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Summary

The Koiter methodology is a reduced-order model that can predict the initial post-buckling characteris-
tics of structures. Incorporating the Koiter approach within finite element simulations resulted in chal-
lenges. These included mesh-sensitive initial post-buckling coefficients, computationally expensive
high-order derivatives, and phenomena such as locking, which led to unrealistic behaviour of struc-
tures. The displacement-based Koiter methodology is introduced to overcome these issues due to the
clear connection between the theory and the implementation.

This research aimed to include imperfections in the displacement-based Koiter methodology and to
develop an easily implementable and computationally efficient approach. This novel approach should
be suitable for recurring processes such as sensitivity studies, ultimately leading to the creation of de-
sign guidelines for imperfection-insensitive cylinders. These cylinders are more weight-efficient com-
pared to cylinders sensitive to imperfections and therefore ideal for aerospace applications, such as
the outer shells of rockets.

To demonstrate the incorporation of imperfections within the displacement-based Koiter methodol-
ogy, it was decided to apply the approach first to a plate with an imperfection utilising the single-mode
expansion and Donnell-type kinematics. In order to achieve this goal, three steps are identified to in-
clude imperfections within the displacement-based methodology. First of all the total potential energy
of an imperfect structure is expanded by performing three Taylor expansions. Two possibilities arise
for this expansion, one formulation set up by Budiansky and another one derived by Pignataro. Fol-
lowing this, the perfect and imperfect functional derivatives are derived utilising the Donnell kinematics
by means of Frechét derivatives. One can simplify this procedure by assuming that the pre-buckling
is linear resulting in the out-of-plane rotations to be equal to zero, alternatively, one can disregard this
assumption and have supposedly more accurate but consequently also more functional derivatives. A
total of four solution possibilities arise due to the two assumptions related to the expansion of the total
potential energy and the pre-buckling behaviour.

The last step is to perform an asymptotic analysis. The initial idea was to derive imperfect initial
post-buckling coefficients a; and b;. These could be formulated by substituting the asymptotic expan-
sions for the load and the displacement in the expansion for the total potential energy. The approach
was unsuccessful in finding post-buckling coefficients since it was not possible to isolate any of the
unknowns. Besides the fact that it was not possible to derive expressions for a; and b;, it was reflected
that the coefficients would not be representative of reality as imperfect structures no longer have a bi-
furcation point and therefore it does not make sense to perform an asymptotic expansion in the vicinity
of this critical load.

An alternative for the asymptotic expansion is to derive the imperfection form factors instead of the
post-buckling coefficients. The asymptotic expansion for the load is adjusted to include the imperfection
form factors o« and 3. To derive expressions for these coefficients, firstly the asymptotic expansion for
the displacement is substituted into the expansion of the total potential energy. Then the load expansion
including the terms « and g is replaced to derive an equilibrium equation. Due to the assumption of
linear pre-buckling o = g, it was possible to formulate an expression for « for a plate with linear pre-
buckling. Initial results show that it matches literature, however, more imperfection shapes should be
tested to conclude that the approach is correct.

The recommendations to verify that the inclusion of imperfection within the displacement-based Koi-
ter methodology is successful are the following: reconstruct the displacement field and compare this to
other non-linear solutions of imperfect plates. Secondly, it is recommended to compute the imperfec-
tion form factors for several different imperfection shapes with the displacement-based approach and
compare it to the FE software DIANA which is able to compute the same form factors.



Contents

Preface i
Summary ii
List of Figures \'
Nomenclature vii
1 Introduction 1
2 Literature Review 2
2.1 Discovery Imperfection Sensitivity . . . . .. ... ... ... o 2
2.2 Predicting the Buckling Load of Imperfect Shells . . . . ... ... ... ......... 2
2.21 Finite ElementModelling . . . . . .. . . .. ... 3

2.2.2 Koiter's Asymptotic Analysis . . . . . ... 3

2.3 Definition Imperfection-Insensitive Shell . . . . . ... ... ... ... .. ........ 5
2.4 Solutions against Imperfection Sensitivity . . . . ... ... ... ... .. 0 L. 5
2.4.1 Additional Reinforcing Components . . . . .. .. ... ... ... ....... 6

2.4.2 Variable Angle Manufacturing Techniques . . . . . . . ... ... ... ...... 6

25 Conclusionand ResearchGaps . . . . . .. . . ... ... ... ... ... 8

3 Research Definition 10
3.1 Research Objective . . . . . . . . . . . . . e 10
3.2 Research Scope . . . . . . . . . . e 10
3.3 Hypotheses . . . . . . . . 11
3.4 ResearchOutline . . . . . . . .. . . . . . e 11

4 Displacement-based Koiter Methodology 12
4.1 Expansion of the Total Potential Energy Functional . . . . . . ... ... ... ...... 12
4.2 Functional Derivatives utilising Frechét Derivatives . . . . . . .. .. ... ... ..... 13
421 Strains . . . .. e 13

422 StreSSES . . . . . e e 15

4.2.3 Functional Derivatives . . . . . . . . . . ... ..o 15

4.3 Asymptotic Analysis . . . . . . .. e 17
4.4 Finite Element Implementation . . . .. .. ... ... o o 18

5 Expansion of the Total Potential Energy Functional 20
5.1 Formulation by Pignataro . . . . . . .. ... 20
5.2 Fomulation by Budiansky . . . . . . .. .. 21
5.3 Comparison between Pignataro and Budiansky . . . . .. ... ... ... ........ 23

6 Functional Derivatives utilising Frechét Derivatives 24
6.1 Strains . . . . . . . e 24
6.2 Strains for Linear Pre-buckling . . . . . . . . ... 26
6.3 Stresses . . . . . .. e 26
6.4 Stresses for Linear Pre-buckling . . . . . . . .. ... ... ... ... .. 27
6.5 Functional Derivatives . . . . . . . . . . .. e 27
6.6 Functional Derivatives for Linear Pre-buckling . . . . . .. .. ... ... ... ...... 31
6.7 Conclusion Functional Derivatives . . . . . .. . .. .. ... .. .. .. ... ..., 31

7 Asymptotic Analysis 33
7.1 Initial Imperfect Post-buckling Coefficients . . . . . . . .. ... ... ... ........ 33
7.1.1 Option 1: PL . . . . . 34

712 Option2: BL . . . . . . . . .o 35



Contents iv
713 Option3and4 . ... . . . . e 36

7.1.4 Conclusion Initial Imperfect Post-buckling Coefficients . . . . . . ... ... ... 36

7.1.5 Comparison Work of Budiansky . . . . . . . . .. ... ... ... . 36

7.2 Imperfection Form Factors . . . . . . . . . . . . . ... e 37
7.21 Option 1: PL . . . . . e 39

722 Option2: BL . . . . . . . e 40

723 Option3and4 . ... . . . . e 41

7.2.4 Conclusion Imperfection FormFactors . . . . . . . ... .. ... ... ...... 41

7.3 Conclusion Asymptotic Analysis . . . . . . . . ... 41

8 Conclusion 43
9 Recommendations 44
References 46
A Derivation Functional Derivatives for Linear Pre-buckling 50
Al Strains . . . . . L e e e 50
A1.1 Perfect . . . . e 50

A1.2 Imperfect . . . . . . 51

A2 Stresses . . . . . . e 51
A21 Perfect . . . . .. 52

A2.2 Imperfect . . . . . . . e 52

A.3 Functional Derivatives . . . . . . . . . . ... e 52
A3.1 Perfect . . . . 52

A3.2 Imperfect . . . . . . e 53

B Full Expansion of the Total Potential Energy 56
C Non-Linear Asymptotic Analysis 58
C.1 Initial Imperfect Post-buckling coefficients . . . . . .. ... ... ... ... . . . ... 58
C1.1 Option3: PN . . . . . e 58

C.1.2 Option4: BN . . . . . . . e 59

C.2 Imperfection Form Factors . . . . . . . . . . . . . . . .. 60
C.21 Option 3: PN . . . . . e 60

C.2.2 Option4: BN . . . . . . e 61



2.1

2.2
23

24

7.1
7.2

7.3

7.4

List of Figures

*Typical initial post-buckling responses. The solid and dotted lines indicate, respectively,
the response of the perfect and imperfect structures.” [19] . . . . . . . . ... ... ...
Simplified overview of automated fibre placement[35]. . . . . . . ... ... ... ....
"Difference of the tow arrangement and head rotation: (a) conventional AFP (fow gap),
(b) conventional AFP (tow overlap), and (c) CTS”[32]. . . . ... ... ... ... ....
” Differentiation between current and idealistic manufacturing methods where: (a) is a
90(0|50) laminate for both methods, (b) is a 90(30|50)'laminate for the current manu-
facturing method and (c) is shearing 90(30|50)for the idealistic manufacturing method.”
[B8] . . . e

The influence of g onthe bucklingload[48].. . . . . ... ... ... ... ........
Initial post-buckling response of perfect and imperfect plate, where « = 8 =1anda; =0
and by = 01717 . . . . . e e e e e e
Comparison between the initial post-buckling responses of an imperfect plate where
a=f=1anda; =0and b; = 0.1717 and the displacement-based Koiter methodology
(DBKM)Where & = tur. . . . . . . o o e e e
Initial post-buckling response of an imperfect plate for different buckling modes computed
by the displacement-based Koiter methodology (DBKM), where & = wuy. . . . . . . . ..



