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Bristol, Bristol, UK
Geometric imperfection sensitivity is the largest influencing factor that limits the design of
thin-walled monocoque cylinders. Current generation cylindrical architectures, such as those
found in rocket launch vehicles, rely on the use of sandwich structures or blade-stiffened
structures to reduce the imperfection sensitivity of the cylinder. Whilst must research has been
focused on the creation of new knockdown factors that relate to the modern architectures
used, this paper focuses on reducing the imperfection sensitivity of a structure from a design
perspective. Variable-angle composites offer an opportunity to design the load paths of
structures, thus reducing the effective area over which imperfections initiate buckling.
Continuous Tow Shearing (CTS) is one such variable-angle manufacturing technique. It does
not cause common in-process manufacturing defects associated with Automated Fibre
Placement such as fibre wrinkling or fibre buckling. In addition, there is a fibre anglethickness coupling that results in a local thickness build-up, which, whilst increasing the mass
of the structure, enables embedded stiffeners to be created by shearing the tow. This design
feature is highly desirable in cylinders, as stiffeners are known to reduce the imperfection
sensitivity of the structure. It was found that the mass of a CTS cylinder is invariant of the
number of embedded stringers or hoops created by the shearing process. Nonlinear finite
element models with seeded imperfections are used to calculate a knockdown factor (KDF), a
measure of imperfection sensitivity. It was found that there is an inverse trend between
number of stringers/hoops and KDF. The best performing CTS cylinder has both a KDF 30%
higher and a specific buckling load 5% higher than a QI cylinder.

I. Nomenclature
𝑗
𝑚
𝑛
𝑃
𝑃
𝑡
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𝑇

=
=
=
=
=
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=
=

order of polynomial that defines fibre angle variation
S4R element size
periodicity
critical buckling load of a perfect cylinder
critical buckling load of an imperfect cylinder
nominal laminate thickness
local laminate thickness
unsheared angle at beginning of the period
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𝑇
𝜃
𝜙

= sheared angle at middle of the period
= total angle sheared (|𝑇 − 𝑇 |)
= initial angle from global X-axis that defines base fibre trajectory

II. Introduction
The largest percentage (60 – 70%) of the dry mass of heavy launch vehicles is made up by the fuel and oxidizer
tanks [1]. Using composite materials instead of current generation Li-Al fuel tanks is estimated to save up to 30% in
mass and 25% in reoccurring manufacturing costs [1]. Research programs have aimed to use composites to capitalise
on these savings but have used blade-stiffened shells or foam/honeycomb sandwich structures [2], [3]. Very few
programmes have considered novel monocoque shell architectures due to the well-documented geometrical
imperfection sensitivity of monocoque cylinders in compression—the design load case of heavy launch vehicles. The
imperfection sensitivity is captured in the design phase of cylinders using a knockdown factor (KDF) that are applied
to the theoretical critical buckling load derived from a linear eigenvalue analysis. The theoretical critical buckling
pressure for a perfect isotropic cylinder is given by the formula
σ

𝐸𝛾

𝑡
,
3(1 − 𝜈 ) 𝑟

=

(1)

where the knockdown factor, 𝛾 (typically calculated using the NASA SP-8007 guideline that defines a ‘lower bound’
from experimental data) is given by
𝛾 = 1 − 0.901(1 − 𝑒

),

(2)

and the exponent factor, Γ, is
Γ=

1
16

𝑟
𝑡

𝑟
for > 1500.
𝑡

(3)

