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Abstract

As composite materials continue to gain wider acceptance for
aerospace primary structures, experimental characterization and analysis
methods must evolve, especially if new or underutilized composite
structural concepts are to be successfully implemented. One such
potentially underutilized concept is the fluted-core sandwich composite,
which consists of facesheets separated by angled web members, and has a
number of potential advantages over traditional-core (honeycomb, foam,
etc.) sandwich composites. However, fluted-core sandwich composites
also exhibit behaviors not seen with traditional-core sandwich
composites. For example, stable local buckling that can lead to material
failure can occur in the facesheets between webs or in the webs
themselves. Additionally, in the direction perpendicular to the webs, the
effective transverse-shear stiffness is largely determined by the bending
stiffnesses of the facesheets and the webs and is generally much lower than
in the direction parallel to the webs. These local buckling and transverse-
shear behaviors can have a large influence on material failure and global
buckling, respectively. Thus, it is important to accurately characterize and
model these behaviors. In this report, a series of experiments designed to
elicit some of these fluted-core sandwich composite structural responses
is discussed and the results are compared with results from a previously
developed finite element analysis approach; qualitative and quantitative
agreement between the experiment and analysis is shown.

1.0 Introduction

Originally, most launch vehicle primary structures were fabricated of metallic materials. More
recently, composite materials have gained and continue to gain wider acceptance for such primary
structures. For example, the in-service Delta Il, Delta IV, Atlas V, Antares, Ariane 5, Ariane 6,
and Vega launch vehicles all utilize composite structures, as will the Vulcan family of launch
vehicles.>® However, a number of additional design and analysis challenges are encountered
when designing with composites—one needs to consider ply angles, more complicated failure
modes, and increased potential for difficult-to-detect damage or flaws. As evidenced by the
successful use of composites in a growing number of launch vehicle applications, methods have
been developed to address these design and analysis challenges for certain composite
constructions. However, new or underutilized composite constructions can require the
development of additional characterization (design, analysis, and test) methods. The results of
structural experimental testing are compared with predictions from a previously developed finite
element analysis method for one such construction, the fluted-core sandwich composite, are
discussed herein.

Background is given in Section 2.0 of this Technical Memorandum (TM)—a history and
description of fluted-core sandwich composites and similar constructions is given in Section 2.1,
and a description of analysis methods is given in Section 2.2. In Section 3.0 of this TM, the
considered experimental tests are described, and results are compared with finite element
predictions. Coupon compression tests are discussed in Section 3.1, a novel transverse-shear test
is discussed in Section 3.2, and a larger panel compression test is discussed in Section 3.3. In the



discussion of these tests and test-analysis correlation, the primary focus is on the stiffness-related
responses rather than on failure. Concluding remarks are given in Section 4.0.

2.0 Background

2.1  Fluted-core sandwich composites

Sandwich structures, which consist of high-strength and high-stiffness facesheets separated by a
lightweight core, often trade very well for stability-critical shell structures such as launch vehicle
intertanks, interstages, skirts, and shrouds. However, there are some manufacturing and in-service
drawbacks to traditional foam- or honeycomb-core sandwich composite structures that may be
alleviated by using less common sandwich composite constructions such as the fluted-core
sandwich composite concept.* The fluted-core sandwich composites (Figure 1) discussed herein
are similar to traditional sandwich composites in that they consist of facesheets separated by a
lightweight core, but the lightweight core consists of composite web members and unidirectional
radius fillers, or noodles, where the webs meet the facesheets.

Fluted-core, corrugated-core, and similar sandwich structures (collectively called structured-core)
have been considered for use in aerospace applications for many years. For example, as early as
the 1940s, metallic corrugated-core was used on commercial aircraft® and later considered for
space applications.® In order to facilitate structured-core designs, expressions for the elastic
constants were derived and experimentally validated.”®%1° During this work, it was recognized
that local plate-buckling-type instabilities in the webs and in the faces between the webs could
occur under certain loading conditions.®!! Further investigations on similar metallic cellular-core
sandwich shells have continued since these early studies [e.g., refs. 12-17].

