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Manufacture and buckling test of a variable-stiffness,
variable-thickness composite cylinder under axial compression

Reece L. Lincoln∗, Paul M. Weaver†, Alberto Pirrera‡, and Rainer M. J. Groh§

Bristol Composites Institute, University of Bristol, UK

Variable-angle tow (VAT) manufacturing methods significantly increase the design space for
elastic tailoring of composite structures by smoothly changing the fiber angle and thickness
across a component. Rapid Tow Shearing (RTS) is a VAT manufacturing technique that uses
in-plane shearing (rather than in-plane bending) to steer tows of dry or pre-impregnated
fibers. RTS offers a number of benefits over conventional bending-driven steering processes,
including tessellation of adjacent tow courses; no overlaps or gaps between tows; and no
fiber wrinkling or bridging. Further to this, RTS offers an additional design variable: fiber
orientation-to-thickness coupling due to the volumetric relation between tow shearing and the
tow thickness and width. Previous computational work has shown that through a judicious
choice of curvilinear fiber trajectories along a cylinder’s length and across its circumference,
the imperfection sensitivity of cylindrical shells under axial compression can be reduced and
load-carrying capacity increased. The present work aims to realize these predictions by
manufacturing and testing two cylinders: an RTS cylinder and a straight-fiber quasi-isotropic
cylinder as a benchmark. The tow-steered manufacturing process, imperfection measurements,
instrumentation, and buckling tests of both cylinders are discussed herein. The experimental
tests results are compared against high-fidelity geometrically nonlinear finite element models
that include measured imperfections before and during the tests. Finally, we discuss outstanding
challenges in designing and manufacturing RTS cylinders for primary aerostructures.

Nomenclature

𝐿 = length
𝑚 = mass
𝑟 = inner radius of cylinder
𝑡𝑘 , 𝑡𝑘0 = local ply thickness and nominal ply thickness of the kth layer, respectively
𝑇 𝑘

0 , 𝑇 𝑘
1 = initial and final shearing angle of a period of the kth layer, respectively

𝑛𝑘 = periodicity of the kth layer
𝜃𝑘 = local shearing angle in the kth layer
𝜌 = density
𝜙𝑘 = direction of shearing of the kth layer

I. Introduction

To enable the next generation of lightweight launch-vehicle structures, composite materials are a promising avenue
towards further optimization, owing to their high levels of customization through specific fiber angle placement [1, 2].

Further to this already enlarged design space compared to metals, variable-angle tow (VAT) manufacturing techniques
offer even more flexibility in structural design as the trajectory of individual tows (fiber courses of finite width) can be
varied smoothly and continuously across a part. In general, the ability to place curvilinear fiber paths enables load paths
to be tailored across a structure.
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One such VAT manufacturing technique is Continuous Tow Shearing (CTS) [3, 4], which was specifically developed
to overcome manufacturing defects induced by Automated Fiber Placement (AFP) processes during steering. CTS was
developed further by iCOMAT Ltd. [5] into Rapid Tow Shearing (RTS), a derivative of CTS with a higher deposition
rate∗. Unlike AFP, which relies on in-plane bending of tows, RTS uses in-plane shearing to change the tow direction
continuously as the tow is placed. This shearing-dominated steering process allows perfect tessellation of tow courses,
eliminates fiber wrinkling or straightening, and removes the need for tow gaps or overlaps. In addition, RTS introduces
a new design variable: fiber orientation-to-tow thickness coupling. In order to conserve volume, the shearing action
causes a local build-up in thickness and reduction in tape width as the tow is steered. The relationship between shearing
angle 𝜃𝑘 and local thickness 𝑡𝑘 is given by

𝑡𝑘 =
𝑡𝑘0

cos 𝜃𝑘
(1)

where 𝑡𝑘0 is the nominal ply thickness of the 𝑘 th ply. The maximum shearing angle, given by manufacturing constraints,
is 𝜃𝑘max = 70° [6]. A shearing angle of 70° results in a local thickness of three times the nominal ply thickness. The fiber
angle-to-tow thickness coupling therefore allows unique opportunities for design. For example, by periodically and
repeatedly shearing a tow between two orientations along a cylinder’s length or across the cylinder’s circumference,
embedded stiffeners can be manufactured in-situ [7].

In the case of an axially compressed cylindrical shell, it is desirable to create a composite cylinder with embedded
stringers, rings, ortho-grids or even iso-grids. Previous work has found that in finite element (FE) predictions RTS
cylinders have an increased specific buckling load when compared to their straight-fiber counterparts [8]. When
modeled stochastically with Monte Carlo simulations of nonlinear buckling analyses and a dataset of measured
geometric imperfections, RTS cylinders also showed a smaller variance and higher mean buckling load when compared
to straight-fiber cylinders [7]. As a result, the well-documented sensitivity to geometric imperfections of axially
compressed cylindrical shells was shown to be smaller for RTS cylinders. Tow-steering therefore creates the possibility
of designing inherently imperfection-insensitive cylinders, and possible mass and monetary savings in launch-vehicle
structural design.