Abbreviations
AFP
BFSC
CFRP
CTS
DBKM
FE
FEA
FEM
KDF
MPLA
Ql
SBPA
SPDA
SPLA
TFP
VA
VAFW
VAT

Subscripts

() )ws ()
( o
(e

Automated Fibre Placement
Bogner-Fox-Schmit-Castro

Carbon Fibre Reinforced Plastic
Continuous Tow Shearing
Displacement-based Koiter Methodology
Finite Element

Finite Element Analysis

Finite Element Modelling
Knock-down Factor

Multiple Perturbation Load Approach
Quasi-Isotropic

Single Boundary Perturbation Approach

Single Perturbation Displacement Approach

Single Perturbation Load Approach
Tailored Fibre Placement

Variable Angle

Variable Angle Filament Winding

Variable Angle Tow

Derivative w.r.t. z, y, z
Fundamental Solution

Bifurcation Point

Lower-case Roman

u

]

[

ur
Urrr

urr

Imperfect displacement
Asymptotic expansion (u — u.)
Imperfection shape

First-order displacement field
Third-order displacement field

Second-order displacement field

Vi

Nomenclature



Nomenclature

Vi

Displacements

Dimensions finite element

First post-buckling coefficient
Second post-buckling coefficient

Original tow thickness

Upper-case Roman

i

2z EE5EE 22

Sw, 8v, S
Superscripts
(")

()

(")

Lower-case Greek

o,

A TR SN

Q]

®

moos e e >

Imperfect bending stresses

Imperfect membrane stresses

General distributed loading

Membrane stiffness

Membrane-bending coupling

Bending stiffness

Hermite cubic functions

Perfect bending stresses

Perfect membrane stresses

Shape functions of imperfect displacement field

Shape functions of displacement field

Frechét derivative w.r.t. A
Frechét derivative w.r.t. u

Frechét derivative w.r.t. @

Imperfection form factors

Total potential energy functional structure
Imperfection amplitude

Rotational strain imperfect structure
Extensional strain imperfect structure
Rotational strain perfect structure
Extensional strain perfect structure

Load scalar paramater

Total potential energy functional perfect structure

Total potential energy functional imperfect structure

Tow shearing angle

Scalar Parameter



Introduction

Aerospace structures are designed to be lightweight. A structure that has more mass is less economical
since it requires more thrust and lift to operate, consequently resulting in higher fuel requirements. For
aircraft, the additional costs are estimated to be between 45€/kg and 385<€/kg for fuel consumption
when the weight of the plane is increased [1]. This cost increase is more significant for space structures
and this is estimated to be around 10000 <€ per kilogram for Low Earth Orbit launchers [2]. These
predictions for cost increase rely on several factors such as lifetime and application of the vehicle, and
therefore it is difficult to obtain one cost estimation that is relevant for all space structures or all aircraft.

On top of being economical, reducing the weight of aerospace structures is more sustainable. The
reduced fuel consumption due to designing lightweight configurations also minimizes the number of
greenhouse gases emitted. The aviation industry is responsible for 3% of the total CO, emissions
[3], most of these emissions are produced during the operational lifetime of the aircraft and therefore
reducing the weight is the most sustainable approach to reduce this number.

To achieve these weight-efficient designs, aerospace structures are composed of thin-walled con-
structions prone to buckling. The load is redistributed within the structure due to the change in shape
as a consequence of buckling, and this could potentially lead to yielding or even failure. Additionally,
the aerodynamic shape is no longer maintained, resulting in a less efficient configuration due to the
loss of lift and possible increased drag.

Several studies were carried out to accurately predict the buckling load of shells, resulting in the
Elastic Buckling Theory. This theory solved the eigenvalue problem for shell structures to find the
bifurcation point. The theory was able to predict the buckling load of plates and columns but it failed
short for cylindrical shells. Large deviations between theory and experiment were observed for cylinders
and these were attributed to imperfections. This has sparked interest in designing a cylindrical shell
that is not sensitive to imperfections when axially compressed.

Up to this point, an imperfection-insensitive shell has not yet been achieved. One of the reasons
no guidelines are available for this shell is due to the fact that repeated sensitivity studies are required
to draw conclusions. Computationally expensive non-linear solvers are used to predict the buckling
load of imperfect cylinders and these increase the running time of these sensitivity studies significantly.
Therefore this research aims to introduce a new methodology that is efficient and simple to implement,
namely the displacement-based Koiter methodology with the inclusion of imperfections. This novel
tool could be used in sensitivity studies and eventually assist in the creation of design guidelines for
imperfection-insensitive shells, but the focus of this study lies in the methodology.

The thesis is structured as follows, first, chapter 2 presents a literature review to outline the several
possibilities to predict the buckling load of cylindrical shells and which techniques are available to reduce
the sensitivity to imperfections. The chapter concludes by identifying the research gaps related to the
buckling of cylindrical shells. From this conclusion, the research objective and scope are defined in
chapter 3. The goal is to include imperfections within the displacement-based Koiter methodology and
the necessary steps to achieve this are explained in chapter 4 to 7, as well as how effective this novel
modelling technique is. Finally, the concluding remarks can be found in chapter 8 and future research
is presented in chapter 9.



Literature Review

The initial objective of this thesis was to design a lightweight composite cylinder that is insensitive
to imperfections. The first step in achieving this goal is to explore what has been done in the past,
and this chapter provides a short overview of the existing literature relating to imperfection-sensitive
cylindrical shells. The first section of this chapter introduces the revelation that cylinders are sensitive
to imperfections, along with the factors that can reduce their buckling load (section 2.1). Subsequently,
in section 2.2, various approaches to predicting the buckling load of imperfect cylinders are discussed.
Building upon the definition of imperfection sensitivity presented in section 2.3, section 2.4 presents
solution approaches aimed at reducing this sensitivity. The chapter concludes by identifying the gaps
in the existing literature (section 2.5), which serve as the foundation for this thesis.

2.1. Discovery Imperfection Sensitivity

Thin-walled structures are commonly used in aerospace and marine industries, consisting of lightweight
constructions that are prone to buckling, so extensive research has been done to predict the precise
buckling load of various kinds of structures. The buckling load of structures is often predicted by means
of solving eigenvalue problems that conclude the bifurcation point, at which the structure moves from
the fundamental equilibrium path to the buckled path [4, 5]. When the theories were tested and val-
idated, large deviations between the theoretical and the experimental buckling load were discovered.
These discrepancies were unexpected since similar equations had worked well to predict the buckling
load of plates and columns. Three main conclusions could be drawn from the experiments. First of all,
the true buckling load was lower than the theoretical load, sometimes even as low as 10 % of the the-
oretical value. Secondly, there was scatter in the experimental data, even between identical cylinders
and thirdly, the failures were unstable leading to catastrophic collapse [6, 5].

