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Abstract

The results of an experimental and analytical investi-
gation of the crippling strength of carbon-rod rein-
forced specimens are presented.  One-Edge-Free and
No-Edge-Free crippling specimens with width-to-
thickness ratios of 6.8 to 27 and 12.6 to 45, respec-
tively, are investigated.  Empirical crippling strength
design curves have been developed for carbon-rod rein-
forced One-Edge-Free and No-Edge-Free crippling
specimens.  The carbon-rod reinforced crippling
strength data are compared to carbon-tape crippling
strength data.  The carbon-tape preliminary laminate
design curves recommended by MIL-HDBK-17E pro-
vide a conservative design for the One-Edge-Free
structural elements and an acceptable design for the
No-Edge-Free structural elements.  Results of a nonlin-
ear finite element analysis conducted for each configu-
ration are presented.

Introduction

The use of prefabricated pultruded carbon-epoxy rods
has reduced the manufacturing complexity and cost of
composite structures without decreasing structural effi-
ciency. This concept of replacing conventional unidi-
rectional carbon fibers with carbon-epoxy rods embed-
ded in a syntactic adhesive minimizes fiber waviness
and increases laminate stiffness and strength.  The pio-
neering research and development work for carbon-rod
reinforced composite structures was done by Bell Heli-
copter, NASA, and the Air Force and is outlined in
references 1-9.  The crippling strength of structural
elements with pultruded carbon-epoxy rods has not
been investigated in references 1-9.  The main objec-
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tive of the present study is to generate empirical rela-
tions for crippling strength curves that can be used in
the design of carbon-rod crippling elements.  The sec-
ondary objectives of the study are to determine if car-
bon-tape crippling strength curves could be used for the
design of carbon-rod-reinforced elements, and to predict
the geometric nonlinear behavior of the carbon-rod
crippling elements.

Symbols

b Test element width, inches.
t Test element thickness, inches.
Ex Longitudinal modulus of laminate, psi.
Ey Transverse modulus of laminate, psi.

E Effective modulus, psi.
Fcc Crippling strength, psi.
Fcu Laminate ultimate strength, psi.
Pcr Buckling load, lbs.
Pmax Failure load, lbs.

Specimens

Test specimens for One-Edge-Free (OEF) and No-Edge-
Free (NEF) element configurations were designed by
Bell Helicopter, Textron using equal-flange-thickness
tape crippling strength curves, such as those found in
MIL-HDBK-17E, Volume 3, Figures 4.7.2.4(a) and (b)
(reference 10), despite the significant differences in the
flange thicknesses.  In addition to sizing the specimen
width-to-thickness (b/t) ratios to yield a range of data
without other global buckling or crushing failure modes,
a predicted maximum failure load, Pmax, also resulted
from this design process and is included in table 1.  The
resulting specimen configurations are shown in figure
1a for the OEF specimens and in figure 1b for the NEF
specimens.  Each test specimen has two test elements
and each element is a laminate of +45° carbon-epoxy
tape (Hexcel IM7/8552, grade 190) and two layers of
pultruded carbon-epoxy rods (Neptco 0.067-inch-
diameter IM7 rods) embedded in a syntactic adhesive
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Table 1.  Summary of  buckling and failure loads.

Specimen
typea

b/t Predicted
buckling
load, kips

Predicted
number of
half-waves,

modes 1 and 2

Predicted
failure
load,
kips

Experimental
buckling load,

kips

Failure
load,
kips

OEF 6.8 29.7 1 43.8 29.5 31.1
OEF 12.6 27.8 1 49.8 26.0 37.7
OEF 19.4 31.2 1 54.1 28.5 51.0
OEF 27.0 37.5 1 57.7 32.0 58.3