A. Related Work
In general, tow-steering has been shown to improve the mechanical properties of shells. Hyer and Charette [9]

were among the first to investigate the benefits of a variable-stiffness architectures and found that a variable-stiffness
laminate increased the tensile strength of a laminate with a hole by 100% when compared to a unidirectional design.
The benefits of variable-stiffness extend beyond tensile strength, as demonstrated by White and Weaver [10], who
showed that by using variable-stiffness composites the buckling behavior of a cylindrical panel could be converted from
imperfection sensitive and shell-like to imperfection insensitive and plate like. Wu et al. [11] manufactured and tested
tow-steered composite shells using AFP. Results indicate that the non-uniform pre-buckling membrane stress field due
to tow-steering causes a reduced sensitivity to imperfections. The post-buckling response of this tow-steered cylinder
was further studied by White et al. [12]. One of the tow-steered cylinders investigated showed a consistent, small
(relative to the circumference of the cylinder) dimple that had a limited impact on the post-buckling regime from the
“direct membrane load path through the structure” [12] when compared to a tow-steered cylinder that had a relatively
large dimple. Further research on these shells indicated that even with small [13] and large [14] cutouts, the shells
maintain 91–92% of the axial stiffness and 85–86% of the buckling load when compared to the pristine shell. Blom [15]
designed, manufactured, and tested a variable-stiffness composite shell in bending. Blom found a re-distributed strain
field resulted in 10 and 35% lower strains for the compressive and tensile strains when compared to a baseline cylinder
(straight-fiber laminae at 0, 90 and ±45 degree).

Following previous work on optimizing the imperfect, specific buckling load of axially compressed cylinders using
RTS-enabled tow steering [7], the aim of this paper is to validate the model predictions in experimental tests. To do so,
one quasi-isotropic straight-fiber cylinder and one optimized RTS steered cylinder were manufactured, which are then
characterized and tested in axial compression.

B. Paper Organization
The structure of this paper is as follows. Section II details the notation of an RTS-manufactured lamina and nuances

of a RTS-manufactured cylinder, while Section III describes the QI and RTS cylinder manufacturing process, sample
∗RTS is the manufacturing technique used within the present work and is referred to herein.

2



X

Y20o

70o

20o

70o

20o

70o

20o
X

Y
0o 30o 0o 30o 0o

�
�

Fig. 4 Single lamina being sheared with the CTS process where the left image is 0h20|70i3 and the right image
is 90h0|30i2.

dimensionality of the design of cylinders, as it opens up the ability to embed hoops, stringers, orthogrids and isogrids
within the structure during manufacture. This is not possible with AFP as it does not have the thickness-coupling
characteristic of CTS and the steering radius limits the frequency of fiber angle variation.

The present work implements the CTS manufacturing method in three optimizations to maximize specific, imperfect
buckling loads. The optimization routines used are Genetic Algorithms (GAs). Each GA incorporates imperfections
into an FE model to endeavor to converge on an inherently imperfection insensitive CTS cylinder. The optimization of
VAT laminates has shown significant weight-saving capabilities due to the enhanced mechanical properties [29–31], but
the seeding of imperfections into the optimization is rare in the literature. Lindgaard et al. [32] optimized straight-fiber
cylinders with the “worst” imperfection, taken to be a combination of eigenmodes. This approach gives conservative
responses that may not be reflected in the real world; as the authors state “realistic predictions of the collapse load with
this method can only be gained with knowledge about the real typical geometric imperfections” [32]. Metamodels [33]
are often used in the optimization of multi-variable design problems and have been used to optimize variable-sti�ness
cylinders [34]. However, the set-up of a metamodel is complex and the issue of imperfection choice still looms. This
work attempts to consider both superimposed eigenmode imperfections and realistic composite cylinder imperfections
from post-manufacturing measurements in multiple GAs.

The remainder paper is structured as follows. Section III covers the theory and nomenclature of CTS and the
parameterization of the three optimizations. The results and discussion of the optimizations are collated in Section IV.
Conclusions are summarized in Section V.

III. Theory

A. Continuous Tow Shearing
The fiber-angle convention used herein is similar to that of Gürdal and Olmedo [18] which was used to describe

curved fiber paths on a flat plate. As CTS cylinders have a coupling between the fiber angle and thickness, thereby
allowing the possibility of embedding sti�eners due to local thickening as the tow is sheared, an additional parameter is
needed to define how many times these embedded sti�eners occur. This parameter is termed periodicity and denoted by
the letter =. The change in fiber angle is linear across the period. The remaining nomenclature is consistent with that in
Ref. [18] so the fiber path is described by

qh)0 |)1i=, (5)

where q is the clockwise angle from the x-axis that defines the unsheared direction, )0 is the initial shearing angle
measured from q, and )1 is the shearing angle in the middle of the period. Figure 4 shows the fiber paths that are
associated with di�erent q, )0, )1 and = values for a single lamina.

It is important to note that the shearing of angled composite ()0 < 0) tows within the CTS process is currently
untested. For the sake of illustration, a starting angle of )0 = 30° in a 0h30|50i1 ply requires a ‘lead-up’ from 0° and the
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Fig. 1 A single ply of steered composite using RTS on an ‘unrolled’ cylinder planform. (a) Steering along the
cylinder length from 20° to 70° (with respect to the 𝑋-axis) over three periods. (b) Steering across the cylinder
circumference from 0° to 30° (with respect to 𝑌 -axis) over two periods. The corresponding increase in thickness
for both plies is shown in cross-sectional views. Using the notation of Eq. (2) the fiber orientation is described by
(a) 0⟨20|70⟩3 and (b) 90⟨0|30⟩2.

preparation steps and pre-test finite element (FE) predictions. Section IV covers the axial compression test setup and
results for both QI and RTS cylinders. Section V details the correlation of experimental results against FE predictions.
Section VI concludes the paper with a brief summary of results and areas of future work.

