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A B S T R A C T

Conical-cylindrical shells are common geometries in launch-vehicle structures as stage adapters and payload
adapters, and they are susceptible to buckling due to their large radius-to-thickness ratios. Buckling design
guidance is available but it is limited for conical and cylindrical shells. There is no available buckling design
guidance for conical-cylindrical shells. This paper presents the validation of two finite element models used to
successfully predict the buckling behavior of a composite conical-cylindrical shell with and without reinforce-
ment tested in two separate campaigns. The laminate design for the first test campaign consisted of a quasi-
isotropic layup. For the second test campaign, additional composite plies were applied to reinforce the transi-
tion region of the original laminate. The work presented demonstrates the ability to predict the buckling
behavior of a composite conical-cylindrical shells with two different designs, which may aid in creating buckling
design guidance for conical-cylindrical shells. Additionally, this paper shows that there is no appreciable benefit
to adding reinforcement to the transition region if the intent is to increase the buckling load, due to the fact
reinforcement brings increased buckling imperfection sensitivity to the shell.

1. Introduction

Launch vehicles are comprised of conical and cylindrical shell sec-
tions. The cylindrical shape is a main component of launch vehicles due
to its high strength-to-volume ratio. Conical sections are utilized when
transitioning from different-diameter cylindrical components such as
the transition between first and second stages. Conical structures are
also employed for payload adapters, which are nested within the launch
vehicle. Currently, there are a number of different launch-vehicle
structures that combine the conical and cylindrical shells with a
smooth toroidal transition region to create a unitized conical-cylindrical
shell. An example of a conical-cylindrical structure is the NASA Space
Launch System (SLS) Universal Stage Adapter (USA) [1] that is being
proposed for a future SLS configuration. Other examples include the
Système de Lancement Double Ariane (Sylda) on the Ariane 5, and the
Vega Secondary Payload Adapter [2]. Buckling is one of the possible
failure modes for launch-vehicle structures and consequently is an
important consideration in design. Though conical-cylindrical shells are

currently being used in the aerospace industry, there is no buckling
design guidance like there is for separate conical or cylindrical shell
components. NASA published empirically based buckling knockdown
factors (KDF) in NASA SP-8007 [3] and NASA SP- 8019 [4] for cylin-
drical and conical shells, respectively, that may be used in the design
process, but it is largely accepted that these empirical KDFs are overly
conservative.

The empirically based KDFs are used to account for differences be-
tween test and analysis, which are largely attributable to radial imper-
fections and can be specific to the structural design. The buckling
capability of a shell is related of the imperfection sensitivity, meaning
the greater the imperfection sensitivity the lower the design buckling
load. Researchers have investigated how to design imperfection insen-
sitive shell structures with the goal to increase the design buckling load.
One way to design imperfection insensitive shell structures was by sta-
bilizing the postbuckling response to prevent a large loss in load after an
initial buckling event. Bisagni and Cordisco [5] manufactured and tested
stiffened composite cylinders to assess the performance in the
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postbuckling range. Ning and Pellegrino took a nontraditional approach
by investigating cylinders with wavy cross sections to demonstrate
imperfection insensitive designs [6,7]. Lincoln, et al. took an alternative
approach by designing imperfection insensitive composite cylinders
with variable tow angles. Using variable tow angles breaks up the
symmetry in the prebuckling strain field, which may reduce the cylin-
der’s sensitivity to imperfections [8]. Wagner, et al. used machine
learning to optimize buckling load and imperfection insensitivity [9].
Additionally, it was demonstrated by Rudd, et al. that conical-
cylindrical shells can be designed to be insensitive to radial imperfec-
tions, which may save mass [10].

In addition to radial imperfections, tow overlaps and gaps due to the
automated fiber placement (AFP) manufacturing constraints have been
demonstrated to affect the buckling behavior of small-scale composite
test articles. For example, Rudd, et al., [11] determined that the prob-
able reason for the discrepancy between the test data and numerical
predictions of the buckling of a composite conical-cylindrical shell was
due to the assumption made when incorporating the unavoidable tow
overlaps into the finite element model. The concept of design for
manufacturing can be used to account for potential tow gaps, overlaps,
and other manufacturing constraints during the AFP process. To account
for these new manufacturing-based details in the design, the build of the
part can be simulated, and the overlaps and gaps can be estimated. Then
a process to modify the design to minimize the gaps and overlaps can be
completed [12,13].