Koiter [7], Von Karman and Tsien [8], Donnell and Wan [9] could attribute the differences between
the theoretical and experimental results of the buckling analysis of cylindrical shells to imperfections
and thus cylindrical shells were defined as sensitive to imperfections. This discovery that imperfec-
tions can reduce the buckling load sparked much interest in finding solutions to reduce it and analysing
imperfections themselves and other sources that could explain the discrepancies. Many revelations
have been made since the early 1900s and it has been concluded that three factors have a significant
effect on the buckling behaviour of thin-walled cylindrical shells; geometric imperfections, pre-buckling
deformations and stresses, and lastly boundary conditions and non-uniform loading. Geometric imper-
fections lower the buckling load the most, but in combination with the other two factors, it explains the
large deviations between theory and experiments.

2.2. Predicting the Buckling Load of Imperfect Shells

The prediction of buckling load can be divided into three main approaches: Empirical Design Factors,
Koiter’'s Asymptotic Analysis and Finite Element Modelling. It was decided not to use Empirical Design
Factors to predict the buckling load in this research since they are commonly used in preliminary design
phases due to their simplistic and conservative nature. Moreover, the design factors are not appropriate
for composite cylinders and therefore this approach is not discussed in detail.

2
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2.2.1. Finite Element Modelling

Initially, empirical design factors were a simple fix to dealing with imperfections, but they resulted in
overly conservative designs. Therefore researchers were looking for methods that could take imper-
fections into consideration for more accurate predictions of the buckling load. Finite Element Software
was already being utilized to predict the behaviour of complex geometries, therefore making it the log-
ical choice to also include imperfections in models to find more accurate buckling loads. At first linear
solvers were used, but these did not yield satisfying results. As computational power increased expo-
nentially over time, it was also possible to perform non-linear computations, which led to more accurate
predictions. Now it is common to perform a detailed non-linear analysis of the cylinder within Finite El-
ement software at the end of the design phase to predict the final buckling load. FEM is a powerful
tool, however, one should also pay close attention when assembling the model and all assumptions
should be carefully considered. The results of the model can depend on the input parameters, so the
time to set up a model and verify the results is time-consuming. Within FEM there are three methods
to model imperfections, which are Stress-Free superposition, Single Perturbation Methods, and Non-
Stress-Free superposition. The last one is not discussed in detail, as this is the most complex and
beyond the scope of this research.

The first methodology to replicate imperfections involves superimposing the defects onto the perfect
cylinder. The coordinates of the nodes are translated to the position of the imperfection, resulting in
a stress-free approach [10]. Depending, on how much information is available about the imperfection
pattern there are different assumptions one can make about the imperfection shape. The simplest
method is basing it on the eigenmode, however, this is often not realistic of true imperfection shapes
[6]. More true to nature is to add a single dimple to the model, which causes a single buckle to occur
as it was observed in experiments that a single dimple triggers the buckling mechanism of a cylinder
[11]. Lastly, the most realistic imperfection shape is directly measured from a manufactured specimen
and superimposed onto the cylinder, however, this is only possible when the cylinder is produced.
This stress-free method can be easily implemented into finite element software. Despite the ease
of implementation, one has to be careful that the translated nodes do not cause any axially-oriented
buckling modes, resulting in a seemingly stronger cylinder since the imperfections act as stiffeners [12].

Due to the lack of data to provide realistic imperfection patterns for composite cylinders, simplified
perturbation methods were introduced to overcome this problem [13, 14]. These methods include the
Single Perturbation Load Approach (SPLA), Single Perturbation Displacement Approach (SPDA), and
Single Boundary Perturbation Approach (SBPA). The SPLA is commonly used and therefore only this
is discussed. SPLA assumes that the initial geometric imperfection can be simulated with a single per-
turbation load, which will cause a single buckle to occur as the cylinder is axially compressed. This was
based on the research of Hihne [11] which observed that the buckling of imperfect structures is typi-
cally initiated with a single buckle. Secondly, SPLA assumes the presence of a minimum buckling load,
which remains constant even as the perturbation load increases [15]. This critical load should be used
as the design load. There are several limitations to this approach. First of all, this approach is suitable
for displacement-controlled models and experiments, but not for load-controlled analyses [16]. Experi-
ments are typically displacement-controlled, but real-life structures are somewhere between load- and
displacement-controlled and therefore not truly suitable for this approach. Secondly, it was observed
that certain cylinders failed below the predicted buckling load. This happened because non-geometric
imperfections, such as load eccentricities, have a more significant effect and the SPLA method is un-
able to capture this [17]. Lastly, to obtain accurate results it is necessary to rely on non-linear finite
element simulations which are computationally expensive.

2.2.2. Koiter’s Asymptotic Analysis

An alternative to predict the initial post-buckling response of a cylinder is to make use of perturbation
techniques. The pioneer for this perturbation approach was Koiter [7] and the perturbation methodology
is also often referred to as the Asymptotic Koiter Analysis. Koiter was able to provide mathematical proof
of why cylinders collapse before the predicted buckling load, whereas plates are capable of sustaining
loads above them. The idea behind the perturbation technique is to expand the displacement field and
load parameters around a known state. The main advantage of performing the expansion around this
known state is to create a reduced linear model which is less computationally expensive, even when
multiple modes interact. The reduced complexity and computational time are beneficial for repeated
imperfection sensitivity studies of structures, which would become computationally expensive using
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non-linear solvers.

The single mode asymptotic expansions for the load parameter and the displacement field are
presented in Equation 2.1 and 2.2, respectively, where A represents the load parameter, ). is the
known critical load (typically the bifurcation load), ¢ is a scalar parameter, and a; and b; are the Koiter
factors. Moreover, uy is the first-order displacement field which is either a single scaled buckling mode
or a combination of scaled multiple buckling modes, uy; represents the second-order displacement
field and is a correction to the first-order field, and lastly, w7 is the third-field order field but this is
usually ignored [18].

A= Ao = aghe€ + brAcg? (2.1)

U — ue = Eug + Eugr + Euggr (2.2)

Typically for cylinders multiple buckling loads interact and the single expansion is not sufficient to
predict the initial post-buckling behaviour. In the case of modes interacting the multi-modal expansions
can be used which are expressed in Equation 2.3 and 2.4, where the subscripts j, k, £ represent the
summation conventions [18].

1 (A= A1) = Aragnéi&e + Arbrjreé e + - - (2.3)

U —Ue =V = §ui +§&ui + - (2.4)

The Koiter factors, also named the initial post-buckling coefficients, determine if a cylinder’s post-
buckling response is stable and are a direct indication of imperfection sensitivity. This relationship
is shown visually in Figure 2.1. The first post-buckling coefficient, a;, determines if the response is
symmetric or not. The response is symmetric when a; is equal to zero. When the first post-buckling co-
efficient is zero the initial post-buckling characteristics are determined by the second coefficient. When
by is positive the structure can sustain load after buckling and is therefore stable. However, when the
second post-buckling coefficient is negative the response is unstable since the structure collapses after
the buckling load. If the first post-buckling coefficient is not equal to zero the response is unsymmetri-
cal and therefore depending on the imperfection it will either have a stable or unstable response. This
uncertainty in the post-buckling response is undesired and therefore if the first post-buckling coefficient
is not equal to zero the behaviour is also categorised as unstable.

(a) a # 0 (unstable) (b)a=0, b >0 (sta- (¢)a=0, b<0 (un-
ble) stable)

Figure 2.1: "Typical initial post-buckling responses. The solid and dotted lines indicate, respectively, the response of the
perfect and imperfect structures.” [19]

The Asymptotic Koiter Analysis is a powerful tool, however, difficulties arise for the implementation
within Finite Element software. These challenges include the implementation of high-order energy
derivatives, which can easily require large amounts of computational power. Moreover, one should
pay close attention to the mechanical modelling as well as the finite element implementation, to avoid
interpolation locking and extrapolation locking [20]. On top of this, it was found that the Koiter factor b;
is mesh sensitive, which would require additional analysis which is undesirable [21]. For these reasons,
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the Koiter method is not available within many commercial FE software. The FE software DIANA' was
able to overcome all of these issues and implement the Koiter analysis within their software.