NEF 12.6 78.2  c 75.0 NBb 65.8
NEF 19.4 85.2 3 81.4 84.1 84.5
NEF 27.0 66.6 2 86.7 73.0 79.4
NEF 45.0 49.4 1 95.4 56.0 86.7

a   Specimen type:
OEF – One-Edge-Free
NEF – No-Edges-Free

b  NB - No buckling observed
c  No buckling predicted in elements

(Hysol HC9872) which is sandwiched between the tape
layers.  The carbon-epoxy tape is continued between
each test element of the specimen to support one edge
on the OEF and both edges on the NEF specimens.
The OEF specimen design shown in figure 1a is a
combination of two one-edge-free specimens that are
usually tested to determine the crippling strength.  To
clarify the results later in this paper the test elements
will be identified as element 1 and 2 as shown in figure
1a.  The NEF specimen also has two test elements and
they will be identified as element 1 and 2 as shown in
figure 1b.  All specimens have the same test element
thickness, and the distance between the elements is 2.0
inches.  The width of the test element was varied to
produce specimens with various width-to-thickness
(b/t) ratios.  The element b/t ratios vary from 12.6 to 45
for the NEF specimens and from 6.8 to 27 for the OEF
specimens.  The NEF specimens are 23-inches long
and the OEF specimens are 14-inches long before pot-
ting the ends for testing.  The specimens were fabri-
cated by Bell Helicopter on multi-piece aluminum IML
tools.  The OML surface was bagged and the parts
were autoclave-cured using the appropriate Bell proc-
ess specification.

Test Procedure

All specimens were instrumented with strain gages.
The layout for the strain gages on an OEF specimen
with b/t = 19.6 is shown in figure 2.  The gages on the
other specimens had similar patterns with the number
of gages varying from 12 to 36 depending on the size
of the specimen.  Out-of-plane displacements were
measured by linear variable displacement transducers
(LVDT) located as shown by the open squares in figure
2.  The number of LVDT’s varies with the specimen
size.  One surface (element 2) of each specimen was
painted white to be used with a moiré interferometry
technique.  Out-of-plane displacements on element 1
were determined with the LVDT’s.

All specimen tests were performed at room temperature
in the as-fabricated condition.  The specimens were
placed between the platens of a hydraulic test machine
and loaded in compression at a rate of 3,000 lbs./min.
for the OEF specimens and a rate of 5,000 lbs./min. for
the NEF specimens.  A video camera and a still camera
recorded the changes in the moiré fringe pattern during
the tests.  The load, strain, out-of-plane and head dis-
placements were recorded with a computer-controlled
data acquisition system for each test.
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Figure 1. - Crippling test specimens.

Analysis

A finite element analysis was conducted for each
design configuration (i.e., each test element b/t ratio)
using the STAGS nonlinear structural analysis code
(reference 11) to determine the initial linear buckling
load and geometrically nonlinear responses.  STAGS

Figure 2. - Location of instrumentation used on
OEF specimen, b/t =19.6.

is a finite element code for the general-purpose analy-
sis of shell structures of arbitrary shape and complex-
ity.  A 9-node quadrilateral shell element, STAGS ele-
ment 480, was used in the analysis.  The number of
elements for each specimen was varied according to
specimen size to give approximately the same size
element for all of the analyses.  A finite element model
for an OEF specimen with b/t = 19.4 is shown in figure
3.  The group of elements that represent elements 1 and
2 in the test specimens are also identified as elements 1
and 2 in figure 3.  The predicted first four buckling
mode shapes and critical loads for the OEF specimen
are shown in figure 4.  The elements 1 and 2 buckle
into a single half-wave for the first two modes, with
elements 1 and 2 deflecting in opposite directions for
the first mode and the elements deflect in the same di-
rection for the second mode.  Only 26 pounds separate
the critical loads for the first and second modes.  The
elements buckle into two half-waves for third and
fourth modes.  The elements deflect in the same direc-
tion for the third mode while the elements deflect in
opposite directions for fourth mode.  The predicted
mode shapes for all OEF specimens was a single half-
wave for the first two modes and two half-waves for
the third and fourth modes.
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Figure 3. - Finite element model of OEF
specimen, b/t = 19.6.