As composites became more viable for structural applications, fluted-core and other structured-
core sandwich composites have been explored. For example, Jegley studied the structural
efficiency of fluted-core sandwich composite panels by developing optimized designs for
compression-loaded panels.!® Collier formulated expressions for the stiffnesses of structured-core
composite panels and used these to represent the panels as equivalent anisotropic finite element
plates.!®?° Composite structured-core structures were considered by a number of investigators for
integrated space-vehicle thermal protection systems,?*?223 and for purgeable cryogenic tank
structure.?* Recently, Boorle and Mallick explored the influences of geometric parameters and
laminate stacking sequence on the equivalent plate properties of fluted-core-type sandwich
composite plates.?2® In 2015, Dayyani, et al. provided a fairly extensive review of composite
structured-core sandwich shells with application to morphing structures.?’ Others, such as Zangani,
et al., Bednarcyck, et al., and Tumino, et al., have investigated foam-filled structured-core
composite sandwich panels.28:29:30
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Figure 1. Cross section of a fluted-core composite panel.

Though composite fluted-core and structured-cores have been studied for many years, recent
manufacturing improvements have made their implementation more practical. Studies have
indicated that fluted-core has several manufacturing and in-service benefits over traditional
honeycomb core for sandwich composites.* Recently, a fluted-core sandwich design was used in
the construction of a 5.5-m-diameter composite cryotank built by The Boeing Company and tested
by NASA.33 Additionally, the Boeing Company produced and provided to NASA a 4-m-
diameter fluted-core barrel designed as a shell-buckling test article for the NASA Shell Buckling
Knockdown Factor (SBKF) project.® It was in the process of designing, analyzing, and testing
related to this 4-m test article that the observations and testing that are discussed in this report were
made.

The fluted-core sandwich concept has perceived advantages and is being used in developmental
launch vehicle structures, so an improved understanding of the structural response of fluted-core
sandwich composites is needed before they can gain widespread application. For example, when
loaded in compression, and as was observed in metallic structured-core sandwich structures,
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fluted-core sandwich composite panels can locally buckle in the facesheet spans between noodles
or in the webs before material failure occurs,* and the predicted load for this local buckling is
highly dependent on how the noodle at the intersection of the webs and faces is modeled. The
transverse-shear stiffness of fluted-core sandwich composites is typically quite stiff in the direction
of the flutes; however, the effective transverse-shear stiffness is fairly low in the direction
perpendicular to the flutes—what would be the circumferential direction in a cylindrical shell.
Additionally, it has long been known that the transverse-shear stiffness can be important in
determining the global buckling behavior of sandwich cylinders (see, for example, ref. 36).
Because the effective circumferential transverse-shear stiffness is largely influenced by bending
of the facesheets and the webs, and the rigidity of the connection between the facesheets and the
webs, the method of modeling the noodle is also important when trying to predict circumferential
transverse-shear stiffness and global buckling behavior of fluted-core sandwich cylinders.
Preliminary results indicate that properly accounting for transverse-shear compliance may reduce
predicted global cylinder bifurcation-buckling loads by 30% or more when compared to a model
with infinite transverse-shear stiffness.3’

2.2 Fluted-core sandwich composite analysis approaches

It might be tempting to either ignore the noodles or use beam elements to model the noodles
because of the relatively small cross-sectional area of the noodles with respect to the remainder of
the test article. The noodle generally cannot be ignored because the unidirectional material can
provide a significant portion of the stiffness in the direction of the fluted core. Additionally, the
noodle dimensions, though small, are not negligible when compared to the flute dimensions, and
if the noodle is modeled as a beam, the unsupported facesheet dimension between noodles will be
too long and the stiffness of the web-to-face connection will be underpredicted. Thus, a beam-
noodle approach will lead to underpredicted local buckling loads due to the underpredicted
effective transverse-shear stiffness. If a more accurate assessment of performance is desired, the
noodle needs to be accurately represented. One approach, that has been shown to provide excellent
correlation with experimental data, is to represent the faces and webs with shell elements and the
noodle with three-dimensional (3D) solid elements (ref. 4 and Figure 2a). This approach, however,
is very computationally intensive and not practical for large or complicated structures. Therefore,
a more computationally efficient approach that models the faces, webs, and noodles all with shell
elements has been developed and shown to agree well with the solid-noodle approach.3=° In this
report, the results of the more efficient shell-noodle modeling approach of ref. 39 will be compared
with experimental results for several specimen configurations.