II. RTS Notation
To define the 𝑘 th layer of a RTS ply, an adapted version of the nomenclature from Gürdal and Olmedo’s [16] seminal

paper on VAT composites is used
𝜙𝑘 ⟨𝑇 𝑘

0 |𝑇 𝑘
1 ⟩𝑛

𝑘

(2)

where 𝜙𝑘 is an angle measured counterclockwise from the global x-axis and is the axis that defines the direction of
steering. To create a ply without gaps or overlaps individual steered tows need to be shifted perpendicular to 𝜙𝑘 . 𝑇 𝑘

0 is
the initial shearing angle, measured counterclockwise from the 𝜙𝑘 axis. 𝑇 𝑘

1 is the final angle of shearing, measured
counterclockwise from the 𝜙𝑘 axis. 𝑛𝑘 is an adaptation of the aforementioned nomenclature by Gürdal and Olmedo
and defines the periodicity, i.e., how many 𝑇 𝑘

0 → 𝑇 𝑘
1 → 𝑇 𝑘

0 cycles occur in the 𝜙𝑘 direction. The maximum possible
periodicity of a ply is defined by the minimum steering radius of RTS (assumed to be 50 mm based on RTS process
characterization) and the length of the cylinder in the 𝜙𝑘 direction.

Interestingly, the mass of an RTS cylinder that has periodic shearing as defined above is independent of the periodicity
(𝑛𝑘), and only a function of the 𝑇0 and 𝑇1 shearing angles. As the periodicity is directly related to the number of
thickness build-ups (see Fig. 1), the independence of mass in relation to number of thickness build-ups is in direct
contrast to the typical use of stiffeners where more stiffeners typically increases mass. The mass 𝑚 of a RTS cylinder
can be calculated by

𝑚 = 2𝜋𝑟𝐿𝜌
𝑁∑︁
𝑘=1

((
𝑡𝑘0

𝑇 𝑘
1 − 𝑇 𝑘

0

) ∫ 𝑇𝑘
1

𝑇𝑘
0

sec(𝑢)du

)
(3)

where 𝑟 is the radius of the cylinder, 𝐿 is the length of the cylinder, 𝜌 is the density of the composite material, and
shearing angles 𝑇 𝑘

0 and 𝑇 𝑘
1 are in radians.

III. Manufacture and Predictions
Two cylinders were manufactured as part of this study. The first is an eight-ply quasi-isotropic (QI) straight-fiber

layup with stacking sequence [±45, 0, 90]s, which serves as a benchmark (0° plies have the fibers aligned with the
cylinder axis, and 90° plies with the cylinder circumference). The second cylinder is a steered RTS cylinder with
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Table 1 Nominal material properties of the composite cylinders manufactured. Material properties are
from [17].

E11 E22 𝜈12 G12 𝜌

[GPa] [GPa] - [GPa] [g/cm3]
138 9.72 0.356 4.69 1.57

an eight-ply stacking sequence
[
0 ± ⟨20|25⟩2, 90 ± ⟨35|25⟩9]

s that was determined in a previous optimization study
to maximize the mass-specific buckling load in a nonlinear finite element analysis that accounted for geometric
imperfections [7]. Both composite cylinders have a nominal inner radius of 300 mm, a nominal unpotted length of
1100 mm, and a nominal (unsheared) thickness of 1.05 mm. For the RTS cylinder, the thickest part due to the fiber
orientation-to-ply thickness coupling is 1.21 mm with an average thickness of 1.17 mm. Both cylinders are manufactured
using the aerospace-grade pre-preg IM7/8552. Nominal material properties are listed in Table 1.

A. Sample manufacture
As shown in Fig. 2, the cylinders were manufactured by placing courses of adjacent tows (straight for the QI and

steered for the RTS cylinder) to form a ply on a flat tooling plate. Following industry practice, adjacent tows were not
allowed to overlap and have a maximum gap of 2 mm. Each flat ply is then individually wrap-rolled onto an aluminum
tool mandrel, and then debulked. A thorough quality assurance process was carried out for each ply and any minor
defects were either removed (e.g. with the help of a heat gun) or noted. Curing of the wrapped QI and RTS cylinders
was then conducted in an autoclave and according to the material supplier’s specifications.

B. Sample preparation
Once cured, end-potting with a nominal depth of 30 mm was applied to both ends of the cylinder using Araldite

epoxy. The end-potted cylinder is shown in Fig. 3.
The epoxy end-potting was faced by shaving up to 1 mm from both ends of the cylinder to ensure that the two surfaces

where boundary conditions are applied in the axial compression tests are parallel. All specified tolerances—±0.25 mm
for parallelism and flatness and ±1.000 mm for perpendicularity—were achieved. After facing, metrology measurements
were carried out by using a computer-controlled coordinate measurement machine (CMM) probe at 20,000 points across
both cylinder surfaces (approximately every 10 mm in both the circumferential and axial directions). Data from the
CMM were used to inform on the manufacturing quality and also used as inputs to the nonlinear finite element analyses
with the as-manufactured imperfection signature. Following best practice in the experimental literature [18–20], to
post-process these data, a cylinder of best fit is first fitted to the 20,000-point data cloud by minimizing the root mean
square of the imperfection data cloud against the best fit cylinder. The best fit QI cylinder has an outer radius of
302.20 mm, 1.15 mm larger than the designed outer radius. The best fit RTS cylinder has an outer radius of 302.11 mm,
0.94 mm larger than the designed outer radius. The results of the QI and RTS cylinder CMM are shown in Fig. 4.