To overcome the difficulties of implementing the Koiter method into finite element frameworks,
Castro and Jansen [18, 22] formulated and performed a displacement-based expansion of the Koiter
method. The method allows for a one-to-one correspondence between the formulation and the imple-
mentation. Moreover, the formulation can even be used within every displacement-based application
[18]. The methodology for displacement-based Koiter can be concisely summarized by the following
steps. First of all the potential energy of the system is presented and expanded by two Taylor expan-
sions around the displacement field and the load parameter. The asymptotic expansions are substituted
into the potential energy functional to find the coefficients a; and b;. The derivatives of the potential
energy are found by means of Kinematics such as Donnell or Sanders. The method is expanded for
both single-mode and multiple-modal. However, initial displacements have not yet been included in
the implementation. The inclusion of imperfections would allow for an easily implementable procedure
to assess the imperfection sensitivity of structures, which is also computationally inexpensive.

2.3. Definition Imperfection-Insensitive Shell

The goal of the present literature review is to create a design methodology for imperfection-insensitive
cylinders. Many researchers have extensively studied imperfection sensitivity and solutions to prevent
the decrease in buckling load. However, there is no consistent definition used to define an imperfection-
insensitive cylinder. Therefore a final definition used within this literature research is presented here.

A uniform quantitative measurement to define sensitivity to imperfections is to use the knockdown
factor (KDF), which is a ratio of the buckling load of the imperfect shell over the load of the perfect shell.
The buckling load of the perfect shell can be found by means of linear eigenvalue analysis. On the other
hand, the buckling load of the imperfect shell should be calculated by means of non-linear analysis to
accurately take into account the non-linear effects of the imperfections on the buckling response [6].
A KDF equal to 1 is an imperfection-insensitive shell, however, this is impossible to achieve since the
imperfections will have a minimal effect on the buckling load due to local stress concentrations that
lower the overall critical load. All research related to imperfection-insensitive cylinders did not give any
indication at which KDF a cylinder was insensitive and at which threshold value it is no longer considered
insensitive. Therefore, it was decided to create this definition. If a cylinder is imperfection insensitive
the KDF would be equal to 1. However, this would result in an unrealistic criterion. Therefore it was
decided to take 0.95 as a threshold value, to allow for a more realistic criterion that could be achieved
for certain designs, whilst not being too low that it is easily accomplished. Moreover, it was decided
that an imperfection-insensitive cylinder should achieve this KDF for multiple imperfection amplitudes
to avoid a design for one specific imperfection case. An imperfection range from -4 to 4 times the shell
thickness should be considered as these are typically the size of imperfections [23]. This concludes
the final definition of imperfection sensitivity.

2.4. Solutions against Imperfection Sensitivity

Naturally, researchers have attempted to find solutions to decrease the sensitivity to imperfections of
cylindrical shells, ultimately paving the way to better designs since their behaviour is more predictable
and the weight can be reduced. Two main solution groups are discussed, namely: the addition of
reinforcing elements and variable angle (VA) composites. The goal of the research is to design an
imperfection-insensitive cylinder so, each section concludes if a certain solution is able to achieve
imperfection-insensitive shells, according to the previously established definition. Sandwich structures
are another good alternative to decrease the sensitivity, however, it was decided not to explore this
route since the buckling behaviour is more complex than traditional composite cylinders and therefore
beyond the scope of this research. Moreover, the solutions presented here are limited to composite
cylinders, due to their superior mechanical properties and low density compared to isotropic materials.
Lastly, the solutions are restricted to axially compressed cylinders only.

"https://manuals.dianafea.com/d107/en/1181807-1182380-effect-of-imperfection.html, accessed 30 Aug. 2023
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2.4.1. Additional Reinforcing Components

A simple solution to the unexpected decreasing load of compressed cylinders was to reinforce the
cylinders with axially and circumferential stringers and hoops. It was observed that stiffened cylinders
have an increased buckling load and are less sensitive to imperfections, compared to their equivalent
unstiffened cylinder [24]. The addition of stable post-buckling elements increases the stability of the
whole structure reducing the sensitivity to imperfections [25]. A short overview of research related to
creating an imperfection-insensitive shell utilising reinforcing structures is presented.

Wagner et al. [26] designed a cylinder with 18 inward aluminium stringers, and three CFRP hoops
with the goal of it being imperfection insensitive by stopping the formation of significant dimple imperfec-
tions. Unfortunately, the design was not imperfection insensitive, since the authors claim the KDF was
equal to 0.87, however, this is calculated by dividing the experimental results by the non-linear Analysis
buckling load. This definition of the KDF does not match with what is defined for this literature review
which states that the KDF can be calculated by means of the experimental result over the theoretical
linear buckling load. Unfortunately, the linear buckling load is not provided in the paper and thus the
KDF by the definition used in this literature review cannot be computed. The paper also claims that
the three hoops lower the sensitivity to imperfections since the KDF is higher for the cylinder that is
reinforced. However, the KDFs in comparison were calculated in two different manners, resulting in an
unfair comparison. A more fair comparison still leads to the conclusion that the reinforced cylinder is
less sensitive to imperfections, but the difference is less significant so it is a strong statement to claim
it reduces the sensitivity. It is evident that an imperfection-insensitive design was not achieved.

Hao et al. [27] also concluded that the addition of reinforcing stiffeners lowered the sensitivity to
imperfections of cylinders, compared to monolithic equals. The imperfection pattern was based on
the eigenmode obtained from the linear buckling analysis. An imperfection-insensitive shell was not
achieved.

Hao et al. [28] and Wang et al. [29] both concluded that hierarchical stiffened shells have a lower
imperfection sensitivity. Hierarchical stiffened shells are composed of major and minor stiffeners. The
downside of this reinforcing strategy is the additional weight of all the stringers and the additional weight
of the connection components. In conclusion, it is clear that adding reinforcing components lowers the
sensitivity to imperfections, but no imperfection-insensitive design has been achieved yet.

2.4.2. Variable Angle Manufacturing Techniques

Another possible solution to lower the sensitivity to imperfections is to use variable-angle tow (VAT)
composites, which are enabled by novel manufacturing techniques able to steer the fibre (or tow) in
a curved trajectory, as opposed to the traditional straight paths. This allows for variations of the me-
chanical properties within one layer, leading to more optimised designs [30], reducing the occurrence
of instabilities, and designs that are less sensitive to imperfections. The following manufacturing tech-
niques allow for VAT composites; automated fibre placement (AFP), continuous tow-shearing (CTS),
tailored fibre placement (TFP), and variable angle filament winding (VAFW). The first three are pre-
sented below, alongside a discussion evaluating whether these manufacturing processes could enable
imperfection-insensitive cylinders, according to the available literature. VAFW is not discussed since
Wang et al. [31] concluded that VAFW does not allow for designs with lower sensitivity to imperfections
compared to the constant angle cylinders.

Automated Fibre Placement is a manufacturing technique that was developed in the 1980s and
made commercial at the end of the decade. It was unique during development in the fact that the tape
was cut into individual tows, leading to the possibility of more complex designs, such as double-curved
surfaces. A schematic overview of the process is presented in Figure 2.2. Originally AFP was intended
for straight fibre paths, but later on, the technique was used to experiment with curved trajectories as
well. Unfortunately, there are several limitations related to VAT AFP manufactured structures. The
curvilinear paths are achieved by in-plane bending and therefore the minimum radius is limited. Small
radii result in fibre wrinkling or even breaking. The minimum radius is around 500mm [32]. Moreover, itis
not possible to achieve tessellation of the placed tows. The inner radius is smaller compared to the outer
radius since the head moves along with the path direction and as a result, there are always tow gaps or
tow overlaps [32]. As a consequence, there is an uneven thickness distribution, or tows have to be cut
resulting in unfavourable stress concentrations. Despite these disadvantages, AFP has been used to
fabricate VA cylinders. Wu et al. [33, 34] concluded that AFP enables designs that lower the sensitivity
to imperfections. This reduced sensitivity is based on the fact that the cylinder had locally stiffer regions
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and buckling is more likely to happen locally, thus preventing geometric imperfections from triggering the
overall buckling of the complete structure. The designed cylinder had a KDF equal to 0.96. Therefore,
it can be concluded that AFP enables designs that can be used to lower the sensitivity to defects
of cylinders, and Wu even manufactured a cylinder that was imperfection insensitive. Nonetheless,
research into designing an imperfection-sensitive shell utilizing AFP should be continued since Wu'’s
imperfection-insensitive cylinder is a single case, and the conclusions of this research could establish
new design guidelines for cylinders.