Specifically, regarding the buckling behavior of composite conical-
cylindrical shells, the minimal research publicly available to this
shape is primarily specific to the piping and civil industry [14,15]. With
regard to aerospace applications, Chronopoulos, et al. focused on the
dynamic response of a composite conical-cylindrical-conical shell in
which the geometry was based on the Sylda [16]. More recently Rudd,
et al. published research on the buckling of composite conical-
cylindrical shells and how current design practices compare [10].
Their research showed that the currently used empirically based KDF
approach may not be appropriate for conical-cylindrical shells. Rudd,
et al. published test and analysis correlation of a composite conical-
cylindrical shell, referred to as 3CHELL [11], with the intent of
demonstrating the ability to predict the buckling behavior of a conical-
cylindrical shell and providing data toward the development of buckling
design guidelines.

In order to develop buckling design guidance, more than one test of a
conical-cylindrical shell with an associated finite element model (FEM)
to successfully predict the buckling behavior will be required. Mean-
while, the test and analysis results of a second buckling test of a com-
posite conical-cylindrical shell was completed. The first buckling test
article, 3CHELL, buckled elastically after the first test campaign. The test
article was undamaged, and additional composite reinforcement was
added to the transition region. The modified test article with rein-
forcement will be referred to herein as Re3CHELL.

The use of FEM to predict the buckling behavior of a composite
conical-cylindrical shell without and with reinforcement, 3CHELL and
Re3CHELL, respectively, will be demonstrated. The design and
manufacturing details of 3CHELL and Re3CHELL are discussed in Sec-
tion 2. Next, the finite element model of 3CHELL and Re3CHELL is
discussed in Section 3. This includes information pertaining to an
updated 3CHELL FEM based on manufacturing data, and how the
manufacturing data influenced the FEM of Re3CHELL. The experimental
setup for Re3CHELL is included in Section 4. The updated 3CHELL FEM
is compared to the 3CHELL experimental data in Section 5.1, and the
Re3CHELL FEM is compared to the Re3CHELL experimental data in
Section 5.2. The effect of adding reinforcement to a composite conical-
cylindrical shell by comparing the buckling response of 3CHELL and
Re3CHELL is discussed in Section 5.3. Concluding remarks are presented
in Section 6.

2. Description of test articles

A composite conical-cylindrical shell test article referred to as
3CHELL was built and tested by loading in axial compression until
buckling. It was determined after a visual inspection and brief analysis of
the data that there was no permanent deformation or material failure.
Therefore, the buckling test was repeated. During the second test, the
test article buckled within 1 % of the first buckling test and buckling
initiated in the same location [11].

Following the completion of the test, 3CHELL was brought back to
the manufacturing lab and inspected using thermography, a nonde-
structive evaluation technique. No damage was detected, which pro-
vides additional evidence that the buckling events were elastic. The
seemingly elastic buckling response provided a unique opportunity to
modify 3CHELL. It had previously been demonstrated numerically that
the transition area between the conical and cylindrical portions of a
conical-cylindrical shell was critical to the buckling behavior [10].
Therefore, it was decided to add reinforcement to the transition region
of 3CHELL and repeat the buckling test. The test article 3CHELL with
added reinforcement to the transition region is referred to as Re3CHELL.

The original shell, 3CHELL, had a quasi-isotropic laminate of [45/-
45/90/0]S and was fabricated with Hexcel IM7/8552–1* (190 gsm)
preimpregnated carbon fiber epoxy tows that were 6.35 mm wide. The
test article was built on an aluminum mandrel at NASA Marshall Space
Flight Center using an AFP robot. The measured ply thickness was 0.171
mm, and the material properties for IM78552-1 were taken from data
published by the National Institute for Aviation Research [17] and are
presented in Table 1. The test-article geometry is an approximate scaled-
down version of the SLS USA. The overall dimensions are presented in
Fig. 1a. The test article was centered in aluminum end rings and held in
place with a ring of epoxy potting compound on the outer mold line
(OML) and the inner mold line (IML). The end rings were machined from
an aluminum plate with an assumed modulus of elasticity of 71.01 GPa
and Poisson’s ratio of 0.33 [18]. The epoxy potting compound had an
assumed modulus of elasticity of 7.58 GPa with a Poisson’s ratio of 0.33
[19].