The RTS cylinder has a maximum imperfection amplitude of 8.30 mm, 1.79 times greater than the maximum
imperfection amplitude of the QI cylinder of 4.63 mm. Deviations in the cylinder wall profile are most likely due to: (i)
tool-part interaction during curing in the autoclave, (ii) spatial non-uniformity in cool down of the part at the end of
the curing cycle, and (iii) the single weld seam in the aluminum tooling mandrel that, while machined to be within
high tolerance, leads to differential thermal expansion in the autoclave. Manufacturing imperfections are also likely
compounded by the variable stiffness (and therefore variable coefficients of thermal expansion) of the RTS cylinder.
Imperfections introduced by these factors are commonly observed in manufacturing of composite cylinders, which
is why, compared to metallic cylinders, composite cylinders often feature lower-order periodic imperfections (i.e.,
ovalizations) rather than higher-order periodic imperfections (i.e., high-frequency surface waviness) [21–24]. Indeed,
the dominant imperfection signature for the both cylinders is an ovalization mode, which is shown in Fig. 4.

A speckle pattern was sprayed onto each cylinder to take surface deflection and strain measurements during the
experimental tests using a two-camera digital image correlation (DIC) system. The location of DIC was informed
by FE predictions. Four linear variable differential transformers (LVDTs) were placed at 90° increments around the
circumference of the cylinder to measure the eccentricity of loading. Strain gauges were also instrumented at nine and
twelve locations across the QI and RTS cylinder, respectively, to complement and corroborate DIC measurements. The
locations of DIC and strain gauges for the QI and RTS cylinders are shown in Fig. 5.
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(a) Manufacturing Process

(b) Cured QI Cylinder

Fig. 2 The manufacturing process uses wrap-rolling by depositing multiple tows in adjacent courses onto a flat
tooling surface to create a full ply, and then wrapping each individual ply carefully around the cylinder creating
a butt joint at the seam. Butt joints of individual plies are staggered around the circumference in 45° intervals.
Two cylinders are manufactured (one CTS steered and one QI straight fiber) and cured in an autoclave.

C. Finite Element Analyses
Prior to the test, FE analyses of the QI and RTS cylinders with as-manufactured imperfections were carried out to

predict the buckling load and axial stiffness of the cylinders. The coordinate system to define the cylinder geometry
and imperfections is shown in Fig. 6. The imperfection measurements were carried out between 𝑥 = 40 mm and
𝑥 = 1060 mm 93% of the unpotted length of the cylinder (0 to 24 mm and 1074 mm to 1098 mm is the end-potted
region). Following best practice in the literature [18–20], the imperfection data cloud was deconstructed into Fourier
coefficients and magnitudes based on a full four-term Fourier series decomposition. Once achieved, the Fourier series
can be used to extrapolate the imperfections from 𝑥 = 50 mm to 𝑥 = 24 mm (the start of the bottom end-potting) and
from 𝑥 = 1060 mm to 𝑥 = 1074 mm (the start of the top end-potting).

For two coordinates (𝑥, 𝑦), in this case the axial and circumferential coordinates, that have been scaled to the domain
[-𝜋,𝜋], the imperfection variable 𝑓 (𝑥, 𝑦) can be represented by the following Fourier series,

𝑓 (𝑥, 𝑦) =
∞∑︁
𝑚,𝑛

𝜆𝑚𝑛

[
𝐴𝑚𝑛 cos(𝑚𝑥) cos(𝑛𝑦) +𝐵𝑚𝑛 sin(𝑚𝑥) cos(𝑛𝑦) +𝐶𝑚𝑛 cos(𝑚𝑥) sin(𝑛𝑦) +𝐷𝑚𝑛 sin(𝑚𝑥) sin(𝑛𝑦)

]
(4)
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Fig. 3 End-potted QI cylinder.

where
𝐴𝑚𝑛 =

1
𝜋2

∬ 𝜋

−𝜋
𝑓 (𝑥, 𝑦) cos(𝑚𝑥) cos(𝑛𝑦) d𝑥 d𝑦 , (5)

𝐵𝑚𝑛 =
1
𝜋2

∬ 𝜋

−𝜋
𝑓 (𝑥, 𝑦) sin(𝑚𝑥) cos(𝑛𝑦) d𝑥 d𝑦 , (6)

𝐶𝑚𝑛 =
1
𝜋2

∬ 𝜋

−𝜋
𝑓 (𝑥, 𝑦) cos(𝑚𝑥) sin(𝑛𝑦) d𝑥 d𝑦 , (7)

𝐷𝑚𝑛 =
1
𝜋2

∬ 𝜋

−𝜋
𝑓 (𝑥, 𝑦) sin(𝑚𝑥) sin(𝑛𝑦) d𝑥 d𝑦 , (8)

and

𝜆𝑚𝑛 =

{ 0.25 for 𝑚 = 𝑛 = 0
0.5 for 𝑚 > 0, 𝑛 = 0, or 𝑚 = 0, 𝑛 > 0

1 for 𝑚 > 0, 𝑛 > 0.