AFP Head

Add Rollers

Incoming Tows
Tow Cutter

Heat Source
—

Substrate

Compaction Roller

Layup Direction : i :
Figure 2.2: Simplified overview of automated fibre placement [35].

Continuous Tow-Shearing is an alternative fibre placement manufacturing technique that was de-
veloped to eliminate the fibre buckling and wrinkling that occurred due to the in-plane bending verified
in fibre-steered parts manufactured by AFP. The first CTS prototypes were developed in 2012 [32] and
therefore it is a fairly recent manufacturing technique. The shearing is achieved by keeping the steer-
ing head parallel to the shifting direction. The main advantage of CTS is that the minimum shearing
radius is significantly smaller when compared to AFP, which allows for more complex designs. The
smaller radius is attained because the steering head remains stationary, as opposed to the rotating
head utilised in the AFP technique. The minimum radius for CTS is typically equal to around 50mm,
whereas the typical radius of curvature for AFP is 500mm, so a significant decrease. Moreover, due to
shearing there no longer is a need for tow gaps or tow overlaps. All the tows are shifted in the same
direction due to the constant direction of the head and therefore they can follow the towpath exactly,
as shown in Figure 2.3.

Reference tow path
Edge of the tow

Shifting direction

Tow gap Tow overlap

(a) (b) (c)

Figure 2.3: "Difference of the tow arrangement and head rotation: (a) conventional AFP (tow gap), (b) conventional AFP (tow
overlap), and (c) CTS"[32].

One of the results of this novel manufacturing technique is the coupling between the thickness of the
tow and the shearing angle, which enables embedded stringers and hoops [36, 37]. This relationship
is also presented in Equation 2.5, where ¢ is the thickness of the tow after shearing, t; is the original
tow thickness, and ¢ is the angle at which the tow is sheared.

to
t= c0s(0) (2.5)

The main disadvantage of the CTS technique is that it is not as developed as AFP, with the hardware

being significantly more expensive. Moreover, at the moment it is only possible to shear tows that are
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not angled yet, so the initial shearing angle, Ty has to be equal to zero. If one wants to shear, for
example, from 30 to 50 degrees, one would have to shear from 0 to 50 and remove the 0 to 20 region,
as shown in Figure 2.4. This limitation has to be taken into account during the realization of the design
to create a structure that can be manufactured.

(a) (b) (c)

Figure 2.4: " Differentiation between current and idealistic manufacturing methods where: (a) is a 90(0|50) ' laminate for both
methods, (b) is a 90(30|50) ' laminate for the current manufacturing method and (c) is shearing 90(30|50) ! for the idealistic
manufacturing method.” [38]

CTS shows the potential to create imperfection-insensitive cylinders, due to the embedded stringers
and hoops, unfortunately, this has not yet been achieved. Lincoln et al. [39, 38] and Santos et al. [40]
have both performed optimisation algorithms on cylinders to achieve an optimal design, and both con-
cluded that this novel manufacturing technique enables cylindrical shell designs with lower sensitivity
to imperfections.

Lastly, Tailored Fiber Placement (TFP) is an embroidery-based manufacturing technique. The first
papers relating to the procedure date back to 1998, therefore it is not as novel as CTS. The idea behind
the technique involves a needle yarn stitching a roving in a zigzag motion onto a base material. The
base material can be either a fabric or a non-woven composite. The needle yarn is typically polyester.
Standard production techniques, like Resin Transfer Moulding and Vacuum Bag Injection Process, are
used to consolidate the final product [41]. The main advantage of this technique is that it is able to
achieve an extremely small steering radius equal to about 5mm [42]. The technique is limited to two-
dimensional surfaces, so in order to create a cylinder, one must join two ends. Almeida. et al [42]
performed a study on AFP cylinders and concluded that the TFP procedure enables designs that have
reduced sensitivity to imperfections, similar to the other VA manufacturing techniques. However, the
imperfection amplitude in this study was extremely small only 5% of the shell thickness. To the best
knowledge, this is the only information available that relates the TFP technique to imperfection-sensitive
cylinders.

2.5. Conclusion and Research Gaps

It can be concluded that imperfections lower the buckling load of cylindrical shells. Three categories
of imperfections can be identified, namely geometric imperfections, pre-buckling deformations and
stresses, and lastly boundary conditions and non-uniform loading. Geometric imperfections lower the
buckling load the most, but in combination with the other two factors, it explains the large deviations
between theory and experiments.

Naturally, researchers have tried to determine methods to accurately predict the buckling load of
imperfect cylinders, leading to three main solution groups. First of all, empirical design factors based on
experimental data can be used to estimate the imperfect buckling load, however, these factors are con-
servative and not specifically designed for composite cylinders. Secondly, finite element software can
be used to predict the buckling load of imperfect structures. Geometric imperfections can be modelled
by translating the nodes to the desired imperfection shape or by assuming the imperfection initiates
as a dimple. The drawback of including imperfections in finite element software is that they rely on
non-linear analysis to accurately solve the problem making them computationally expensive and not
suitable for repeated processes such as optimisation techniques. Lastly, a less computationally ex-
pensive modelling technique is Koiter's Asymptotic Expansion. This methodology predicts the initial
post-buckling behaviour only in the neighbourhood of a known state and relies on a linear expansion,
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thus reducing the complexity of the problem. Challenges arise when the Koiter methodology is im-
plemented within Finite Elements Simulations. To overcome these problems, the displacement-based
methodology proposed by Castro and Jansen [22] can be used. There is a close correspondence
between the theory and the implementation minimizing the room for mistakes. Thus, far no imperfec-
tions have been included in this displacement-based methodology and it is always assumed that the
pre-buckling is linear thereby simplifying the problem.

In addition to exploring methods for predicting the buckling load, researchers have attempted to min-
imize the impact of imperfections. Two approaches to reduce the sensitivity to imperfections can be
identified. The first method involves adding reinforcing elements such as stringers and hoops into the
designs. Secondly, variable angle manufacturing techniques can be used to create stronger designs.
Lincoln et al. [38] concluded that a CTS-manufactured cylinder had a constant KDF for an increasing
amplitude load. Santos and Castro [40] also concluded that CTS enables cylinders with lower sensi-
tivity to imperfections. The VA technique creates embedded stringers and hoops due to the coupling
between the shearing angle and the thickness making it more weight efficient than adding reinforcing
components. Moreover, this novel manufacturing technique allows for more complex shapes compared
to AFP since the minimum allowed steering radius is smaller and there is no need for tow gaps or over-
laps. TFP can achieve an even smaller steering radius and achieved surprisingly high KDFs, however,
the KDFs in the available literature were calculated with extremely small imperfections. It is unsure if
this technique lowers the sensitivity for the increased amplitudes of imperfections as well. Lastly, the
literature related to the VAFW manufacturing technique did not suggest that it enables designs with
lower sensitivity to defects.

Lastly, it is important to point out that currently there is no generally accepted definition for imperfec-
tion insensitivity. To address this issue and allow for quantitative comparison between different studies,
a definition for imperfection insensitivity was created and used within this literature review. This defini-
tion is based on the fact that it is common to present the KDFs in research papers focused on imperfect
cylinders. An imperfection-insensitive shell is one where the knockdown factor (KDF) is equal to 0.95 or
higher for imperfection amplitudes ranging from -4 to 4 times the shell thickness. The knockdown factor
is defined as the non-linear predicted buckling load of the imperfect shell over the linear buckling load
based on an eigenvalue analysis of the perfect shell. An alternative approach could be to formulate
a definition centred on the initial post-buckling parameters derived from Koiter's Asymptotic analysis.
These parameters serve as a direct measure of imperfection sensitivity and are a good alternative for
the proposed definition.