A finite element model for a NEF specimen with a b/t
= 45 is shown figure 5.  The predicted first four buck-
ling mode shapes and critical loads for the NEF speci-
men are shown in figure 6.  Only one-half of the
specimen width is shown in figure 6 to help illustrate
the mode shapes.  Elements 1 and 2 buckle into a sin-
gle half-wave for the first and second modes and into
two half-waves for the third and fourth modes, with the
only difference between the first and second modes or
the third or fourth modes is in the direction of their
deflection.  The analysis of the NEF specimen with b/t
= 12.6 predicted only local buckling in the shorter ±45°
web between elements 1 and 2, near the potted ends.
The analysis of the NEF specimen with b/t = 19.4 pre-
dicted three half-waves for the first and second modes
and four half-waves for the third and fourth mode.
Analysis of the NEF specimen with b/t = 27 predicted
two half-waves for the first and second modes and
three half-waves for the third and fourth modes.  A
summary of the initial buckling load predictions and
number of half-waves for the first and second modes
for all specimens are shown in table 1.  The STAGS
code was also used to perform a nonlinear analysis of
each specimen configuration and selected results are
shown with the corresponding experimental results in
subsequent figures.

Figure 4. - Predicted mode shapes and
critical loads for OEF specimen, b/t
= 19.6.

Figure 5. - Finite element model of NEF
specimen, b/t = 45.
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Figure 6. - Predicted mode shapes and
critical loads for NEF specimen, b/t
= 45.

Results and Discussion

One-Edge-Free specimens

Selected experimental results and nonlinear analysis
results for OEF specimens are shown in figures 7
through 10.  The experimental response and predicted
analytical end-shortening response for all OEF speci-
mens are shown in figure 7.  Good agreement is shown
between the predicted response from the nonlinear
analysis and the experimental results.  Results from
back-to-back strain gages at the mid-length of the
specimen, near the free edge of the elements 1 and 2 of
an OEF specimen (b/t = 19.4) are shown in figure 8.
The elements buckle at a load of 28.5 kips which com-
pares well with the predicted buckling load of 31.2 kips
(see table 1).  The specimen continues to support load

Figure 7. - Specimen end-shortening as
function of the load for all OEF
specimens.

Figure 8. - OEF strain gages results on free
edge, b/t = 19.6.

up to failure at 51.0 kips.  Both elements show identi-
cal responses.  The out-of-plane displacement at the
same location as the strain gages is shown in figure 9.
The predicted out-of-plane displacement is also shown
in figure 9 and compares well with the experimental
results.  A summary of the results for all OEF speci-
mens is given in table 1 and in the bar chart shown in
figure 10.  Comparison of columns 3 and column 6 in
table 1 or the first two bars for each b/t ratio in figure
10 indicates that the OEF specimens buckled at
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Figure 9. - Out-of-plane displacement at
center of element 1.

85 percent to 99 percent of the predicted buckling
loads.  The OEF specimen with b/t = 6.8 failed at ap-
proximately 6 kips after observed buckling and did not
exhibit any noticeable out-of-plane deflections before
failure.  Specimens with b/t = 12.6, 19.4, and 27 fol-
lowed the same trend of buckling into a single half-
wave, then supported load into the post-buckling load
range.  All OEF specimens indicated good comparison
between the predicted displacement response and ex-
perimental results.  Comparison of columns 5 and col-
umn 7 in Table 1 or the third and fourth bars for each
b/t ratio in figure 10 indicates that the failure loads
were 71 percent to 101 percent of the predicted failure
loads.

Figure 10. - Summary of buckling loads, and
failure loads for OEF specimens.

The ratio of the crippling strength to the laminate ulti-
mate strength for the OEF carbon-rod reinforced
specimens are compared in figure 11 with the MIL-
HDBK-17E (reference 10) recommended preliminary
design curves (figure 4.7.2(h)) for the [+45/0n/+45]
carbon-tape laminates.  The strength ratios for the OEF
specimens (figure 11) are 18 percent to 50 percent
above the predicted ratios from the MIL-HDBK-17E
preliminary design curves.  These results suggest that
using the carbon-tape preliminary design curves for the
design of carbon-rod reinforced structure would pro-
duce conservative designs for the OEF elements.

Figure 11. - Comparison of experimental data
to MIL-17-HDBK preliminary design
curves.

Typical failure modes for OEF specimens are shown in
the figure 12.  All OEF specimens delaminated along
the free edge through the +45° ply between the layers
of rods. The layer of rods on the compression side of
the OEF specimens with b/t = 12.6 and 19.4 failed
across the width of one element of each specimen.  All
specimens exhibited some failures in the corner radius
locations where the elements transitioned to the +45°
tape laminate webs that support the flanges.
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Figure 12. - Typical failure modes for OEF
specimens.