In the shell-noodle modeling approach, the entire noodle region (noodle and flute plies) is modeled
using shell elements. As shown in Figure 2b, the cross section of the noodle region is collapsed to
the shape of a “T” made of seven mesh segments in cross section where the leg of the “T”
essentially bisects the original (curved) triangular shape of the noodle and the top of the “T” is
coincident with the facesheet shell elements. In each of the seven mesh segments, coincident shell
elements separately representing the noodle and flute plies are meshed on the same nodes. Each of
these shell elements is defined with a thickness and an offset so there are a total of 14 geometric
parameters to be determined in the noodle region. Because the 45° plies in the noodle overlap in
this shell-noodle approach and are therefore over represented, the thickness of the 45° plies in the
web element closest to the facesheets was added as a fifteenth parameter with the expectation that
this thickness would be reduced to an almost negligible value. Finally, the offsets of the 45° plies
were added as additional parameters. Therefore, a total of 22 parameters were considered to define
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the shell-noodle model. This shell-noodle representation is clearly a simplification of the physical
noodle-region geometry, but it can be imagined that the proper selection of these geometric
parameters will produce predicted structural responses similar to those obtained with the solid-
noodle model. This concept is then used in the shell-noodle modeling approach—specifically, the
geometric parameters in the shell-noodle model are varied in a heuristic way until certain predicted
structural responses match, within chosen tolerances, those of the solid-noodle approach as
described in ref. 39. Once these structural responses match, the shell-noodle model is considered
“mechanically equivalent” to the solid-noodle model. The assumption is then that the shell
properties thus determined can be used to model a much larger, complex structure made with the
same noodle, flute and facesheet geometries, and materials.

Flutes modeled with

shell elements
Facesheets modeled
I with shell elements
|
]

=

Noodles modeled

with solid elements complete mesh
/_—______.

Combined to form

a) Solid-noodle modeling approach.

—_————

T ——

0° plies 1
+45° plies [

Noodle plies Flute plies Combined

b) Shell-noodle modeling approach.
Figure 2. Solid- and shell-noodle modeling approaches.



3.0 Experimental Characterization of Fluted-Core Sandwich Composites and
Comparison with the Numerical Shell-Noodle Models

Three specimen types, which were designed to interrogate different fluted-core sandwich
composite structural responses, were tested. These specimen types were
e Coupon compression specimens to determine the material stiffness and examine the axial
compression and local buckling responses

e Shear specimen to examine the effective transverse-shear behavior
e Curved-panel compression specimen to examine the global bending response

It should be noted that the test and analysis efforts described in this and in previous papers by the
authors*3840 were part of a development effort for fluted-core sandwich composite structures; and
specimens were fabricated using available, but not necessarily the same, material. All specimens
considered herein were manufactured by the Boeing Company as part of a single 4-m-diameter
quarter-cylinder panel with the flute cells aligned with the axial direction. The quarter-cylinder
panel was manufactured from 350°F-cure toughened carbon-epoxy prepreg by placing a prepreg
facesheet on a curved female mandrel, wrapping prepreg around trapezoidal flute mandrels and
arranging those mandrels with pultruded uncured noodles over the prepreg facesheet, and then
applying the second facesheet. This entire assembly was then autoclave co-cured and the flute
mandrels were removed after cure. With the exception of the global cylindrical curvature of the
current test articles, the cross-section was essentially the same as the subscale cross section from
Refs. 4, 38, and 40. That is, the test articles were 0.74 in. thick and the trapezoidal mandrel radii
for the noodles were 0.1 in. The total web layup was [+45/-45/+45/-45]r and the total facesheet
layup (including the plies originally wrapped around the mandrels) was [+45/-45/0/90]s. (Note:
The coordinate systems for describing the layouts use 0° as the long longitudinal test-article
direction, 90° in plane and perpendicular to the 0° direction, and normals as shown by the arrows
in Figure 1b.) It should also be noted that during fabrication, the noodles were oversized by 18%
to help ensure that there were no voids or resin-rich regions associated with the noodle region.