For both CMM data clouds, a decomposition using 𝑚 = 51 (axial direction) and 𝑛 = 21 (circumferential) modes
was used to converge the Fourier series. Final convergence was based around locally converging both the maximum
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(a) (b)

Fig. 4 QI (a) and RTS (b) as-manufactured radial imperfections from CMM data collection. Radial deflection
is plotted with respect to a best fit cylinder of the CMM data cloud.
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Fig. 5 QI (a) and RTS (b) strain gauge and DIC location.

and minimum value of the (𝑚, 𝑛) imperfection magnitudes, 𝜁𝑚𝑛, to within 0.1% where the imperfection magnitude is
defined by

𝜁𝑚𝑛 =
√︃
𝐴2
𝑚𝑛 + 𝐵2

𝑚𝑛 + 𝐶2
𝑚𝑛 + 𝐷2

𝑚𝑛. (9)

The contributions of the different Fourier modes for both QI and RTS cylinders in the axial, 𝑚, and circumferential,
𝑛, directions are plotted with their magnitude 𝜆𝑚𝑛 in Fig. 7.

It is clear that the dominant imperfection mode is an ovalization mode (𝜁0,2), as 𝑚 = 0 represents no undulation
along the length and 𝑛 = 2 represents a full wave around the circumference. Hence, the Fourier decomposition reflects
the visual inspection of Fig. 4 for both cylinders. The relative magnitude of the different Fourier modes in Fig. 7 is
common for composite cylinders with decreasing importance as 𝑚 and 𝑛 increase, as has been observed in previous
studies [25].

The Fourier modes shown in Fig. 7 were applied to modify the coordinates of nodes within the FE mesh. The
modified mesh was used in a geometrically nonlinear buckling analyses in Abaqus/CAE, based on Python-scripted
input files developed in previous work [7, 8] to define fiber-angle and thickness distributions for the CTS cylinder. The
boundary conditions applied in these models replicates the test boundary conditions (clamped) as closely as possible,
including the stiffening effect of the end-potting.
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Fig. 6 Coordinate system to define cylinder geometry.

Table 2 Planar model material properties for epoxy and aluminum.

𝐸 𝜈 𝐺

[GPa] - [msi]
Epoxy 3 0.3 2.14

Aluminum 70 0.3 70

1. Planar model
To account for the end-potting, a 2D FE planar model was created to find the local stiffening effect of the potting

material. The 2D planar model by White et al. [12] and Hilburger and Starnes Jr. [26] was used as it represents the
standard means of assessing the influence of end-potting. The local stiffening due to the encasement is unlikely to affect
the buckling load, but has been shown to have a small (1–5%) effect on pre-buckling stiffness. An accurate prediction of
pre-buckling stiffness is key to correlate nonlinear analyses and experimental results. By considering a cross-sectional
cut of the encased area, a half-model can be created. The model is shown in Fig. 8.

Assuming plane strain and effective material properties, a unit load is applied to the top of the free portion of the
laminate. The displacement of the free portion, 𝑑1, is then recorded. The displacement of the encased portion, 𝑑2, is
also recorded. The ratio of 𝑑2 to 𝑑1, 𝜂, given by

𝜂 =
𝑑2 − 𝑑1

𝑑2
, (10)

is used to calculate an effective stiffening value. The multiplier of encased material properties, 𝜂, is used to modify
the the encased (potted) section of the laminate in the analyses of Section III.C.2. The material properties shown in
Table 2 are used for the epoxy and aluminum. The effective properties of the laminate are calculated from the effective
membrane properties as calculated by Classical Laminate Theory [27]. The 𝜂 values calculated from the planar model
for the QI and CTS cylinders are 1.53 and 1.55, respectively. All FE models discussed henceforth include the effects of
end-potting.
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Fig. 7 QI (a) and RTS (b) Fourier mode magnitudes.

Table 3 Pre-test predictions for linear and nonlinear buckling load, and axial stiffness for QI and RTS cylinders.
Nonlinear buckling load is the value at which buckling occurs in the nonlinear FE model. Axial stiffness is
calculated as the average gradient between 20 kN and buckling in the FE force-displacement graph.

Value Unit QI RTS
Linear buckling load kN 196.9 218.0

Nonlinear buckling load kN 164.5 187.0
Axial stiffness kN/mm 97.7 106.4

2. Pre-test prediction
The results of the end-potted analyses are shown in Table 3. The linear buckling load is calculated through a linear

eigenvalue analysis within Abaqus/CAE and uses a ‘perfect’ geometry cylinder (no imperfections). The ‘perfect’
geometry cylinder is the cylindrical best-fit as calculated from the CMM (see Fig. 4). The nonlinear buckling load is
computed in Abaqus/CAE through geometrically nonlinear static analyses with numerical stabilization.

IV. Axial Compression Test
In this section, the experimental setup and results are discussed. The test machine, pre-test procedure and results of

both the QI and RTS cylinders are reported including data from the test machine, LVDTs, strain gauges and DIC. Both
cylinders are tested twice beyond global buckling to investigate any hysteresis in the structural response.