The classical KDFs of the NASA SP-8007 [4] guideline are still industry-standard but have been acknowledged to
be too conservative for modern materials and manufacturing tolerances. Contemporary knockdown factors have been
created that are less conservative [5]–[8], but still show the imperfection sensitivity of cylindrical shells.
The imperfection sensitivity of cylinders is well-documented and explained when considering the relationship
between low buckling loads and geometric imperfections in the cylinder wall as set forth in Koiter’s PhD thesis [9].
Other factors do influence the low buckling loads seen in experiment (such as loading and boundary conditions [10])
but they do not consistently explain this difference in theoretical and experimental buckling loads.
The current work looks at designing monocoque cylinders that are imperfection insensitive by tailoring load paths
by using a novel variable-angle tow (VAT) composite manufacturing technique, Continuous Tow Shearing (CTS)
[11]. VAT composites have been shown to improve the mechanical performance of composite plates without a weight
penalty [12]–[15]. It has also been shown that the imperfection sensitivity of composite cylinders can be decreased
with Automated Fibre Placement (AFP) [16]. However, CTS has several benefits over AFP as a result of shearing the
fibre tows instead of bending them; e.g. no in-plane bending of the tows, thus no fibre buckling or wrinkling; perfect
tessellation of tows; and much smaller steering radii that leads to greater control of fibre paths. In addition to these
benefits, the shearing process couples the fibre angle change to the local thickness of the tow, enabling the formation
of embedded stringers and hoops perpendicular to the fibre steering direction. Fibre paths are described using the
notation adapted from Gurdal [17] 𝜙⟨𝑇 |𝑇 ⟩ , where ϕ is the counter-clockwise angle from the global X-axis that
designates the initial direction of angle variation; 𝑇 is the counter-clockwise angle from 𝜙 that is the starting angle
of the variation of fibre path; 𝑇 is the counter-clockwise angle from 𝑇 that is the angle at the middle of the ‘period’;
𝑛 is the number of times ⟨𝑇 |𝑇 ⟩ occurs across the domain (herein referred to as the periodicity of the lamina); and 𝑗
is the order of the polynomial that defines the change in fibre angle. Fig. 1 shows how a 90⟨0|30⟩ layer is defined.
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Fig. 1 A 𝟗𝟎⟨𝟎|𝟑𝟎⟩𝟐𝟏 lamina sheared causing two embedded-stringers to be created, shown by the crosssection.
The definition of the angle-thickness coupling is
t=

t̅
,
cos(𝜃)

(4)

where 𝜃 is the shearing angle, which at a maximum can be 70° due to manufacturing constraints. The working
hypothesis of the current study is that using the CTS technique, the imperfection sensitivity of monocoque cylinders
can be decreased.
This paper aims to show preliminary data regarding CTS cylinders and to optimise a CTS cylinder with respect to
the specific imperfect critical buckling load. Previous parametric studies of variables (𝑇 , 𝑇 , 𝜙, 𝑛) have shown that
there can be an improvement in KDF and specific imperfect buckling load against a nominal QI cylinder. This paper
opens the design landscape to include many more combinations of fibre-steered lamina and through a genetic
algorithm an optimum layup is found.

III. Model
Multiple architectures were investigated to see the effect of tow-shearing on the imperfection sensitivity of the CTS
cylinders through a parametric finite element analysis study. The definitions of the architectures are shown in Table
1.
Table 1
Design
1
2
3
4
5
6
7
8

Designs investigated in the current study.

Layup
[±Φ]
[±Φ]
[±45, ±Φ]
[±45, ±Φ]
[±Φ, 0, 90]
[±Φ, 0, 90]
[±Φ , ±Φ ]
[±Φ , ±Φ ]

Φ
0⟨𝑇 |𝑇 ⟩
90⟨𝑇 |𝑇 ⟩
0⟨𝑇 |𝑇 ⟩
90⟨𝑇 |𝑇 ⟩
0⟨𝑇 |𝑇 ⟩
90⟨𝑇 |𝑇 ⟩
0⟨𝑇 |𝑇 ⟩ , 90⟨𝑇 |𝑇 ⟩
90⟨𝑇 |𝑇 ⟩ , 0⟨𝑇 |𝑇 ⟩

Stiffener Type
Hoops
Stringers
Hoops
Stringers
Hoops
Stringers
Hoops / stringers
Stringers / hoops

The cylinder geometry and mechanical properties of the material system used are listed in Table 2. These parameters
were used within Python-scripted Abaqus input files. The mesh size was determined after a mesh convergence study.
The radius of the cylinder defined the inner surface of the cylinder wall. The total number of S4R elements is 26790
with 237 elements circumferentially and 113 elements axially. The top nodes of the model were fully fixed and the