The crippling strength of elements is usually deter-
mined from non-dimensional crippling strength curves.
Different normalization techniques have been sug-
gested for composite structures than those used for
metallic structures.  The non-dimensional parameters
suggested by MIL-HDBK-17E for normalization of the
data are as follows:
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modulus accounting for the stacking sequence.  The
experimental results for the OEF specimens have been
normalized by the above parameters, and are shown in
figure 13.  A curve is fitted through the data and the
values of the curve fit parameters are shown in figure
13.  These curves can be used to design the OEF car-
bon-rod reinforced structural elements.  Test results of
OEF specimens of graphite-thermoset and graphite-
thermoplastic tape systems normalized by the same
parameters are shown in MIL-HDBK-17E, figure

4.7.2.4(a) and are also shown in figure 13 for compari-
son.  The tape data from MIL-HDBK-17E falls above
the carbon-rod data for low b/t ratios and below the
carbon-rod data for high b/t ratios.

Figure 13. - Design curve for One-Edge-Free
elements.

No-Edge -Free specimens

The experimental end-shortening responses for all NEF
specimens are shown in figure 14.  Also included in
figure 14 is the predicted response from a STAGS
nonlinear analysis of each configuration. Good agree-
ment is shown between the response predicted by the
nonlinear analysis and the experimental results.  A
summary of the results for all NEF specimens is shown
in table 1 and in the bar chart shown in figure 15.  Each
NEF specimen will be evaluated individually in the
following paragraphs.

The NEF specimen with a b/t = 12.6 failed at
approximately at 88 percent of the predicted failure
load (table 1) and 84 percent of the predicted buckling
load.  The strain gage response was linear to failure.
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Figure 14. - Specimen end-shortening as a function
of load for all NEF specimens

Figure 15. - Summary of buckling loads and failure
loads for NEF specimens.

The NEF specimen with a b/t =19.4 buckled into three
half-waves as shown by the moiré fringe pattern in
figure 16a at 99 percent of the predicted buckling load.
The final deformed shape as determined from the strain
gages and the LVDT’s is shown in figure 16b.  Only
half of the specimen width is shown in figure 16b to
help illustrate the deformed shape.  This deformed
shape is similar to the predicted shape for the second
mode (see figure 17) except each element deflects in
the opposite direction from the predicted direction.
The failure load is 104 percent of the predicted failure
load (figure 15).

Figure 16. - Deformed shape of NEF specimen
with b/t = 19.4.

Figure 17. - Predicted mode shape for NEF
specimen with b/t = 19.4.

The NEF specimen with b/t = 27 buckled at 73.2 kips
which is 110 percent of the predicted buckling load
(see figure 15).  The specimen buckled into two half-
waves as shown by the moiré fringe pattern in figure
18a. The final deformed shape as determined from the
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strain gages and the LVDT’s is shown in figure 18b.
This deformed shape compares well with the predicted
shape for the first mode shown in figure 19.  The out-
of-plane displacement response is shown in figure 20
for three locations on element 1.  As shown in figure
20, very little out-of-plane deflection is indicated until
the bifurcation point where the top and bottom loca-
tions (filled triangle and filled circle) deflect in oppo-
site directions and the mid-length location shows very
little deflection.  The predicted out-of-plane response is
also shown in figure 20 for the same three points.  The
failure load (figure 15) is 92 percent of the predicted
failure load

Figure 18. - Deformed shape for NEF specimen
with b/t = 27.

The NEF specimen with b/t = 45 buckled into a single
half-wave at 56 kips which is 113 percent of the pre-
dicted buckling load (figure 15).  A small load relaxa-
tion in the end-shortening curve (figure 14) at ap-
proximately 70 kips of load for the NEF specimen with
b/t = 45 results from a mode change in one element as
can be observed in the following figures.  The change
in mode shape from a single half-wave to two half-
waves is shown in figure 21b and the strain reversal in
the axial strain gages on element 1 occurs at approxi-
mately 70 kips of load level.  The strain gages on ele-
ment 2 of the specimen are shown in figure 21a and do
not indicate a mode change, but do indicate a small
perturbation in the strain at the 70 kip load.  The mode
change is also shown in figure 22, where the out-of-
plane displacement noted by the filled circle and filled
square change from a positive displacement to a nega-
tive displacement, and the displacement noted by the

filled triangle increases in the positive direction.  The
video recording of the moiré fringe pattern did not in-
dicate a change in the mode of element 2.  The pre-
dicted displacements from a STAGS nonlinear analysis
are also shown in figure 22 and they compare well with
the experimental results up to the mode change.