3.1  Coupon Compression Specimens

The compression performance parallel to the flutes is perhaps the most important structural
performance metric because the fluted-core sandwich composite construction is being considered
for cylindrical structures loaded primarily in axial compression. In order to characterize the local
compression response, 11.0-in.-long coupon compression specimens (Figure 3) with five flutes
were fabricated and tested. On each end, 1.5-in.-long fiberglass tabs were bonded on the exterior
surfaces and 1.0 in. at each end was potted in an epoxy grout as shown. These compression
specimens were designed such that they would not exhibit global panel-type buckling under axial
compression loading. In Reference 4, it was shown that as similar specimens were loaded, they
locally buckled in the facesheet wide spans and in the webs. Because these buckles locally
increased the compression strain, failure consistently occurred through the peaks of the buckling
half waves. Therefore, it is important to consider such buckling if one wants to accurately predict
material failure.
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Figure 3. Coupon compression specimen CP-2A.

Two coupon compression specimens were tested as part of the current effort. These test articles
were designated CP2-A and CP2-B and were cut from a larger previously tested panel similar to
the curved-panel compression specimen discussed in Section 3.3. Axial strain gages were applied
to both the outer mold line (OML) and inner mold line (IML) 1.0 in. above the bottom fiberglass
tabs centered in flutes 1 and 5 (Figure 3b), and a black-and-white speckle pattern was painted on
the specimen for full-field displacement measurements using three-dimensional digital image
correlation (DIC) techniques.*

The global stiffness responses of the two coupon compression specimens can be examined by
plotting the compressive load versus the average strain from the four axial strain gages (Figure 4).
In this figure, the red curve represents specimen CP2-A and the blue curve represents CP2-B. As
indicated by the termination of these curves, specimen CP2-A failed at a load of 38,597 Ib and
specimen CP2-B failed at a load of 41,948 1b (9% higher). Despite this difference in failure load,
the prefailure load-versus-strain responses of the two specimens were nearly identical. These
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responses were initially linear, but showed increasing nonlinearity at loads over 35,000 Ib. This
nonlinearity is shown in Figure 4 as an apparent stiffening, but is really an indication of local
buckling in the wide spans of flute faces. The local buckling can be seen at its most fully developed
stage by looking at the radial displacement contours at the peak failure load (Figure 5 for CP2-A
and Figure 6 for CP2-B). In these figures, it is shown that local buckling developed in each of the
wide spans (flutes 1, 3, and 5 on the OML and flutes 2 and 4 on the IML) at the ends of the
specimen. In each case, these buckles initiated with an inward dimple moving toward the
midsurface in the specimen just past the tabs. As the load increased, additional buckles developed
along the length of the flute wide spans.

45,000
40,000
35,000 -
230,000
- 25,000 -
3
20,000
15,000 -
10,000 —CP2-A, average

5.000 - —CP2-B, gverage
0 - -FEA, adjusted average
0 1,000 2,000 3,000 4,000 5,000 6,000
Axial compressive strain (ue)

Figure 4. Load versus strain plots for coupon compression test and analysis.
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Figure 5. Radial displacement contours of coupon compression specimen CP2-A at the peak
failure load (38,597 Ib for test and 38,842 Ib for analysis).
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Figure 6. Radial displacement contours of coupon compression specimen CP2-B at the peak
failure load (41,948 Ib for test and 41,898 Ib for analysis).
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The finite element model (FEM) created to analyze the compression response of these coupon
specimens is shown in Figure 7, had 38,720 elements, 15,488 nodes, and 92,928 degrees of
freedom (DOF). This model and the other models discussed in this document were created with
the finite element pre- and post-processing software Patran®*? and analyzed with the general-
purpose finite element software Abaqus.*® As discussed in ref. 39, the shell-noodle coupon
compression model was developed and tuned by comparing the structural responses with a more
computationally intensive 3D solid model of the noodle, herein termed the solid-noodle model.
With both the solid- and shell-noodle models, the noodle fiber-direction stiffness was increased by
18% to account for the extra material placed in that region during fabrication. The shell-noodle
parameters developed in ref. 39 are given in Table 1.