3

bottom nodes were fixed apart from axial translation freedom. A displacement-controlled analysis was carried out to
find the stiffness and critical buckling load of the cylinder by recording the reaction force at the top nodes.
Table 2

Material properties, cylinder geometry and element size used within the numerical model.
E1
122.2

E2
GPa
7.332

G12
4.9

𝜈 12
0.31

R

L

400

1200

tply
mm
0.13

m0
10.6

A Linear Buckling Analysis (LBA) and Nonlinear Buckling Analysis (NBA) are used to calculate the KDF of a
given CTS cylinder. The KDF is calculated as
𝑃
(5)
KDF =
.
𝑃
The NBA used an imperfect cylinder that had pseudo-random wall imperfections seeded that were up to the
magnitude of a wall thickness. The Abaqus setting NLGEOM was set to be ON to capture nonlinear geometric
behaviour in the NBA.

IV. Results and discussion
Each design has increments of 𝑇 of 10°, ranging from 0 – 90°. Each 𝑇 angle has increments of 𝑇 of 5°, ranging
from (𝑇 − 70) to (𝑇 + 70)°. The axial stiffness and critical buckling mode (from a linear eigenvalue analysis) are
plotted in Fig. 2 for design 6. The values are normalised against a QI cylinder [±45, 0, 90]s as it is the best straight
fibre laminate for axial buckling [18]. The values are also normalised against the mass of each laminate. As the fibre
volume fraction is conserved when shearing, the localised thickness increases, causing an overall mass increase. The
relationship between cylinder mass and total angle sheared is invariant on the periodicity, as shown in Appendix I.

Fig. 2 Normalised axial stiffness against critical buckling load for design 6.
It can be seen from Fig. 2 that many CTS cylinder layups behave similarly to a QI cylinder on a mass-specific basis.
This is a notable result as the QI cylinder has been shown to be the optimum layup for cylinder buckling [18]. Each
4

line on the plot designates a 𝑇 angle and each point on the line is an amount of shearing, given by the 𝑇 angle. There
are several general trends that are seen when inspecting these data. Firstly, the effect of shearing on the specific
buckling load and specific axial stiffness is dependent on the initial 𝑇 angle. Although the embedded stiffeners are
still in the same direction throughout design 6, the direction of fibre at the location of the stiffening elements has a
considerable impact. A 𝑇 angle that is initially orientated circumferentially and has a high degree of shearing (⟨0|70⟩)
results in the highest specific buckling load in design 6. One may expect that having the fibres oriented along the axis
of the cylinder at the stiffeners (e.g. layup ⟨20|90⟩) the buckling load would be highest, but this is not the case. The
circumferential fibres of the ⟨0|70⟩ laminate act to constraint the bulging buckling mode, resulting in a higher buckling
load. The stiffer embedded stringers of the ⟨20|90⟩ laminate do not compensate for the lack of circumferential
reinforcement, resulting in a lower buckling load.
When the initial trajectory of fibre angle is axial, the effect of shearing is a very gradual increase in specific buckling
load and a dramatic decrease in specific axial stiffness. The decrease in specific axial stiffness is also nonintuitive as
the shearing process creates embedded stiffeners. However, the local increase in EI contribution of the embedded
stringers is minimal and the increase in mass is detrimental to the specific axial stiffness for these laminates. A second
trend that is seen is that many of the laminates display ‘hooking’ behaviour of the specific buckling load when the
shearing angle is large. Considering the family of laminates ⟨30|𝑇 ⟩, the specific buckling load trend switches from
decreasing to increasing when 𝑇 = 90° and when 𝑇 = −10°. This behaviour happens because the increase in
buckling load associated with the embedded stiffeners is now larger than the local increase in thickness and mass.
Whilst this plot contains much information, it does not consider how insensitive a given layup may be to
imperfections. To understand the imperfection sensitivity of each design, an imperfect NBA is carried out. However,
the current design space for all laminates considered has 2320 layups. Therefore, to narrow the number of laminates
investigated, two types of inequality qualifiers on mechanical properties are used,
𝐸 > 0.9 and 𝑃

> 0.9,

(6)

𝐸 > 0.8 and 𝑃

> 0.8.