A. Experimental Setup
A hydraulically operated, 500 kN four-pillar Dartec test machine was used to load the cylinders in axial compression

with clamped boundary conditions enforced at either end through the application of the aforementioned end-potting.
The load was applied through a top-down single pillar vertical displacement head. A custom loading plate was designed
and manufactured to fit onto the testing machine as the standard loading head was too small for the ≈ 650 mm diameter
epoxy/aluminum end-potting ring. After placing the cylinder in the test machine, the load head was brought down onto
the cylinder until a nominal load was measured (i.e. the surfaces are touching). A feeler gauge was used between the
cylinder end-potting and the loading plate to determine any out-of-parallelism. For both the QI and RTS cylinder, the
feeler gauge indicated that the out-of-parallelism is between 0.05 mm and 0.1 mm, within the tolerances specified to the
machine shop.

The test procedure included an initial loading of up to 20% of the predicted buckling displacement. Due to flatness
and perpendicularity tolerances, both cylinders had a small settling region where one side of the cylinder was loaded
before the rest of the cylinder. The prebuckling stiffness calculated in the initial loading cycle showed that both cylinders
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conditions of planar model and (c) deflection and displacements of planar model.

Table 4 Experimental results for both QI and RTS cylinders. Nonlinear buckling load is read from the Dartec
test machine. Axial stiffness is calculated as the average gradient of the the four LVDTs for each cylinder between
20 kN and buckling. All values in the table are the average of the two tests.

Value Unit QI RTS
Buckling load kN 154.3 172.4
Axial stiffness kN/mm 105.3 106.6

were close to model predictions, providing confidence in proceeding to the next stage of the test.
After the test loading, the first loading cycled commenced at a loading rate of 0.1 mm/min until global buckling. At

the point of global buckling, the cylinder was carefully inspected for material failure (visible cracks or delaminations)
and then unloaded and reloaded a second time to investigate any hysteresis in the structural response. In the reloading
cycle the cylinder buckled globally again, was inspected, and any visible material failure noted. The cylinder was
then taken to a deep post-buckled state until 2–3 mm of end-shortening was reached, at which point the cylinder was
unloaded.

B. Experimental results
The experimental buckling loads and axial stiffnesses for both QI and RTS cylinder are collected in Table 4. As both

cylinders are compression tested twice, the results presented and discussed refer to the first test cycle unless otherwise
stated. For the QI cylinder, global buckling occurred at 154.3 kN, 94% of the predicted nonlinear buckling load. The
experimental axial stiffness for the QI cylinder is within 8% of the predicted axial stiffness. The RTS cylinder buckled
at 172.4 kN, 92% of the predicted nonlinear buckling load. The experimental axial stiffness for the RTS cylinder is
within 0.2% of the predicted stiffness.

The force-displacement graphs of compression tests on the QI and RTS cylinder for test cycle 1 and 2 are shown
in Figs. 9 and 10, respectively. Both graphs show the raw Dartec data for force and displacement measurements.
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Fig. 9 Force-displacement graph of QI compression experiment for test cycle 1 and 2.

The experimental and predicted buckling modes are shown for both cylinders in Figs. 11 and 12, respectively. In
the experiment, seven rows of two dimples were observed for both cylinders when global buckling occurred. These
out-of-plane deformations were measured using the two-camera DIC system during the experiments. The white boxes
in Figs. 11b and 12b represent the areas covered by the DIC camera system.

The experimental axial and hoop strain data for the QI cylinder for the first test cycle is compared against FE
predictions in Figs. 17 and 18, respectively. Strain gauge G malfunctioned during the QI experiment and did not record
data. Therefore, it is not plotted.

The LVDT data (four axial LVDTs) for both cylinders capture the loading eccentricity in the axial compression tests.
The LVDT data for the first test cycle of QI and RTS cylinders are shown in Figs. 13 and 14, respectively. The offset
between the four different curves in either plot indicate the presence of pre-bending in the test setup due to the residual
non-flatness and non-perpendicularity of the loading surfaces with respect to the cylinder axis. As the tolerances
achieved for the QI cylinder after machining were slightly better than the RTS cylinder, the level of pre-bending for QI
cylinder is lower than for the RTS cylinder.

V. Interpretation and Correlation of Experimental Results
In this section, the experimental results are interpreted, correlated with finite element predictions, and discrepancies

are then discussed. Rotations within the test setup are calculated and included into updated finite element predictions.
Both force-displacement graphs (Figs. 9 and 10) show a period of nonlinear settling at low levels of load and

displacement. The nonlinear settling region occurs due to the unevenness of the loading surfaces. The LVDT data
(Figs. 13 and 14) corroborate this interpretation as each LVDT shows different end-compression data, indicating that the
compression was unevenly applied. This small eccentricity in loading is commonly observed in compression testing
of cylinders [11]. Once quantified, the data can be post-processed further to better correlate FE predictions against
experimental results by implementing the bending rotations into the FE model. The difference in displacements between
opposing LVDT locations is used to calculate a rotation in this direction. The rotations are transposed to be in the global
y- and z-directions, as defined by Fig. 6, and are applied to the model as a pre-loading step. The rotations in the y- and
z-direction for test cycle 1 for the QI and RTS cylinder are shown in Figs. 15 and 16, respectively.
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Fig. 10 Force-displacement graph of RTS compression experiment for test cycle 1 and 2.