Two layers of Toray plain-weave fabric T1100G 3960 PW [20] were
adhered to the IML surface of 3CHELL in the region indicated by the box
in Fig. 1a using an autoclave cure process. The fabric plies were placed
so that the 0-degree orientation aligned with the axis of rotation of the
test article. The reinforcing fabric was placed on the IML because the test
article OML surface had been painted for digital image correlation (DIC),
which was used to collect displacement and strain data during the test of
3CHELL. The design details for the reinforcement are shown in Fig. 1b,
where the acreage region is the original 3CHELL layup, and ply1 and ply
2 consisted of the plain-weave fabric. The fabric was approximately
0.20-mm thick. Ply 2 covered ply 1 with a 6.35 mm overlap on the top
and bottom. Not pictured is a layer of film adhesive FM 209–1 [21]
which was 0.25 mm in thickness that was placed between the acreage
and the added fabric plies. The transition region had a compound cur-
vature so each ply and film adhesive was cut into 8 sections to reduce the
amount of wrinkling. The seams for fabric ply 1, fabric ply 2, and the
film adhesive were staggered. A picture of the cured reinforcement plies
as viewed axially upwards is shown in Fig. 2. The moduli for the fabric is
presented in Table 1 [20]. The Poisson’s ratio was estimated to be 0.05
based on references [22–24].

The shape of test article Re3CHELL was measured in the same
manner as 3CHELL, using the structured light scanning photogrammetry
method after the cure of the additional reinforcement plies to determine

Table 1
Nominal material properties.

Material Exx (GPa) Eyy (GPa) Gxy (GPa) νxy (− )

IM7/8552–1 140.9 9.72 4.69 0.356
T1100G 3960 PW 77.9 86.9 5.1 0.05
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the IML and OML radial imperfections and thickness variations. The IML
and OML radial imperfections are presented in Fig. 3a where the cooler
colors represent relatively inward imperfection, and the warmer colors
represent a relatively outward imperfection. The overall peak-to-peak
amplitude of the radial imperfection was approximately 1.50 mm,
which was slightly larger than the overall thickness of the laminate at
1.37 mm.

The measured thickness is shown in Fig. 3b, and the red band at the
transition region corresponds to the added thickness from the reinforc-
ing fabric plies. Red hatched lines, corresponding to an increased
thickness region, were observed in the conical region of the shell. These
lines relate to the overlapped areas of the± 45-degree plies. Each course

of composite unidirectional tape was laid from the cylindrical end to the
conical end. In the cylindrical region of the shell, one course contained
four tows of unidirectional tape. To ensure no gapping occurred between
tows while transitioning from the cylinder to the tapered conical end,
adjacent courses overlapped by a full tow width of 6.35 mm. The
overlapped area increased from the bottom towards the conical end until
the red lines abruptly end near the top of the cone. At this location, the
tow of the currently laid course has overlapped an entire tow width of
the adjacent course that was previously laid, and the overlapping
composite tow was dropped. The course continues up the length of the
conical region with three tows remaining.

3. Numerical analysis using updated 3CHELL FEM and
Re3CHELL FEM

The original 3CHELL finite element model was created in Abaqus
2021 [25]. The FEM consisted of the four-node, reduced integration
shell element, S4R, with approximately 3.8 mm side lengths to model
the laminate, potting compound, and end rings. The ± 45-degree over-
lapped areas were modeled discretely by plotting the curve for a con-
stant fiber angle along the length of a conical section, Fig. 4a. From this,
the surface of the conical shell could be divided into different regions so
the nominal layup, referred to as acreage lay, and the overlapped areas
could be defined separately. A detailed view of the overlapped areas can
be seen in Fig. 4b. The mesh size was largely determined by the size of an
element required to account for the overlapped areas. For example, the
location of where the tow was dropped, and width of the tow was
known. The overlapped area reduced monotonically until the transition
region. To account for the tapered area, the FEM for the original 3CHELL
model was divided into four regions and section properties were
assigned based on observations and using the measured 3CHELL weight
as a guide. The first region, near the cone top, contained only the acreage
layup depicted by the cyan color in Fig. 4a. The second region contained

Fig. 1. Re3CHELL (a) dimensions and location of reinforcement, and (b) reinforcement detail.

Fig. 2. Close up image of the reinforcement after cure.

Fig. 3. Structured light scan data of Re3CHELL: (a) radial imperfections of IML; (b) measured thickness.
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an overlap width equal to one tow width. The overlapped areas for the+
45-degree plies are represented by red, and the – 45 degree overlapped
areas are represented by yellow. Where the + and – 45-degree plies
overlap is represented by dark blue. The next region assumed an over-
lapped width equal to half of a tow width, the red and yellow areas are
half the width than those in the second section. The last region, just
above the transition region, contained no overlapped areas. The section
property definitions are reported in Table 2. More details pertaining to
the finite element model for the original 3CHELL can be referenced in
[11].