(7)

Eq. (6) is used for Designs 1 – 6, Eq. (7) is used for Design 7 and 8 to eliminate laminates that did not have
mechanical properties similar to a QI laminate on a mass-specific basis. These ‘best laminates’ architectures are fed
into the NBA to calculate a KDF. The KDFs for all 90 laminates are collated in Fig. 3.

Fig. 3 Layup designator against KDF for the 'best layups' that meet the criteria in Eq. (6) and Eq. (7).
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Many CTS laminates have a KDF greater than a QI laminate. These results indicate that by designing with the
Continuous Tow Shearing manufacturing method, the imperfection sensitivity of a cylinder can be greatly decreased.
The imperfect buckling load can also be plotted against layup designator to see the variation in imperfect buckling
load, this is shown in Fig. 4.

Fig. 4 Layup designator against KDF for the 'best layups' that meet the criteria in Eq. (6) and Eq. (7)
The imperfect buckling load for many laminates is comparable to an imperfect QI laminate. Design 5 and 6 have a
higher average imperfect buckling load when compared to design 7 and 8. This is a consequence of the lower design
inequality in Eq. (7).

V. Future work
Future work will include a genetic algorithm optimisation of CTS cylinders. The design space will be opened up to
include the generic laminate ±ϕ 〈T T 〉 , ±ϕ 〈T T 〉
. The objective will be to maximise the imperfect
buckling load when the seeded imperfection is a combination of the first twenty eigenmodes of a QI cylinder.
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Appendix I
The mass of any cylinder is given by
(A1)

𝑚 = 𝜌 ∫ 𝑑𝑉 ,

where 𝜌 is the density of the material, 𝑉 is the total volume of the cylinder and 𝑑𝑉 is small volume element. This can
be expanded to the integral
∗
𝑚 = 𝜌 ∫ ∫ ∫ 𝑑𝑠 𝑑𝑡 𝑑𝑙 ,
(A2)
where 𝐿 is the total length of the cylinder, 𝑡 ∗ is the thickness function and 2𝜋𝑟 is the circumference of the cylinder,
𝑑𝑠 is a small circumferential element, 𝑑𝑡 is a small thickness element and 𝑑𝑙 is a small axial element. Taking a
circumferential shearing direction (𝜙 = 90°), the thickness is a function of the 𝑠-ordinate. Therefore, the first two
integrals can be solved to the limits so that
𝑚 = 𝜌𝐿 ∫ 𝑡 ∗ (𝑠) 𝑑𝑠.
(A3)
To solve 𝑡 ∗ (𝑠), 𝑠 must be found as a function of the shearing angle, 𝜃. The relationship between 𝑡, 𝑠, and 𝜃, is found
in the expression
𝑡 ∗ (𝑠) = 𝑡̅ sec 𝜃 , where 𝜃 = 𝜃(𝑠),
(A4)
so that the 𝑗-th order polynomial that defines the variation in fibre angle is
(A5)

𝜃 = 𝑎𝑠 .
This expression can be solved with boundary conditions [𝜃 = 𝜃
𝜃=𝜃

7

at 𝑠 =
𝑠 .

=

] to give
(A6)

Thus, the expression between 𝑠 = 0,

is
𝑡 ∗ (𝑠) = 𝑡̅ sec 𝜃

(A7)

𝑠 ,

to allow for a substitution of the original integral
∫

𝑡 ∗ (𝑠) 𝑑𝑠 = 2𝑛 ∫ 𝑡̅ sec 𝜃

𝑠

𝑑𝑠.

(A8)

However, a substitution of
𝑢=

𝜃

𝑠,

(A9)

to the limits of the integral gives the solution to the entire mass integral to be
𝑚=

̅

sec(𝑢 ) 𝑑𝑢.

∫

The above expression shows that the mass of cylinder is invariant to 𝑛, the periodicity.
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(A10)