Figure 19. - Predicted mode shape for NEF
specimen with b/t = 27.

Figure 20. - Out-of-plane displacement for
NEF specimen with b/t = 27.
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Figure 21. - Strain gage results along
centerline of NEF specimen with b/t
= 45.

The ratio of the crippling strength to the laminate ulti-
mate strength for the NEF carbon-rod reinforced
specimens are compared in figure 23 with the MIL-
HDBK-17E (reference 10) recommended preliminary
design curves (figure 4.7.2(f)) for the [+45/0n/+45]
carbon-tape laminates.  The strength ratios for the NEF
specimens (figure 23) compare well with the predicted
strength failure ratios from the preliminary design
curves.  These results suggest that using the carbon-
tape preliminary design curves for the design of car-
bon-rod reinforced structure would give a very good
approximation for the design of NEF elements.

Figure 22. - Out-of-plane displacements on
centerline of NEF specimen with b/t
= 45.

Figure 23. - Comparison of experimental
results to MIL-HDBK-17 preliminary
design curves.
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Figure 24. - Typical failure modes for NEF
specimens.

Typical failure modes for the NEF specimens are
shown in figure 24.  All NEF specimens exhibited
some failures in the corner radius location where the
elements transitioned to the ± 45° tape laminate webs
that support the elements.  The NEF specimen with a
b/t = 12.6 failed at the potted end of element 2 and ap-
proximately 4 inches from the potting on the end of
element 1.  The thickness of the elements of this
specimen (b/t = 12.6) were thinner than the other
specimens.  The thickness varied from 0.205 in. adja-
cent to the failures, to a thickness of 0.213 in. at the
opposite ends.  The thickness of the other specimens
varied from 0.220 in. to 0.222 in. for OEF and NEF
specimens.  Element 1 in the NEF specimen with a b/t
= 19.4 failed at the specimen mid-length and element 2
delaminated at mid-length and the delamination ex-
tended to approximately the quarter points.  Both ele-
ments of the NEF specimen with a b/t = 27 delami-
nated through the +45° plies between the rod layers
from the mid-length point to the bottom end (as tested).
The NEF specimen with b/t = 45 delaminated through

the +45° plies between the carbon-rod layers at the
bottom end (as tested) on both elements and extended
for approximately 4 inches along the length of the
specimen.   A one-inch-wide delamination exists in
element 1 through the +45° plies between the carbon-
rod layers at approximately mid-length and extends 1
inch above and 4 inches below the mid-point.

The experimental results for the NEF specimens have
been normalized by the more detailed non-dimensional
crippling parameters presented in the previous section,
and are shown in figure 25 for the NEF specimens.  A
curve is fitted through the data and the values of the
curve fit parameters are shown in figure 25.  These
curves can be used to design the NEF carbon-rod rein-
forced structural elements.  Test results of NEF speci-
mens of graphite-thermoset and graphite-thermoplastic
tape systems normalized to the same parameters are
shown in MIL-HDBK-17E, figure 4.7.2.4(b) and are
also shown in figure 25 for comparison.  The tape data
from MIL-HDBK-17E compare well the carbon-rod
data for all b/t ratios.

Figure 25. - Design curves for No-Edge-Free
elements.
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Summary

The experimental results of a study of the crippling
strength of carbon-rod reinforced crippling elements
has been used to develop empirical curves that can be
used for the design of One-Edge-Free and No-Edge-
Free carbon-rod reinforced crippling strength elements.
The results also indicate that the use of carbon-tape
preliminary design crippling strength curves to design
carbon-rod crippling elements would result in a con-
servative design for the One-Edge-Free elements, and a
very good approximation for the No-Edge-Free ele-
ments.  It was shown that the STAGS finite element
analysis accurately predicted the initial buckling loads
and the geometric response after the initial buckling of
the specimen.
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