A FEM of Re3CHELL was created by modifying the original 3CHELL
FEM to account for the additional fabric plies. Both FEMs consisted of
the four-node, reduced-integration shell element, S4R, with the same
element size. Additionally, geometric nonlinear analyses were
completed to determine the buckling load for both models. The geo-
metric nonlinear analysis was completed using the dynamic implicit
solver, in which the axial displacement rate was 0.076 mm/min. The
measured IML radial imperfections were also included. From the orig-
inal test and analysis correlation of 3CHELL, it was determined that the
discrepancy between the test data and the FEM was largely due to as-
sumptions made when incorporating the ± 45-degree plies tow
overlaps.

It was not until after the test of Re3CHELL that it was learned that the
program used to control the AFP robot, Vericut Composite Programming
(VCP) [26] provided by CGTech1, can be used to estimate parameters
such as the tow overlaps per ply. Comparing the VCP output to the
original FEM, the VCP estimate of overlapped areas from the ± 45-de-
gree tows was approximately 28 % greater than what was assumed in
the original 3CHELL FEM. Additionally, the original model assumed that
there were no regions with overlapping 0-degree tows, however the VCP
estimated an area associated with the 0-degree-tows.

Once VCP was used to estimate the overlaps, the original 3CHELL
FEM was updated to reflect the larger predicted overlapped area. This
new FEM will be referred to as the updated 3CHELL model. To account

for the additional ± 45-degree overlaps, more elements in the FEM
were assigned the section properties inclusive of the +45 and − 45
overlaps. The pattern of the overlapped tows was similar to the original
3CHELL FEM, but the yellow and red areas corresponding to the over-
lapped + 45-degree and –45-degree plies, respectively, extend all the
way to the top of the transition. The updated 3CHELL FEM with newly
defined section properties is shown in Fig. 5 and listed in Table 4.
Additionally, a new section was defined to account for the overlapped 0-
degree is shown in magenta. Since the 0-degree overlapped areas are
concentrated towards the conical end due to the shrinking diameter, the
region above the tow drop (Region 1 from Fig. 4) was modified. The 0-
degree overlapped area specified by VCP was 16 % of the magenta re-
gion. To account for the increase in overlapped area, the thickness of the
0-degree plies was increased by 16 % from the as-measured thickness of
0.171 mm to 0.185 mm. These modifications increased the 3CHELL FEM
weight from 3.31 kg to 3.34 kg, which was closer to themeasured weight
of 3.40 kg. The area of the overlapped regions, as determined by the VCP
program, are compared in Table 3 with what was assumed in developing
the original 3CHELL model and the updated 3CHELL model.

The main difference between the updated 3CHELL FEM and the
Re3CHELL FEM was the inclusion of the reinforced regions shown in
black and white in Fig. 5b. The white region has film adhesive and two
plain weave fabric plies on the IML. The black region has the film ad-
hesive and only one fabric ply. For all FEMs, the positive global X-axis of
the FEM aligns with the 0-degree circumferential location of the test
article, the positive global Y-axis aligns with the 90-degree circumfer-
ential location of the test article, and global Z axis is defined along the
axis of rotation. In all models, the measured IML radial imperfections
were incorporated into the FEM because the OML data was highly
influenced by the thickness variations that were primarily due to the tow
overlaps.

The updated 3CHELL FEM and the Re3CHELL FEM contained two
reference points on the top and bottom of the test article centered along
the axis of rotation. Tie constraints were used to connect all degrees of
freedom to the respective reference points. The top reference point had
all rotational degrees of freedom fixed. The primary source of loading
was due to an applied axial displacement (Z), but it was observed that
the load platen applied a shearing displacement in the X-Y plane during
the test of 3CHELL. Therefore, the X and Y translational degrees of
freedom (X and Y) were not fixed to account for the measured shearing
displacement. The bottom reference point had all degrees of freedom
fixed. A geometrically nonlinear implicit dynamic analysis was used to
predict the buckling response of 3CHELL and Re3CHELL.

Fig. 4. Original 3CHELL FEM with highlighted section properties (a) and detailed view of overlap sections (b).

Table 2
Section properties of the original 3CHELL.

Section FEM color Stacking Sequence

Acreage Cyan 45/-45/90/0/0/90/-45/45
+45 overlap Red 45/45/-45/90/0/0/90/-45/45/45
− 45 overlap Yellow 45/-45/-45/90/0/0/90/-45/-45/45
+45 and − 45 overlap Dark blue 45/45/-45/-45/90/0/0/90/-45/-45/45/45
Potted ends Gray Al ring/Potting/Acreage/Potting/Al ring
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4. Experimental setup

The experimental setup and instrumentation for 3CHELL and
Re3CHELL were identical. The test article was instrumented and was
subjected to several subcritical load sequences prior to the final load
sequence to failure. Instrumentation included strain gages, and low-
speed and high-speed DIC systems were used to monitor the test
article prebuckling, buckling, and postbuckling response throughout all
load sequences. The experimental set up of Re3CHELL is shown in Fig. 6.