Table 5 Average rotations caused by eccentric loading, rads

QI RTS
𝜃𝑦 9.73 × 10−5 1.24 × 10−6

𝜃𝑧 8.91 × 10−5 −2.22 × 10−4

The average rotations (shown in Table 5) across the linear pre-buckling region of loading are implemented into the
FE model and used to update the nonlinear FE prediction of buckling load. The loading in the RTS cylinder is more
eccentric than the QI cylinder due to the slightly inferior surface finish on the end-potting. When rotations are included
in the FE model, the predicted buckling loads for both cylinders are lower than without rotations. The new predicted
buckling loads, with previous predictions and experimental results, are shown in Table 6.

The new FE model buckling loads for the QI and RTS cylinders are 96% and 97% of the experimental buckling load,
respectively. The axial stiffness is unaffected by the introduction of rotations. The remaining 4% and 3% differences,
respectively, can be accounted for by considering material variability and fiber angle misalignment in the manufactured
cylinders. Between test cycle 1 and test cycle 2, both cylinders exhibited no discernible material damage. Visual
inspection after test cycle 1 indicated no cracks had formed during the buckling event. The almost identical test results
for test cycles 1 and 2 for both QI and RTS cylinders (Figs. 9 and 10, respectively) indicate the buckling event did not
induce damage (no hysteresis between loading and unloading) and that the cylinders were manufactured to high quality.

The post-buckled shape of the QI cylinders shows good shape correlation with the FE prediction. The maximum
dimple deflection observed in the experiment, 16.8 mm, is 20% larger than predicted by FE. FE predicted two rows of
eight dimples for the QI cylinder, one more dimple than shown in the experiment. The post-buckled shape of the RTS
cylinder also shows good shape correlation with FE prediction. The maximum dimple deflection in the experiment,
18.8 mm, is 30% larger than that predicted by FE. FE predicted two rows of seven dimples, exactly the pattern observed
in the experiment. Numerical stabilization within the nonlinear quasi-static solver is a likely cause of the mode shape
discrepancy observed for the QI cylinder (seven vs. eight buckles). The fewer circumferential buckles corresponds to
lower energy states in the multi-stable equilibrium landscape [28]. Stabilization applied in the FE solver introduces
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(a) (b)

Fig. 11 Experimental (a) and FE-predicted (b) post-buckled shapes and out-of-plane displacement magnitudes
in mm for QI cylinder.

Table 6 Summary of buckling loads (perfect linear, perfect nonlinear, imperfect nonlinear, imperfect nonlinear
with rotations, and experimental) for both QI and RTS cylinders. ‘Perfect’ and ‘imperfect’ refer to analyses
that use the perfect, best-fit geometry of the shell or use the as-manufactured imperfections in the analysis,
respectively.

Value Unit QI RTS

Predicted
Perfect linear buckling load kN 196.9 218.0

Perfect nonlinear buckling load kN 192.9 210.0
Imperfect nonlinear buckling load kN 164.5 187.0

Imperfect nonlinear buckling load with rotations kN 160.7 177.5
Experiment Buckling load kN 154.3 172.4

artificial damping that can cause the solver to stabilize in a local energy minimum rather than transitioning all the way to
the energy minimizer.

A simple metric to measure the imperfection sensitivity of the QI and RTS shells is to identify the linear KDF,
the ratio of experimental buckling load to perfect linear buckling load. The linear KDFs are shown in Table 7. The
RTS linear KDF is 0.792, 0.8% larger than the QI linear KDF of 0.786. Despite having an imperfection magnitude
8 times the average wall thickness and a greater loading imperfection, the RTS cylinder appears to be slightly more
imperfection insensitive. However, the linear KDF uses the perfect linear buckling load which does not include the
presence of a boundary layer, a feature that is known to reduce the load carrying ability of a cylinder [29] and be present
in experiments. Therefore, to assess the imperfection sensitivity of the QI and RTS cylinder alone, the boundary layer
must be included in both analyses. To consider this, a nonlinear KDF is calculated as the ratio between experimental
buckling load and perfect nonlinear buckling load. The nonlinear KDFs are shown in Table 7. The RTS nonlinear KDF
is 0.822, 2.5% higher than the QI nonlinear KDF 0.802. The comparison between nonlinear KDFs indicates that the
RTS cylinder is more imperfection insensitive than the QI cylinder, despite having a larger geometric imperfection
sensitivity magnitude and loading imperfection.

To further investigate the imperfection (in)sensitivity of the QI and RTS cylinders, the as-manufactured imperfections
for both cylinders can be scaled and applied to the other design [30]. Currently, FE predictions cannot be directly
compared as the scale and type of the imperfections measured for the QI and RTS cylinders are not the same (both
cylinders had a general ovalization mode, but the ovalization was twice as large for the RTS cylinder). As the accuracy
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(a) (b)

Fig. 12 Experimental (a) and FE-predicted (b) post-buckled shapes and out-of-plane displacement magnitudes
in mm for RTS cylinder.

Table 7 Linear and nonlinear KDF comparison.