Figure 7. Finite element mesh for coupon compression specimens.

Because of the developmental aspect of this effort, material properties for the material were not
well known so material properties for another well-known intermediate modulus carbon-epoxy
system were used in initial analyses (Table 2). The fiberglass tabs were assumed to be isotropic
with a Young’s Modulus of 2.7 x 10° psi and Poisson’s Ratio of 0.3. When compared with the
experimental stiffness data shown in Figure 4, the finite element analysis (FEA) predicted response
was too soft. Therefore, all terms of the carbon-epoxy stiffnesses used in the analysis were
increased by 4% to match the linear portion of the experimental data, and these stiffnesses were
used to generate the analysis results discussed in this report. The load versus average strain curve
for the FEA with the adjusted material properties is shown in Figure 4. (Throughout this report,
the test results are given by solid lines and the FEA results are given by dashed lines.) As with the
test data, the FEA response shows nonlinearity increasing after 35,000 Ib, but more nonlinearity
was seen during the tests. As mentioned earlier, this nonlinearity is due to local buckling under the
strain gages. The FEA did not consider material failure, but the radial displacement contour plots
for the FEA at loads similar to the test articles are shown in Figure 5 and Figure 6. The FEA was
able to qualitatively capture the displacement response of the test articles in that local buckling
was represented with inward dimples near the tabs in each of the long spans and that the local
buckling became more pronounced along the length of the long spans as the load was increased.
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This increase in the local buckling can be seen by observing that the pattern is more developed in
the higher-loaded Figure 6 sample CP2-B than it is in the Figure 5 sample CP2-A. Though not
shown, these local buckling patterns are predicted to be fully developed with essentially equal-
amplitude buckles distributed evenly along each flute long span by a load of 48,000 Ib. To
quantitatively compare the FEA results with the tests, radial displacement traces are plotted in
Figure 8 and Figure 9 for DIC data extracted from the specimen faces at the locations indicated by
the vertical lines in Figure 5 and Figure 6, that is, for data extracted along the center of flutes 1
and 3 on the OML and along flutes 2 and 4 on the IML. (It should be noted that both the OML and
IML test data in Figure 8 were shifted 0.009 in. in the radial outward direction in an attempt to
remove rigid body motion in the test that could not have been anticipated in the FEA.) It is
generally observed that the magnitude of the radial deformations and local buckling response of
midsection were predicted well with the FEA, but the total amplitude was underpredicted. In
particular, the radial deformation magnitudes near the tabs were significantly underpredicted,
particularly on the OML side. This general underprediction may indicate that the method of
modeling the tab was too stiff. A too-stiff tab could also account for the local buckling in the
predictions seeming to develop at higher loads than was seen in test. Despite the differences, the
radial displacement traces indicate that with increasing load a total of nine half waves were
developing in each of the flute long spans for both test and FEA.

Table 1. Shell-noodle parameters used in FEAS.

Segment
Property F1 F2 F3 F4 W1 W2 W3
Noodle ply thickness (in.) |0.00601 |0.01226|0.01226 |0.00601 | 0.07500 |0.04700|0.00200
Noodle shell fractional offset | 0.9900 | 1.2500 | 1.2500 | 0.9000 | 0.0600 | 0.0268 | 0.3000
Flute ply thickness (in.)  |0.00560 |0.00560 |0.00560 |0.00560 | 0.00450 |0.00560 | 0.00560
Flute shell fractional offset | 2.4000 | 2.3380 | 2.3380 | 2.4000 | 6.0000 | 3.5000 | 0.6580

Segment locations:
F1 F2 F3 F4

w1
w2
w3

Table 2. Carbon/epoxy properties used in FEAS.