The test article was covered with a high-contrast speckle pattern for
DIC to accommodate two different fields of view (global and local). The
global field of view was used for the low-speed and high-speed cameras
centered at the 0-degree and 180-degree circumferential locations and
encompassed the entire length of the test article including the end rings,
approximately 711 mm x 864 mm. The cameras used to capture the
entire test article and interface rings will be referred to as the global
systems. A smaller, more localized field of view was defined with
additional low-speed cameras positioned at the 0, 90, 180, and 270-de-
gree circumferential locations. The local field of view encompassed a
smaller area, approximately 297 mm x 365 mm, and focused on the
transition region. Due to the fact that the local camera systems had
smaller fields of view, higher spatial resolutions (pixel/mm) could be
obtained without interfering with the data being collected by the global
camera systems. The local field of view was chosen because it was

anticipated there would be high strain gradients in this region due to the
curvature and ply drops from the added reinforcement. A more detailed
description of the test setup can be found in reference [11].

5. Results and discussion

The test and analyses correlation for the test article 3CHELL using the
updated 3CHELL finite element model based on manufacturing data
output from the VCP program is discussed in this section. Next, the re-
sults for Re3CHELL are presented in Section 5.2. Finally, the buckling
behavior of 3CHELL and Re3CHELL are compared in Section 5.3.

5.1. Updated 3CHELL results

A comparison of the load versus displacement data up to and
including the buckling limit point of the updated 3CHELL FEM and the
test data is presented in Fig. 7. The test article 3CHELL buckled at a load
of 251.8 kN [11]. The updated 3CHELL model with included measured
radial imperfections and the X-Y-plane shearing displacement from the
load frame had a predicted buckling load of 247.2 kN, which was within
2 % of the measured buckling load. The inclusion of radial imperfections
reduced the predicted buckling load by 5 %. While, the predicted and
measured buckling loads were similar, the predicted and measured
stiffness are not well aligned. However, it was suggested in Ref 11 that

Fig. 5. Finite element models: (a) updated 3CHELL; (b) Re3CHELL.

Table 3
Tow overlap areas from VCP and finite element models.

Ply VCP Original 3CHELL
FEM

Updated3CHELL FEM

± 45-degree
overlaps

0.39 m2 0.28 m2 0.40 m2

0-degree overlaps 0.03 m2 0.00 m2 0.03 m2

Table 4
Added section properties of the updated 3CHELL and Re3CHELL FEMs.

Section FEM
color

Stacking Sequence

Acreage w/modified
0-ply

Magenta 45/-45/90/0/0/90/-45/45

Padup- 2 plies White 45/-45/90/0/0/90/-45/45/Film adhesive/
T1100/ T1100

Padup- 1 ply Black 45/-45/90/0/0/90/-45/45/Film adhesive/
T1100/

Potted ends Gray Al ring/Potting/Acreage/Potting/Al ring
Fig. 6. Experimental setup of Re3CHELL.
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the difference between the FEM stiffness and the measured stiffness was
potentially attributable to a gap between 3CHELL and the bottom sur-
face of the end ring. The presences of such a gap could not be verified
because the end rings were never removed, so no additional effort was
made to determine the source of stiffness change. The updated 3CHELL
model predicted buckling to initiate in the cylinder just below the
transition region at the 0-degree circumferential region as shown in the
predicted radial displacement plots, Fig. 8. The cooler colors (e.g., blues
and blacks) represent relatively inward displacement, and the warmer
colors (e.g., reds and orange) represent relatively outward deformation.
During the testing of 3CHELL, buckling also initiated in the cylinder just
below the transition region, but at approximately the 125-degree
circumferential location (circled) instead, as shown in the radial
displacement plots in Fig. 9.

5.2. Re3CHELL results

The test article Re3CHELL buckled at a load of 268.7 kN and its
postbuckled configuration is shown in Fig. 10. The load versus
displacement curves up to and including the buckling limit point from
the test data and the Re3CHELL FEM are presented in Fig. 11. Re3CHELL
was predicted to buckle at 304.5 kN without measured radial imper-
fections (dashed black curve), and 275.5 kN with IML measured radial

imperfections (dashed green curve). The inclusions of measured radial
imperfections led to a reduction in the buckling load of 9.5 %. This
reduction was greater than the predicted decrease in load-carrying
capability due to imperfections for 3CHELL, which was only 5 %. As
in 3CHELL, the load frame caused the top load platen to move perpen-
dicular to the test article axis of rotation in the X-Y plane. This resulted
in a shearing displacement measured at the top of the test article. This
shearing displacement had a magnitude of 0.28 mm towards the 34-de-
gree circumferential location. This shearing displacement and the radial
imperfections resulted in a predicted buckling load of 275.2 kN (red
curve), which was within 2.5 % of the tested load (blue curve).