Research Definition

3.1. Research Objective

In the literature review three research aspects are addressed concerning imperfection-insensitive shells,
namely the formulation of the buckling load and initial post-buckling characteristics, secondly minimizing
the impact of imperfections by means of reinforcing elements or VA manufacturing techniques and
lastly, the lack of existence of a general definition for an imperfection-insensitive shell. This thesis
focuses on the formulation of the initial post-buckling characteristics, rather than minimizing the impact
of imperfections. By prioritising the formulation, a more efficient methodology can be created to predict
the post-buckling characteristics of imperfect structures, which in turn can also be used as a tool to
find new or improved solutions to reduce the effect of imperfections. Whilst it is also important that a
definition for an imperfection-insensitive shell is established, the impact of creating this definition was
not deemed large enough and therefore this was not explored further for this research.

Based on the findings from the literature review, it is evident that imperfections have not been
integrated into the displacement-based Koiter methodology. Therefore, the research objective of this
thesis is defined as follows.

Incorporate imperfections within the displacement-based Koiter methodology, aiming to develop
an easily implementable and computationally efficient approach.

This novel approach should be suitable for recurring processes like optimisation algorithms and sen-
sitivity studies. It could be used as a tool in the creation of design guidelines for imperfection-insensitive
cylinders. However, this thesis focuses on the methodology itself, thus exploring its applications is be-
yond the scope of the research.

Koiter’s asymptotic analysis is not novel and there are examples of it being used in combination with
Finite element simulations [19, 43, 44]. The goal of incorporating imperfections into the displacement-
based Koiter methodology is to establish an approach that is easier to implement due to the direct
correspondence between the theory and the execution. Moreover, the methodology should be equally
or even more computationally efficient else the purpose of using Koiter’s analysis is lost.

3.2. Research Scope

Three main steps can be identified for the displacement-based Koiter approach, namely the expansion
of the total potential energy functional, the derivation of the functional derivatives, and the asymptotic
analysis. Each step is based on certain assumptions and therefore to achieve the goal of including
imperfections in the displacement-based Koiter methodology these assumptions can be included or
disregarded resulting in several solution possibilities. First of all, there are two possible approaches
for expanding the total potential energy: one is based on Pignataro’s formulation [45], and the other
follows Budiansky’s convention [4]. The derivation of the functional derivatives initiates from the strains.
One can either assume that the pre-buckling is linear, consequently simplifying the strains, or one can

10
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presume non-linear pre-buckling. These two assumptions lead to four solution possibilities, which are
listed below. The first letter indicates which approach to expanding the total potential energy is used,
either Pignataro (P) or Budiasnky (B). The last letter denotes if the assumption linear pre-buckling is
made (L) or non-linear pre-buckling is presumed (N).

1. PL 2. BL 3. PN 4. BN

The final step is to derive the initial post-buckling characteristics by means of an asymptotic expan-
sion. Two possibilities to define these properties arise, namely a less traditional approach of finding the
imperfection post-buckling characteristics a; and b;. On the other hand, there is the more traditional
approach of introducing two new coefficients known as the imperfection form factors o and 5 which
define how sensitive a structure is to imperfections. Both alternatives for the asymptotic expansion are
performed for the four solution opportunities to see which approach is more accurate.

To illustrate the inclusion of imperfections within the displacement-based Koiter approach, it was
chosen to include imperfections to a perfect plate for the single mode expansion first. This decision
is made due to the fact that the initial post-buckling behaviour of a plate can be approximated with
simpler kinematics such as Donnell. Since the inclusion of imperfections within a displacement-based
environment has never been attempted, it is expected to make some errors along the way. The method-
ology will have to be adjusted and this is more easily done for simpler kinematics and choosing single-
mode mode over multi-modal. Once the imperfections have been successfully implemented within the
displacement-based Koiter methodology for plates, the same approach can be readily applied to more
complex applications such as a cylinder, different kinematics, or multi-modal expansion. Therefore,
the work presented for this research focuses on the inclusion of imperfection within the displacement-
based Koiter methodology for plates based on Donnell Kinematics and only includes the single-mode
expansion.

3.3. Hypotheses

Based on the four solution possibilities several hypotheses are established

The assumption of linear pre-buckling simplifies the procedure of finding the initial post-buckling
coefficients by means of the displacement-based Koiter methodology, but the results are less
accurate.

H2.1 Initial imperfect post-buckling coefficients (a; and b;) can be derived by means of the
displacement-based Koiter methodology.

H2.2 The initial imperfect post-buckling coefficients (a; and b;) are more efficient in predicting
the post-buckling behaviour of a structure, compared to the imperfect form factors.

3.4. Research Outline

The work of Castro and Jansen forms the foundation of this thesis, therefore a comprehensive overview
of the displacement-based Koiter methodology without imperfections is presented in chapter 4. In
this chapter, certain assumptions are made and formulations are derived, which are revisited when
imperfections are introduced into the methodology. This dedicated chapter ensures a clear distinction
between the prior work and the novel steps taken in this study. Following the explanation of the perfect
methodology, the expansion of the total potential including imperfections is presented in chapter 5.
This forms the first step in including imperfections in the methodology and includes the two possibilities
and the differences between them. Subsequently, chapter 6 outlines the various options for deriving
the functional derivatives. Finally, the derivation of the initial post-buckling characteristics for both the
traditional and less traditional approach is shown in chapter 7 as well as a conclusion on how accurate
they are and if the hypotheses were correct.



Displacement-based Koiter Methodology

The displacement-based Koiter methodology [18, 22] aimed to improve the implementation of the Koi-
ter expansion within finite element simulations. Previous attempts of the perturbation methodology
within finite element context had led to initial post-buckling coefficients that were mesh sensitive, com-
putationally expensive higher-order derivatives, and phenomena such as locking in the implementation
resulting in unrealistic behaviour of structures. Rahman [19] and Tiso [43] were able to overcome these
issues resulting in the Koiter methodology being available in the FE Software Diana. The main draw-
back is that the methodology is convoluted and difficult to interpret. The research of Castro and Jansen
creates a strong connection between theory and implementation, facilitating the overall implementation
process. The methodology forms the basis of this thesis and therefore an explanation of the necessary
steps taken is provided in this chapter. Three key steps can be identified for the displacement-based
Koiter methodology. The process begins with the expansion of the total potential energy functional,
which is presented section 4.1. Subsequently, the derivation of the functional derivatives used within
the expansion of the potential energy is outlined in section 4.2. Finally, the formulation of the initial
post-buckling coefficients is addressed in section 4.3.

4.1. Expansion of the Total Potential Energy Functional

The methodology starts with a general-purpose formulation of the potential energy based on the work
of Budiansky [4]. The potential energy functional (¢) is dependent on both the displacements (u) and
a scalar load parameter (). The variational equation of equilibrium must equal zero as presented in
Equation 4.1 where ug is a known displacement field that is dependent on a scalar parameter A. The
Fréchet Derivative ¢'du is used to show the dependence of the variation on the displacement and
to express the tensor product between the derivative and the displacement-field vector (éu). The first
differentiation is multiplied by one displacement vector but the second differentiation is multiplied by two
displacement vectors and this logic continues for the higher order derivatives, as shown in Equation 4.2.

¢ [ug(\), \Jdu =0 (4.1)
¢ = ¢’ 6u

2
526 = ¢ Sudu w2

53¢ = ¢ Sududu
6tp = " Sudududu

It is assumed that the bifurcation point lies on the equilibrium path such that u. = wuo(A.) and
therefore the static equilibrium at the bifurcation point is equal to Equation 4.3.

¢ [te, \e]ou =0 (4.3)

12
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Next, a Taylor expansion around the known bifurcation point (u.) is performed utilising the displace-
ment perturbation v, equivalent to Equation 4.4. The Taylor expansion is shown in Equation 4.5, where
(") represents the Frechét differentiation with respect to the displacement.

v=u(\) —uc (4.4)

1 1,
¢ [te, Ae] u = ¢Lou + ¢llvdu + §¢’C”'025u + ng%u +-=0 (4.5)

Finally, a second Taylor expansion is conducted around the critical load factor (\.), where (') repre-
sents the Frechét differentiation with respect to the load factor.

e Mlou= (84 =20 + 1 O -2+ ) whu
w3 (e dromra+ o a0t ) vt @)

1/ . .. 1.
+6<¢2’”+¢2”(A—Ac)+2¢2”(A—Ac)2+~-->v35u+-~-=0

4.2. Functional Derivatives utilising Frechét Derivatives

The subsequent step involves finding the functional derivatives (¢”, ¢”, and ¢") that appear in the
expanded potential energy. These functional derivatives are based on stresses, which in turn depend
on the strains, therefore all three aspects are elaborated on in subsection 4.2.1 to 4.2.3.