Property Baseline Tape Updated Tape | Baseline Pultruded | Updated Pultruded
E11 (compression) 2.12E+7 psi 2.2048E+7 psi 2.12E+7 psi 2.6017E+7 psi
E2 (compression) 1.82E+6 psi 1.8928E+6 psi 1.82E+6 psi 1.8928E+6 psi
Es; (compression) 1.35E+6 psi 1.4040E+6 psi 1.82E+6 psi 1.8928E+6 psi
E11 (tension) 2.35E+7 psi 2.4440E+7 psi
E2 (tension) 1.67E+6 psi 1.7368E+6 psi
Ess (tension) 1.35E+6 psi 1.4040E+6 psi
V12 0.311 0.311 0.311 0.311
Vi3 0.311 0.311 0.311 0.311
V23 0.500 0.500 0.500 0.311
G2 7.30E+5 psi 7.5920E+5 psi 7.30E+5 psi 7.5920E+5 psi
Gus 6.40E+5 psi 6.6560E+5 psi 6.40E+5 psi 6.6560E +5 psi
Gas 3.30E+5 psi 3.4320E+5 psi 6.40E+5 psi 6.6560E +5 psi
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Figure 8. Radial displacement traces for coupon compression specimen CP-2A at the peak failure
load (38,597 Ib for test and 38,842 Ib for analysis).
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Figure 9. Radial displacement traces for coupon compression specimen CP-2B at the peak failure

load (41,948 Ib for test and 41,898 Ib for analysis).
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3.2  Transverse-Shear Specimens

As discussed in Section 1.0, the effective transverse-shear stiffness of a sandwich cylinder can
significantly affect the global cylinder buckling performance. In the case of the fluted-core
sandwich construction, the effective transverse-shear stiffnesses are very different in the directions
parallel and perpendicular to the flutes. Parallel to the flutes, the transverse-shear stiffness is
primarily a function of the in-plane shear stiffness of the webs and is therefore relatively high in
most cases. However, perpendicular to the flutes, the effective transverse-shear stiffness is a
function of the bending stiffness of the webs and facesheets, and the rigidity of the web-to-
facesheet connection. Thus, the effective transverse-shear stiffness can be relatively low
perpendicular to the flutes. Since this perpendicular transverse-shear stiffness is important to
characterize, an experimental effort to characterize this property was undertaken. This effort was
based on American Society for Testing and Materials (ASTM) C 273, the Standard Test Method
for Shear Properties of Sandwich Core Materials.** In the C 273 process, a traditional-core material
like honeycomb or foam is bonded between relatively rigid steel plates that are attached to hinged
grips. As the grips are pulled apart, the core undergoes primarily transverse-shear loading. In
fluted-core sandwich composites, the deformation of the facesheets adds to the transverse-shear
compliance, so the rigid plates could not be used when trying to determine transverse-shear
behavior. Since only curved specimens were available for this study, most of the facesheets were
left uncovered and short metal tabs were bonded to the facesheets to introduce the load as shown
in Figure 10. These metal plates were custom fabricated to fitan ASTM C 273 hinged fixture. The
specimens were 3.0 in. wide and approximately 7 in. long and the hinge pins were 12.53 in. apart.
During loading, the deformation was monitored with displacement transducers to measure relative
grip position, and with DIC to measure the full-field displacements of the grips, both facesheets,
and the edges of the facesheets and webs. Therefore, it was recognized that the specimen design
would not directly measure the effective transverse-shear stiffness. However, with this setup a
specimen undergoes primarily transverse-shear loading, so the data may be used to verify that
FEMs accurately capture the transverse-shear behavior.

The FEM (Figure 11) used the same cross-sectional parameters, geometry, and adjusted material
properties as the coupon compression FEM discussed in Section 3.1, given in Table 2, and as more
fully described in ref. 39. The FEM had 16,649 shell elements, 8189 nodes, and 47,729 DOF.
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Figure 10. Transverse-shear test setup.
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Figure 11. Transverse-shear FEM.