It was confirmed with high-speed DIC that buckling occurred
approximately at the 125-degree circumferential location at an axial
position just above the tow drop in the conical region. The progression of
the experimental buckling event is shown in Fig. 12a–f using a sequence
of data from the high-speed DIC system centered at the 0-degree
circumferential location. In Fig. 12, the warmer colors represent rela-
tive outward displacement, and the cooler colors represent relatively
inward displacement. In Fig. 12a buckling initiation is observed in the
upper left-hand corner of the image near the conical end, where the edge
of a purple dimple can be observed (circled). Approximately 0.5 ms after
that shown in Fig. 12a, a secondary dimple forms adjacent to the first
(Fig. 12b). Then, 2.0 ms after the first image, buckling has propagated
with a series of buckling waves around the entire top circumference of
the conical section (Fig. 12c). Fig. 12d was taken 5.5 ms after the first
image and shows a second row of dimples forming just below the first. In
Fig. 12e, the newly formed row of dimples has become larger, while the
first row become smaller. Eventually, postbuckling equilibrium was
reached in the final image (Fig. 12f), which is consistent with Fig. 10.

The predicted and measured radial displacements (U1) at incipient
buckling for Re3CHELL are shown in Figs. 13 and 14, respectively, with
the buckling location circled. Buckling was predicted to occur in the
conical region above the tow drop just outside of the DIC field of view at
approximately the 90-degree location, which is shown in Fig. 13c for
clarity. This was similar to the location that buckling was observed to
initiate in Re3CHELL as determined using the high-speed DIC data.
Buckling initiated just out of the field of view of the high-speed cameras,
and it was therefore difficult to confirm the exact location. Similar
patterns can be observed in the predicted and measured radial dis-
placements, most notably the inward deformations in the blue just above
the tow drop in the conical section and the maximum outward
displacement at the transition region. The measured maximum outward
displacement was 0.63 mm, as measured by the DIC system centered
about 0-degree circumferential location (Fig. 14a). For the same field of
view centered about 0-degrees in the FEM (Fig. 13a), the predicted
maximum outward displacement was 0.60 mm. The minimum inward
displacement occurs just above the tow drop. The measured inward
deformation was 0.38 mm, as observed in the DIC system centered about

Fig. 7. Axial load versus axial displacement curves from test and updated
3CHELL FEM.

Fig. 8. Predicted radial displacements (U1) from updated 3CHELL FEM: (a) centered at 0 degrees; (b) centered at 180 degrees.
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180 degrees (Fig. 14b). In the same field of view for the FEM (Fig. 13b),
the predicted inward displacement was 0.19 mm. The predicted inward
displacement was half of the measured inward displacement; however,
both occur in a dimple in the tow drop region. One difference that can be
observed occurs where the reinforcement ply 1 was terminated just
above and below the transition region. In the FEM, there was a sharp
gradient of outward radial displacement (red bands) where the rein-
forcement ply ends. This is not observed in the measured radial
displacements.

The predicted and measured minimum principal (primarily in the
axial direction for the current work) strains at incipient buckling are
presented in Figs. 15, 16, 17. There was a red band of low minimum
principal strain at the transition region in both predicted and measured
results. Also, at the conical end there was a band of green which cor-
responds to a higher axial strain. The greatest predicted minimum
principal strain was − 5749 με, which was about 60 % higher than the
greatest measured minimum principal strain of − 3560 με. The stiffness
discontinuities due to the tow drops in the FEM led to an artificially high
strain in the predicted results, which may be a contributing factor as to
why the difference between the measured and predicted minimum
principal strains was observed.

The spatial resolution of the local DIC systems was 3.5-times higher
than the global system, meaning there were more pixels per millimeter
in the field of view. This means that the local systems could accurately
capture areas with high strain gradients, such as the tow drop region and
the transition region. The field of view of the local systems did not
include the tow drop region, but it did include the transition region. The
area boxed in Fig. 15b and Fig. 16b corresponds to the field of view of
the local DIC system centered at 180 degrees. The high strain gradients
predicted are presented as thin circumferential bands that extend out-
ward from the transition region red to green to gray (Fig. 15) and are not
visible in the data from the global DIC systems (Fig. 16). Although, the
high strain gradients can also be observed in the results from the local
DIC systems in Fig. 17. The image on the left in Fig. 17 is the area in the
black box in Fig. 15, and the image on the right is the local view of the
test article. Two strain gages, SG1 and SG2, can be observed in the local
view of the test article. Two areas are highlighted in Fig. 17 that
correspond to high stress gradients in the FEM that were measured by
the local DIC systems, but not the global systems.