4.2.1. Strains

Kinematic relations are used to find the strains and their derivatives with respect to the displacements
and load factor. Depending on which kinematic relationship is chosen the complexity of the problem
can be increased to include more non-linear terms. For example, the Donnell kinematics ignore various
non-linear terms and are sufficient to accurately represent the initial post-buckling behaviour of a plate.
However, the Donnell relationship is not accurate enough to accurately compute the post-buckling
coefficients of axially compressed cylinders and therefore the Sanders Kinematics are preferred [22].
As mentioned in the scope of this thesis, the Donnell kinematics are used to demonstrate the inclusion
of imperfections within the displacement-based Koiter methodology, but the same line of reasoning
can be applied to different structures and kinematic relations. The three-dimensional strains can be
expressed as e(z,y,2) = (x,y) + 2k(z,y) and the extensional and rotational strains for a plate are
presented in Equation 4.7 and 4.8.

u-,ﬂ? + % ('LU7$)2

Exx 1 9
€= Eyy = Vy+ 3 (w,y) (47)
Ty Uy + Vs + WaWy
K _w,a;w
xTrxr
K= { Kyy } =4 “Wyy (4.8)
Ry —2W 4y

The displacement field can be approximated using the known shape functions S*** as shown
down below.

s"
G [ i ] (4.9)
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The displacement in each direction u, v, w can also be represented by using the summation con-
vention for repeated indices as shown in Equation 4.10.

u=Slu,
v=Su, (4.10)
w= Sy u,

The Frechét notation is still applicable to the strains and is equal to the notation presented in Equa-
tion 4.2. Simplifying the strains to €1 = €44, €2 = €yy, €3 = Vay, k1 = Kga, K2 = Kyy, and k3 = K,y the
repeated index notation can be utilised, resulting in the first and second differentiation of the strain to
follow the notation presented in Equation 4.11.

de; = €;,0uq

8Ki = K, 0ug
8 (8g;) = €l duaduy
5 (0K;) = K p0uaduy,

@.11)

Following these notations, the first Frechét differentiation with respect to the displacement is shown
in Equation 4.12 and 4.13

Sty SY W

a,r s
- Syt Sg W,y (4.12)
SaytSayt SaaWy +Sg W

a,y T

o~

_S:zu,xz
kL=< —Sayy (4.13)
28w

a,xy

The second differentiation with respect to the displacement is represented by Equation 4.14 and
4.15.

SYLS,

e, = SaySby (4.14)
SaaShy + SalyShe

K =0 (4.15)

The differentiation with respect to the load factor (\) can be found by keeping in mind that u = A\ug,
and therefore the first differentiation equals Equation 4.16 and 4.17.

Ug,z + Aw&(x

- v,y + Awg (4.16)

Ug,y + Vo, + 2Awg zWo,y

—Wo,zx

k= —Wo,yy (4.17)

72’[1)0’131

The second differentiation with respect to the load factor results in Equation 4.18 and 4.19.
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2
wO,w

&= wg (4.18)

211.)071;’[1)071!

=0 (4.19)

Now moving on to the differentiation with respect to both the displacement and load factor:

w07x5$m

g = Wo,ySqy (4.20)
’woJSZ{iy + wo,yS

w
a,r

kL =0 4.21)

Since ¢/, and £!, are not a function of the load parameter A, &, and &, are both equal to a zero
vector, as well as \, € and &./. This concludes all the derivatives of the strain.

4.2.2. Stresses

The stresses can be easily computed from the strains, by making use of the classical constitutive
relations for laminate composites. The stresses are simplified to the following notation N; = N,
Ny = Nyy, N3 = Npy, My = My, My = My, and Ms = M,, and as a result the stress-strain relation
can be represented by the repeated index notation, as shown in Equation 4.22 where A,; is equal to the
membrane stiffness, B;; represents the membrane-bending coupling, and D;; is the bending stiffness.

NL' = Aijé‘j + Bijﬁj
M, = Bye; + Dign; (4.22)

Now all the differentiations of the stress can be found and these are presented below.

N!, = Ai;el, + BijK!
ia < ja t3Vja 4.23
]\/[ila = BijE;‘a + Dijl‘i;-a ( )

Nip = Aijelap
My = Byl @24

Ni = Aijg'j + Bijl'ij

. 4.25
Nz = AUEJ

[ (4.26)

Ny = Ay (4.27)

Y/ > WY
M;, = Bijé},

4.2.3. Functional Derivatives

The final step is to combine the stresses with the strains and find the functional derivatives. A reminder
that the methodology of the displacement-based Koiter analysis is demonstrated here using a plate,
but the same logic can be applied to any structure. The total potential energy of a plate is equal to
Equation 4.28, where the assumption is made that a general distributed loading IV vector is applied to
the boundaries of a plate and where 62 = dzdy.

1 AT

The stationary total potential energy (¢') is defined at the bifurcation point [u., A.] is presented in
Equation 4.29.
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Q 682

The variation du is assumed to be du = ug = {- -+ ,uq," - }T, such that the first Frechét derivative
with respect to the displacement of the total potential energy is equal to Equation 4.30.

1
ORTIES [/ (Njgei + Nigi, +Mi/a“i+Mi“;a)dQ_/
2 Ja 5Q

The second Frechét derivative is equal to Equation 4.31

AN St d(éQ)} ua  (4.30)

1
¢Zuaub = |:2 / (N// pEi + Nzagzb + N’L/ + N 5// ab + Miltlzb'%l + Mza’%zb + Mi/bli;a

0

+M;5 dQ | uqup (4.31)
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Q

The third derivative is presented in Equation 4.32

1 0
QS/CHutlubuC = 5 A <%1 + N bgw + Nz/tlzc ; Nzla ;Ibc + zbc5 + N,bgilac
0 0
11 1" 1L 1" ! ! 11
+ N’LC iab + N Eiabe + TabcVi + M, + Mzac ib Mia%
+ i/l,)cnga + z/b% dQ UaUbUc (432)

1
_ 14 / " / / /l !’
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Finally, the fourth derivative is shown in Equation 4.33

_ . 0 0
v _ 1 " "m-r "o
¢c HalipUctd = [2 Q %gtc + NmbEzcd +%gib + ch ibd T+ zadszbc + N; aéf{'

0 0
" // " "1 174 11
+ zbcdgza + ibcCiad + N; bdgzac + zb€ acd + N dEuzb + N cEtabd

0 0
11 ! " ) ) 1"
+ Tabdic + iabicd +M€zb + iacibd + zbcdﬁza + b zad dQ

1
_ ,7\7” " ?\7// " ]\r// 1 " // " " 1
- |: ( abSicd + iac€ibd + iadibe + ibc€iad + N; bdgzac + Nicdgiab) Q2 UqUpUcUd
Q

(4.33)

UqUpUcUd

2

From Equation 4.31 the first and second derivatives with respect to the load factor (\) can be found,
represented respectively in Equation 4.34 and 4.35.
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1 0 0

d’guaub - 5 /Q %1 + Nzabgl + N gzb + Ni,aégb + N/bsm Nbela + N 51{11} + Nié”ab

UqUp

0 0 0
+ mb’il + Mmbnl + M Hvb + Mz/a ; ;Zb + leb + M/b%j “

(4.34)
1 .
- |:2 L (Nl/‘/lbgl + Ni/aE{L'b + NZI ./ + N/bE’LG. Nbgza + N Ezab
+ M fey 4+ M KL, + Mi’b/@;a) dQ | ugup
¢Zullub = 5 / %i;:l + Nzabgl + zaEgb + Nilaé/ib + Ni/aé;b + Ni/a ;b + ibgga + szEza
Q
0
+ Nbgza + bTa + N 6zab + N ab + zab"{l zab%(—'_%zb + Mz/ / (435)

0 0
+ zb"iza + 2b%j dQ‘| UaUp

1
= |:2 / (Nl‘lt;bél + 2N7,/a .;b + 2sz€ + N gzab) dQ:| UqUp
Q

Lastly, from Equation 4.32 the derivative with respect to ) is concluded, as shown in Equation 4.36.

