustrated in figure 17. The Teflon layer was used
to minimized the sliding friction, as suggested by Wilkens (ref. 10). The aluminum shim stock was used
to help keep the composite fibers from penetrating the Teflon and embedding themselves in the steel. The
steel shim stock was used to improve the smoothness of the loading plate surface and to facilitate sliding
of the panel over the loading surface.

Experimentally measured and numerically predicted load-displacement results for the curved
panel AL60-1 are shown in figure 18. The load versus out-of-plane center displacement response curves
are shown in figure 18(a), load—end-shortening response curves are shown in figure 18(b), and load
versus lateral expansion response curves are shown in figure 18(c). The lateral expansion is calculated
from the measurements obtained by two DCDTs mounted to the sides of the panel. One DCDT on each
side of the panel measured the circumferential expansion of the panel 0.25 in. from the top edge, and
these measurements were added together to give the total lateral expansion. In each of these figures the
experimental results (thick solid line) are depicted along with the STAGS finite-element results for N,,= 0
(thin solid line) and v = 0 (dashed line). The corresponding results for panel AL60-2 are shown in figure
19.

For both the AL60-1 and AL60-2 panels the STAGS analyses with N,, = 0 predicted panel
collapse, while the analyses with v = 0 predicted that the panel would have a monotonically increasing
stable response with large outward deformation. The experimental results shown in figure 18 for the
ALG60-1 panel indicate that the panel is neither fully restrained nor fully free to slide at the loaded edges.
The magnitude of the out-of-plane center displacement is not as large as the displacement predicted by the
STAGS model with v = 0, but the panel did not collapse inward like the model with N, = 0. The end
shortening response for the experiment and the two STAGS models are all very similar. The offset in the
experimental data is a result of gear lash in the load frame and the imperfection of the panel’s loaded
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edges. The imperfection along the loaded edges results in the panel initially contacting the loading plate
at only a few points, and then as the load increases the contact area increases, thus resulting in a nonlinear
load-end-shortening response in the initial part of the response curves. The total lateral expansion
measured during the experiment shows two distinct behaviors. At relatively low load levels, the panel
appears to expand freely, but as load increases the expansion rapidly decreases to match the expansion
rate of the STAGS model with v = 0. The reason that the v = 0 model predicts a small amount of
expansion as opposed to zero expansion is because the measurement of the lateral displacement is taken at
0.25 in. from the top of the panel rather than precisely at the top edge, and this location exhibits some
lateral expansion. The results shown in figure 19 for the AL60-2 panel indicate similar behavior, with the
only exception being that the panel still collapsed inward in spite of the large outward center
displacement. The determining factor for whether each panel collapsed was most likely the difference in
the imperfection shapes between the two panels.

Based on the results for these two panels, it seems that the boundary condition created with the
combination of Teflon, steel and aluminum is not the ideal N,, = 0 condition that was desired. Since the
results indicated that some sliding was occurring along the loaded edges, the AL60-1 panel was tested
three more times with small modifications to the experimental setup in order to further reduce test-fixture-
induced friction. However, it was determined that none of the attempts to create a free expansion
condition along the loaded edges were fully successful. Thus, it was decided that, while the v = 0
boundary condition was not ideal, it would at least allow repeatable correlation between the STAGS
finite-element-modeling methods and the experimental results. To demonstrate this, panel AL60-1 was
tested again with no Teflon or shim stock between the edges of the panel and the fixture loading plates.
The results for this test are shown in figure 20 along with the STAGS finite-element results for N,, = 0
and v = 0. The measured out-of-plane center deflection agree well with the STAGS results that assume
the v = 0 boundary condition. Similarly, the measured and predicted end shortening and lateral
displacement response agree well as shown in figs. 20(b) and 20(c), respectively. Although this set of
tests with the aluminum panels failed to produce a test setup that would allow the panel to freely expand
under load, it did demonstrate that the response of shallow curved panels can be modeled accurately by
using the v =0 boundary condition in a STAGS finite-element model.

Effects of nonuniform load introduction

Several studies in the literature indicate that the response of compression-loaded thin-walled
shells can be sensitive to nonuniform load introduction affects and motivated the study of this sensitivity
in this work." Nonunifom load introduction in a panel specimen is attributed to initial specimen-end or
loading-surface imperfections, and test-fixture-induced inplane geometry changes. The edge imperfection
is typically created when the panel is fabricated. The test-fixture-induced inplane deformation is caused
by clamping a geometrically imperfect panel into the test fixture. Specifically, when the panel is clamped
in the fixture any out-of-plane imperfection is removed in the clamped sections and along the knife edges.
This clamping can induce an inplane displacement prior to the panel being loaded. The effects of these
types of end imperfections were studied and the results are presented in this section.

The unrestrained or out-of-fixture end imperfection was measured by using a CMM. This
measurement was used to quantify the end imperfection variation across the width of the panel and
through the thickness. The aluminum panels were shown to be relatively flat through the thickness
(+0.0002 in.) and had only a small variation across the width of the panel (approx. £0.001 in.). The test-
fixture-induced end imperfection was predicted in STAGS by using a similar procedure used to predict
the test-fixture-induced panel geometry changes described in an earlier section. In this case, a flat
aluminum panel with geometry similar to AL-FLAT-2 was modeled and was assumed that geometric
imperfection was the same shape as AL-FLAT-2, but had a magnitude of approximately 0.040 in. to
simulate a “worst case” imperfection that would induce a “worst-case” test-fixture-induced end
imperfection. The predicted induced end imperfection was less than 0.0001 in. across the width of the
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panel and since this variation is an order of magnitude smaller than any measured edge imperfection due
to machining, it was neglected during analysis.

Results from a subsequent finite-element analysis of this configuration that included the effects of
the measured end imperfection indicated that this particular imperfection had no noticeable affect on the
panel response. In addition, the other aluminum and composite panels were measured and the end
imperfections appeared to be no greater than +0.001 in. in magnitude. Thus, the end imperfection was
neglected in future analysis of these particular panels.

Recommendations

Some of the possible errors affecting high-fidelity modeling and testing of compression-loaded
panels and how these errors can be quantified and minimized were presented. Overall, the testing and
measurements verified that high-fidelity modeling of the experimental setup is possible, and that the
modeling methods accurately predict the load-displacement response observed in the tests. However, the
authors were not able to achieve the goal of creating an experimental setup that allowed the testing of
compression loaded panels with free expansion along the loaded edges as desired. The initial geometry of
the panel when installed in the test fixture is very sensitive to fixture alignment and the geometry of the
clamping plates used to enforce the clamped boundary condition on the loaded edges. Careful machining
and measurement is required to ensure that the panel is held in the fixture as expected, and standard
machining tolerances may not be sufficient to replicate the ideal boundary conditions. Finite-element
analysis accurately predicts the test-fixture-induced specimen geometry when the panel geometry and
imposed boundary conditions are measured and used along with the geometric imperfection. This enables
the model to predict the initial geometry and pre-stress when the panel is installed in the fixture. The use
of Teflon and steel shims between the loaded edge of the panel and the load bearing surfaces failed to
reduce the friction at the interface and create free expansion of the panel along the loaded edges in the
circumferential direction. Test-fixture-induced friction between the fixture and the loaded edges of the
specimen prevents circumferential expansion of the panel along the loaded edges during compression
testing, but finite-element analyses can model this condition and produce accurate predictions of the panel
response. Small-magnitude initial end imperfections (within +£0.003-in. manufacturing tolerance) have no
noticeable affect on the response of the panels presented herein.
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