As mentioned previously when reporting the values of minimal
principal strain, the discrepancy between the measured and predicted
values was most likely due to the stiffness discontinuities in the FEM. It
was demonstrated that using the local DIC systems with the higher
spatial resolution could more accurately measure high strain gradients,
which can improve correlation when directly comparing the measured
DIC data to the predicted FEM.

Evaluating the strain gage data can also provide valuable informa-
tion on the correlation between test and analysis. The strain data pre-
sented is for the gages SG1 and SG2 and appear in the local system field
of view in Fig. 17. The calculated axial membrane strain data from the
OML and IML strain gages in the transition region (SG1) and cylinder at
180 degrees (SG2) is presented in Fig. 18. There was only a 3 %

Fig. 9. Measured radial displacements (U1) of 3CHELL: (a) centered at 0 degrees; (b) centered at 180 degrees.

Fig. 10. Postbuckled configuration of Re3CHELL.

Fig. 11. Axial load versus axial displacement curves from test and
Re3CHELL FEM.
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difference between measured and predicted axial membrane strains at
incipient buckling of − 1380 με and − 1426 με, respectively, at the cyl-
inder midheight gages. There was 6 % difference between the between
measured and predicted axial membrane strains at incipient buckling of
− 1739 με and − 1847 με, respectively, at the transition strain gage. The
slopes of the predicted and measured data are in good agreement.

The predicted and measured maximum principal strain contour plots
at incipient buckling are shown in Figs. 19 and 20, respectively, and the
highest principal strain occurs near the transition region where the hoop
strain was greatest as shown by the green-yellow band. The maximum
measured principal strain was 2215 με in the center of the transition
region in the global DIC system, centered about 180 degrees (Fig. 20b).
The predicted strain in the same corresponding region was 2652 με,
which was 20 % greater (Fig. 19b). The predicted maximum principal
strain was located in the area of the ± 45-degree tow overlap termina-
tion at the base of the cone and where the reinforcement ply 2 was
dropped. The abrupt changes in the thickness results in a stiffness
discontinuity similar to what was observed in the predicted minimum

principal strain (Fig. 15). This may have contributed to the large dif-
ference between the predicted maximum principal strains and the
maximum principal strains measured by DIC.

Better correlation can be observed in Fig. 21 when looking at discrete
locations corresponding to the same set of strain gages in Fig. 17. There
was a 10 % difference in the hoop membrane strain from the analysis
and test incipient buckling for both sets of gages at the transition region
(SG1), and the cylinder midheight (SG2). There was good agreement in
the slopes of the measured and predicted minimum principal strain for
the cylinder midheight gages (SG2). On the contrary, the calculated
hoop membrane strain curves at the transition region (SG1) for the
measure and predicted began to diverge around 75 kN.

Overall, the correlation between test and analysis for 3CHELL using
the updated 3CHELL FEM and Re3CHELL creates confidence in the
ability to predict the buckling behavior of composite conical-cylindrical
shells. This provides an additional data point for further developing a
buckling design methodology for conical-cylindrical shells by demon-
strating the ability to predict the buckling behavior for two different

Fig. 12. Radial displacement after buckling initiation from high-speed cameras at 180 degrees beginning at a) first image; b) 0.5 ms after (a); c) 2.0 ms after (a); d)
5.5 ms after (a); e) 6.5 ms after (a); f) last image.

Fig. 13. Predicted radial displacements (U1) from Re3CHELL FEM: (a) centered at 0 degrees; (b) centered at 180 degrees; (c) centered at 90 degrees.
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designs.

5.3. 3CHELL versus Re3CHELL

The testing of 3CHELL and Re3CHELL provided valuable information
on the buckling behavior for composite conical-cylindrical shells to help
establish design guidelines, but it also validates observations on the
buckling behavior of conical-cylindrical shells made from a previous
study [11]. Specifically, conical-cylindrical shells without reinforcement

in the transition region are more inclined to have a reduction in buckling
load by including the effects of large displacements and rotations, i.e.,
geometric nonlinearity, but they are less sensitive to radial imperfec-
tions. The opposite is true for conical-cylindrical shells with reinforce-
ment in the transition region, where the increased stiffness of the
transition region prevents large displacements and rotations from
occurring and the geometrically nonlinear buckling load is close to the
linear eigenvalue buckling load. As a result, the shells with transition-
region reinforcement are more sensitive to geometric imperfections

Fig. 14. Measured radial displacements (U1) of Re3CHELL: (a) centered at 0 degrees; (b) centered at 180 degrees.