During testing, the bottom fixture with the load cell is held essentially fixed and the load is applied
by moving the upper fixture up. The goal with the transverse-shear test was to interrogate the
stiffness rather than the strength, so the specimen was loaded to the safe load of 600 Ib, then
unloaded. When the test was repeated, it was found that there was a hysteretic compliance
somewhere in the load train, and the machine and value of the displacement-transducer
displacements were not repeatable. Therefore, the specimen was cycled several times in an attempt
to reduce this variability. Only the results from the last loading cycle are reported here and the y-
direction displacements are measured from points directly on the specimen itself. The benefit of
measuring the motion points on the specimen itself is that it removes any load-train compliance or
slippage that is inevitable with bolted or pinned connections. In this study, the motion of two pairs
of noodles was used to characterize the overall specimen stiffness. In particular, the relative y-
direction (vertical) displacements of the noodles labeled P2 and P11, and P3 and P10 in Figure 10
were used. The relative experimental y-displacements measured with DIC for these two pairs (P11
minus P2 and P10 minus P3) are shown in Figure 12 with the P11-P2 displacement shown as the
solid blue curve and the P10-P3 displacement shown as the solid red curve. It is seen that the P11-
P2 displacement has a positive slope and the P10-P3 displacement has a negative slope. More
loading and unloading hysteresis is seen in the experimental P10-P3 displacement than is seen in
P11-P2 displacement. The predicted relative displacements are shown as the dashed blue and red
curves for the P11-P2 displacement and the P10-P3 displacement, respectively. Though the
experimental and predicted displacements were quite similar, based on the displacements at 600 Ib,
the predicted P11-P2 response was 9% less stiff than the experimental response and the predicted
P10-P3 response was 10% more stiff than the experimental response. Because these predictions
were similarly softer and stiffer than the test, the average predicted stiffness was well within 1%.
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Figure 12. Load versus y-direction displacement for the transverse-shear test.

Because much of the effective transverse-shear compliance is due to bending of the facesheets, it
is important to also compare measured and predicted x-direction displacements to verify that the
correct response is being captured in the analysis. The measured and predicted OML and IML x-
direction (as defined in Figure 10) displacements are shown in a qualitative way by the contour
plots in Figure 13 at a load of 600 Ib. It is seen that the responses are fairly uniform across the
width of the specimen, but it is difficult to compare the displacements even if the values are given
in the scales. Instead, the midwidth x-direction displacement traces (along the red and blue lines
in Figure 13) are shown for two different load levels in Figure 14. In particular, the OML and IML
displacements plotted versus the y-direction position for loads about 300 Ib and 600 Ib are shown
in Figure 14. To account for rigid-body motion that appeared to occur during test, the x-direction
displacement for both the OML and IML was shifted by —0.045 in. for the 300-1b load and by
—0.052 in. for the 600-1b load. With these shifts in the experimental results, the number, location,
and amplitude of the waves in the x-direction displacements are very similar between the test and
the FEA predictions.
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Figure 13. Displacement (x-direction) contour plots for the transverse-shear test at the peak for a
load of 600 Ib.
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3.3  Panel Compression Specimens

The final test that was part of this study was an axial compression test of the curved panel, CP-1,
shown in Figure 15. This specimen was loaded in displacement control and was designed to buckle
out of plane prior to material failure so that the ability of the finite element approach to accurately
predict bending behavior could be assessed. The specimen was approximately 54 in. long in the
axial direction and about 32 in. wide in the circumferential direction. As shown in Figure 15b, the
specimen cross section consisted of 31 flutes. Eight-ply 9.5-in.-long padups were secondarily
bonded to the OML and IML at both ends. For the first 6.5 in. near the ends of the panel, the padup
had a quasi-isotropic [45/—45/0/90/90/0/-45/45] layup. The outer [90/0] plies were terminated at
6.5 in. from the ends, the remaining [0/90] plies were terminated at 7.5 in., the inner [45/-45] plies
were terminated at 8.5 in., and the final [-45/45] plies were terminated at 9.5 in. from the ends.
The specimen ends were potted in slotted 8-in.-wide, 36-in.-long, and 1.0-in.-thick aluminum
plates with an epoxy grout. Finally, the ends were machined flat.

Aluminum frame “ L — R

Specimen Padups

BR&T
_
a) OML side view.

Epoxy potting

Lab

Flute 31

/ Flute 16 / Flute 1

Aluminum frame Specimen

b) Top cross-sectional view.
Figure 15. Panel compression test specimen CP-1.
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The panel FEM, shown in Figure 16, used the same cross-sectional parameters and adjusted
material properties as the coupon compression FEM given in Table 1 and Table 2. The padups
were included in the model by incorporating the additional plies into the existing element
properties, so no additional elements or DOF were required. The FEM had 878,618 shell elements,
349,872 nodes, and 2,099,232 DOF.

a) Perspective view of full model (element edges removed).

b) Detail of right-front corner (showing the element edges).