KDF QI RTS
Linear KDF 0.786 0.792

Nonlinear KDF 0.802 0.822

of the FE models has been confirmed, we can impose the same imperfection for both cylinders and compare the results
from the FE model. Therefore, the two factors that affect the buckling load of a cylinder with imperfections—the type of
imperfection (combination of Fourier modes and end-rotation) and the scale of imperfection (maximum amplitude)—are
modified by taking the QI measured imperfection and the RTS measured imperfection and applying them vice versa
both in their original magnitude and by scaled magnitudes. As there are two types of imperfection (geometric and
loading), the geometric imperfection is considered alone first, and then the loading imperfection is considered alongside
the geometric imperfection. The combination of cylinder (QI or RTS) analyzed, the type of imperfection used (from QI
or from RTS) and the scale of the imperfection applied (magnitude of the measured QI imperfection or magnitude of the
measured RTS imperfection) is summarized in Table 8. The nonlinear FE KDF is the ratio between predicted nonlinear
buckling load and perfect nonlinear buckling load.

Across all scenarios the actual RTS cylinder (combination 1) is less affected or even improved by changes in the
imperfection shape or magnitude (combination 3 and 5) than the QI cylinder (combination 4 and 6), which is always

Table 8 Combination of cylinder design, imperfection type (ovalization) and scale of imperfection.

Combination Cylinder Ovalization Scale Nonlinear Buckling load, kN Nonlinear FE KDF
1 RTS RTS RTS 187.0 0.890
2 QI QI QI 164.5 0.853
3 RTS RTS QI 204.1 0.972
4 QI QI RTS 141.5 0.734
5 RTS QI RTS 174.8 0.832
6 QI RTS QI 147.3 0.764
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Fig. 13 LVDT data for the QI cylinder compression test cycle 1.

Table 9 Combination of cylinder design, imperfection type (ovalization and end rotation) and scale of
imperfection.

Combination Cylinder Ovalization End rotation Scale Nonlinear Buckling load, kN Nonlinear FE KDF
7 RTS RTS RTS RTS 177.5 0.845
8 QI QI QI QI 160.7 0.833
9 RTS RTS RTS QI 192.0 0.914
10 QI QI QI RTS 140.1 0.726
11 RTS QI QI RTS 173.4 0.826
12 QI RTS RTS QI 143.9 0.746

lower than the actual tested cylinder (combination 2). On average, the nonlinear FE KDF for the RTS cylinder is 0.896,
13% higher than the average for the QI cylinder at 0.782. These preliminary results indicate that the RTS cylinder is
more insensitive to geometric imperfections. When considering the loading imperfections (of the respective QI or
RTS cylinder) with the geometric imperfections, all buckling loads are lower than without loading imperfections. The
comparison between QI and RTS cylinders for various imperfections and scale are shown in Table 9.

Again, the RTS cylinder has a higher average nonlinear FE KDF (0.861) when compared to the average nonlinear
FE KDF the QI cylinder (0.767). The results collated in Table 8 and 9 show that the RTS cylinder is more imperfection
insensitive.

VI. Conclusion
Two large, high-quality composite cylinders were manufactured and tested in axial compression. The test results

of a straight fiber (QI) cylinder and a tow-sheared (RTS) cylinder were compared and contrasted. The QI and RTS
cylinder buckled within 3% and 4% of the predicted load (with manufacturing and loading imperfections), respectively.
The experimental axial stiffnesses of the QI and RTS shell was within 8% and 0.2% of the predicted shell stiffnesses,
respectively. Both cylinders show good correlation between the FE-predicted post-buckled shape and the experimental
post-buckled shape. The RTS cylinder, despite having larger geometric imperfections and larger loading eccentricity, has
a higher KDF and buckling load than the QI cylinder. In addition, when the smaller imperfection magnitude measured
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Fig. 14 LVDT data for the RTS cylinder compression test cycle 1.

for the QI cylinder is applied to imperfection signature measured for the RTS cylinder, the performance of the RTS
cylinder is expected to improve by another 9%. Hence, if both cylinders had been manufactured with their respective
imperfection signatures but identical imperfection magnitude (max out-of-plane deformation), then the RTS cylinder
would have outperformed the QI cylinder even more. The lower sensitivity to changes in the imperfection mode in
the FE analysis provides evidence that the RTS cylinder is less sensitive to typical geometric imperfections that occur
during curing of composite cylinders than the baseline QI cylinder.

Appendix
The experimental axial and hoop strain data for the QI cylinder for the first test cycle is compared against FE

predictions in Figs. 17 and 18, respectively. Strain gauge G malfunctioned during the QI experiment and did not record
data. Therefore, only the FE prediction of strain gauge G is plotted. The experimental axial and hoop strain data for the
RTS cylinder for the first test cycle is compared against FE predictions in Figs. 19 and 20, respectively.
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Fig. 15 Rotation in the y- and z-directions for the QI cylinder, test cycle 1.
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Fig. 16 Rotation in the y- and z-directions for the RTS cylinder, test cycle 1.
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Fig. 17 Experimental (Exp) and FE-predicted (FE) axial strain data for each strain gauge of the QI cylinder.
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Fig. 18 Experimental (Exp) and FE-predicted (FE) hoop strain data for each strain gauge of the QI cylinder.

19



Fig. 19 Experimental (Exp) and FE-predicted (FE) axial strain data for each strain gauge of the RTS cylinder.
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Fig. 20 Experimental (Exp) and FE-predicted (FE) hoop strain data for each strain gauge of the RTS cylinder.
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