Fig. 15. Predicted minimum principal strains from Re3CHELL FEM: (a) centered at 0 degrees; (b) centered at 180 degrees.

Fig. 16. Measured minimum principal strains from Re3CHELL: (a) centered at 0 degrees; (b) centered at 180 degrees.
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than those without reinforcement. To that end, the anticipated gains in
the buckling load by adding reinforcement with the intent to increase
buckling performance may not be achievable due to the increase in
imperfection sensitivity.

The effect of adding reinforcement to the transition region can also
be observed when comparing the average axial membrane strain along

the length of 3CHELL and Re3CHELL (Fig. 22). The axial membrane
strains were calculated by averaging the OML and IML gages. The axial
membrane strains at each strain gage axial location were averaged and
plotted for 3CHELL (black) and Re3CHELL (red). For this plot, positive
axial membrane strains correspond to compressive strains. As can be
seen in Fig. 22, the axial membrane strains in the cylindrical regions for
3CHELL and Re3CHELL were similar. The variation in the axial mem-
brane strain in the cylindrical region was within 100 με. It is interesting
to note that 3CHELL buckled in the cylinder region, and the axial
membrane strains in the cylinder were lower than the conical region
strains. For comparison, in 3CHELL the average axial membrane strain
in the conical region at the 650 mm was 50 % higher than the axial
membrane strains in the cylindrical region at the axial height of 137
mm. Adding reinforcement resulted in lower axial membrane strains in
the conical region of Re3CHELL and buckling occurred in the conical
region. The average axial membrane strain in the conical region at the
axial position of 650 mm, is within 300 με (or 15 %) of the cylindrical
axial membrane strain at 137 mm.

The observation that adding reinforcement to the transition region
may not increase the buckling load a significant amount can be verified
when comparing the mass to the experimental load for Re3CHELL and
3CHELL. The tested Re3CHELL buckling load was 6.2 % higher than
3CHELL tested buckling load, 268.7 kN and 251.8 kN, respectively. The
reinforcement added to create Re3CHELL increased the total mass by 5
% of the test article as compared to 3CHELL. A structural efficiency of
the test articles can be calculated by dividing the tested buckling load by
the mass. Based on the experimental buckling load, the structural effi-
ciency was 74.1 kN/kg for 3CHELL and 75.3 kN/kg for Re3CHELL.
Therefore, adding the reinforcement resulted in only a minor increase in
efficiency of 1.4 %. According to the buckling loads from the geomet-
rically nonlinear analyses without radial imperfections, it was predicted

Fig. 17. Minimum principal strains from (a) Re3CHELL FEM, and (b) measured from local low-speed DIC system at 180 degrees.

Fig. 18. Calculated axial membrane strain from the test and FEM for the
midheight cylindrical strain gages (SG1) and the transition strain gages (SG2) at
180 degrees.

Fig. 19. Predicted maximum principal strains from Re3CHELL FEM: (a) centered at 0 degrees; (b) centered at 180 degrees.
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that by adding reinforcement to 3CHELL to make Re3CHELL the buck-
ling load with increase from 261.3 kN to 304.5 kN, respectively. Based
on these values, it would seem that an 11 % increase in load per unit
mass could be achieved when radial imperfections were not included.
According to the test data, the added reinforcements only provided an
increase of 1.4 % because of the increase in imperfection sensitivity. The

experimental results demonstrate that it may not be beneficial to add
reinforcement to conical-cylindrical shells to increase the buckling load.

6. Concluding remarks

Conical-cylindrical shells have been used in the aerospace industry
as launch vehicle stage adapters and payload adapters and can be sus-
ceptible to buckling. Though conical-cylindrical shells are being used in
practice, there is little buckling design guidance publicly available. To
develop buckling design guidance for conical-cylindrical shells, the
ability to accurately predict the buckling behavior of composite conical-
cylindrical shells must be demonstrated. The successful test and analysis
correlation of a composite conical cylindrical shell with and without
reinforcement was presented in this paper. Additionally, previous
analysis-based observations that adding reinforcement to the cylinder-
to-cone transition region may not significantly increase buckling load-
to-mass ratio was validated with experimental testing, and therefore
care should be taken when adding reinforcement with the intent of
increasing the buckling load.
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