Figure 16. Panel compression FEM.

The load-displacement response of the curved-panel under axial compression is shown in Figure
17. It is seen that the initial response was essentially linear until near the peak load of 121,700 Ib
where buckling occurs. As the compression displacement was increased, the buckling continued
and the load decreased until material failure occurred at a load of 117,000 Ib and about 0.16 in. of
axial displacement. It is seen that the predicted load-displacement response is very similar to the
test. The initial linear stiffnesses matched well and the predicted peak load was 121,400 Ib and
within 1% of the measured peak load. The largest difference between the test and predicted load-
displacement responses appears to be the post-buckled slope. It should be noted that failure was
not part of the prediction; in the figure, the analysis response was terminated at an axial
displacement similar to that of the experimental failure.
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Figure 17. Load versus axial displacement for curved-panel compression specimen CP-1.

To properly validate the finite element approach, it was important to look at the compression
response in more detail in addition to the load-displacement curves and peak loads. Therefore, the
OML and IML radial-displacement contours near the failure load are shown in Figure 18. The
primary radial-displacement response is a global outward deformation of both free edges and the
character of this response is very similar between the test and prediction. Also, the qualitative
OML and IML responses appear very similar because the panel was designed to undergo global
panel buckling. To quantitatively compare the deformations, radial displacement traces along
flutes 1, 16, and 31 (Figure 15) are plotted in Figure 19 in blue, red, and green, respectively. (Note
that the breaks in the experimental curves are locations where other instrumentation was placed
and DIC measurements could not be made.) Considering the test and predictions separately, the
maximum flute-16 (midwidth) OML and IML displacements were equal to two significant digits.
Specifically, the measured maximum flute-16 IML and OML displacements were 0.47 in.; the
predicted maximum flute-16 IML and OML displacements were 0.52 in., which is 11% higher
than the test. For the radial displacements in the edge flutes (flutes 1 and 31), the predicted
maximum displacements are also greater than the measured displacements. Considering the
average of the flute 1 and flute 31 maximum radial displacements, the predicted displacements are
12% greater than the measured on the OML and 14% greater on the IML. Part of the reason that
the predicted displacements are consistently higher than the measured displacements may be that
the predicted displacements were taken at a load nearly 2000 Ib greater than the failure load
because that was the solution increment nearest the failure load and the radial displacement in this
postbuckled range are highly sensitive to load. Perhaps the most interesting response highlighted
by Figure 19 is on the IML in flutes 1 and 31 near the midlength. In this area, it is seen that the
displacement traces have a distinct waviness that indicates local face buckling. This local buckling
is observed in both the test and the prediction, and the wavelength, amplitudes, and number of half
waves are similar in the test and analysis. The fact that this local buckling response on top of the
global panel buckling is captured well by the finite element modeling gives confidence that the
modeling approach is capable of predicting either global or local responses.
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Figure 18. Radial displacement contour plots for the panel compression test at the failure load
(117,091 Ib for test and 118,938 Ib for analysis).
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Figure 19. Radial displacement traces for the panel compression test at the failure load
(117,091 Ib for test and 118,938 Ib for analysis).
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4.0 Concluding Remarks

The use of composite structures for launch vehicle primary structures continues to increase, so it
IS important to have a good understanding of potential structural responses and to have design and
analysis methods capable of capturing these structural responses for any considered structural
concept. In this report, a series of structural tests designed specifically to elicit different structural
responses—axial compression including local buckling, transverse-shear deformation, and global
panel buckling—on fluted-core sandwich composite test articles are detailed and the results are
compared with a previously developed FEA approach. After adjusting the material properties used
in the analysis to match the stiffness response of the axial compression specimens, the measured
and predicted results correlate very well, both in the character of the response and quantitatively.
This agreement provides confidence that the developed finite element approach is capable of
predicting some of the most important structural responses that this class of fluted-core composite
structure are expected to see in launch vehicle applications.
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