. 0 0 0 0

1 7L / (A " s/ /) / // /

(bc UgUpUc = 5 / %/b;ic + N bEu + Mac zb + Niacgib + Nza ibe T NiaStbe +%?za
Q

0
+ zbc 'za + zlba//ac + Nz/b/%+ Nz/c ;/a w/%(—"_ zabﬁzc + M u/zbﬁh/( (436)

0
+ iac 1b + za(‘%(+%1a + {éﬂﬁ.@ s}

1
_ - " - N I/ - !’ N AR/
- |:2 < zab ic Nzac 2b+ iaCibe + 2bc ia szgzac ic€ zab) dQ2 UqUpUc
Q

UqUpUc

The high order terms ¢, ¢, ¢ equal zero. This concludes the derivation of the functional deriva-
tives. The present derivation serves as an illustration of how to compute the functional derivative
utilising the Donell kinematics for a plate. However, the same reasoning can be applied to a different
structure such as a cylinder or alternative kinematics relation, like Sanders.

4.3. Asymptotic Analysis

The single mode asymptotic expansions for the load parameter and the displacement field are pre-
sented in Equation 4.37 and 4.38, respectively, where )\ represents the load parameter, ). is the known
critical load (typically the bifurcation load), ¢ is a scalar parameter, and a; and b; are the Koiter factors.
Moreover, u; is the first-order displacement field which is either a single buckling mode or a combi-
nation of multiple buckling modes scaled with respect to the thickness of the plate, u;; represents
the second-order displacement field and is a correction to the first-order field, and lastly, wrsr is the
third-field order field but this is usually ignored.

A= Ao = arAe€ + brhE? (4.37)
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U —ue =v = fur + Eurr + Eurrr (4.38)

By substituting the asymptotic expansions into the potential energy function expansion, the initial
post-buckling coefficients can be determined. Replacing Equation 4.37 and 4.38 into Equation 4.6, and
disregarding terms multiplied with w5y, leads to Equation 4.39 where the terms are grouped according
to €2, ¢3 and higher order terms are left out.

1 .
&( iuqu’c” +urrgl + a1>\cu1¢>/c/) du+

1 i . 1 . 1 - . 4.39
£ (GU:}QSC +ardeurrdl + §a1)\cu%¢’c" + §a§A3u1¢Z +ururrdl + bI)\CuI(b’C’> Su (4.39)

+...=0

The terms multiplied with £2 and ¢2 must both equal zero to satisfy the equilibrium condition. The
assumption du = wuy can be made, resulting in the orthogonality of the second-order displacement
which leads to the simplification that gib’c’uluu = 0. Utilising this simplification the expression for a; and
by for the single-mode expansion are equal to Equation 4.40 and 4.41

1 u§¢///
ar = — < 4.40
T 2N Wl (4.40)
1 . 1 . 1 .. .
by = — <6u‘}¢>§” + iazkcu?_}sbg/ + 5(1%31@ e+ u%u11¢/c//) / (Acu%gbZ) (4.41)

The second-order displacement field (u1) is found by using the terms related to £2 which must hold
for all arbitrary variations of éu and can be rewritten to find the second-order field.

- 1 / i1
= o) (g0t - ahurd! ) 4.42)

Equation 4.42 does allow for multiple solutions, however, to ensure the second-order field is orthog-
onal to the first-order field the Gram-Schmidt orthogonalization is performed, as presented here. Now
ay and b; can be computed.

(wrr,wr) (4.43)
(wr, ur)

It is important to highlight that the expressions for a; and b; are general and do not rely on any
assumption made about the structure. These coefficients can be derived directly from the expansion of
the total potential energy, which is also not specific to any structure. Moreover, it should be pointed out
that all the proceeding steps apply to any energy-based methodology. Castro and Jansen developed
the methodology to ease the implementation within finite element simulations and this implementation
is discussed in the following section, however, the formulation thus far is general and applicable to
other energy methods as well.

Urr =ury —ug

4.4. Finite Element Implementation

A crucial assumption for Koiter’s asymptotic expansion is that it relies on the expansion around a known
state. This known state is traditionally the buckling point. This assumption does imply that a method
to calculate this known state is required. It was concluded from the literature review there are several
options to calculate the buckling load. Castro and Jansen define the known state as the linear buckling
mode, which is calculated based on solving an eigenvalue problem. To set up this eigenvalue problem
the Bogner-Fox-Schmit-Castro (BFSC) plate element is utilised for implementation within finite element
models. This novel element is a modification of the Bogner-Fox-Schmit element and it is introduced
to overcome the poor convergence of the second-order displacement field which in turn also affects
the second post-buckling coefficient. An additional four degrees of freedom per node are added to the
BFS element, resulting in an element that has four nodes and 10 degrees of freedom per node. These
additional degrees of freedom allow for third-order interpolation of the in-plane displacements.
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The displacements are approximated utilising Equation 4.44, where wu.; represents the vector con-
taining the 10 DOFs of the i*" node.

4
U, v, w = Z S?’v}wuei (444)
=1

The shape functions S;"“"* arange in the matrices according to Equation 4.45, with the cubic Her-
mite functions H;, H¥, H/, and H;"¥ equal to Equation 4.46. The dimensions of the finite element along
the = and y axis are represented by ¢, and ¢,,. Finally, the values for the natural coordinates, £; and ;
are given in Equation 4.47

SY=[H, H® H/ 0 0 0 0 0 0 0]
Sy=[0 0 0 H H* H! 0 0 0 0] (4.45)
S;=[0 0 0 0 0 0 H; H* H/ H" ]

7

—

Hi = o (€460 (66— 2) (n-+ m)* G —2)

- ly
=& €+ 6) (€6 — ) (+m)” (mi —2)
: (4.46)
HY = =22 (6 +€)° (66 = 2)mi (n+ )" (i — 1)
L0
HEY = V6 (€ + &) (66— Ve (g +mi)” Omne — 1)
Node &
1 -1 -1
5 1 1 (4.47)
3 +1 +1
4 -1 41

The natural coordinate can be easily computed from the finite element dimension according to the
conversions presented below.

e=7 -1 (4.48)
n=2Y_4 (4.49)
fy

Lastly, the derivative of the shape functions required for the derivative of the strain has to be com-
puted in natural coordinates utilising Equation 4.50 and Equation 4.51.

o 4,0

=5 (4.50)
o 4,0
i (4.51)

The buckling load of the plate is calculated to define the known state that forms the basis of the
Koiter expansion. This process initiates with creating a mesh, based on the required number of nodes.
Subsequently, the boundary conditions are applied to the necessary nodes after which an external
load is applied to the edges of the plate. The buckling load and shapes are computed by solving an
eigenvalue problem. The BFSC element was able to accurately predict the linear buckling load. With
the buckling load found, the functional derivative can be computed.

The third- and fourth-order tensors ¢/’ and ¢%* can easily require huge amounts of space if one
does not take action to minimize this. Instead of computing the whole individual tensor, the product
between the tensor and the displacements is calculated to reduce the size of the array required to store
this information. This allows for a computationally inexpensive procedure. The functional derivatives
are calculated on an element level and added together with the corresponding weights to compute the
final functional derivatives. These in turn are used to calculate the initial post-buckling coefficients a;
and b;.



Expansion of the Total Potential Energy
Functional

The first step in including imperfections into the displacement-based Koiter methodology is to expand
the total potential energy. Opposed to the methodology without imperfections, the total potential energy
now consists of both the perfect and the imperfect structure. The presence of imperfections in the
structure introduces a dependence on the imperfection shape and therefore an expansion around this
imperfection shape is required. Two different approaches to expanding the total potential energy were
found. First of all, the expansion according to Pignataro [45] is presented in section 5.1. Following this,
the work of Budiansky [4] is given in section 5.2. The chapter concludes with a comparison between
the two approaches.

5.1. Formulation by Pignataro

If a structure is imperfect, as in it contains a displacement before any load is applied, the potential
energy functional is a combination of the perfect and the imperfect structure, as shown in Equation 5.1.
The perfect structure is still only dependent on the displacement (u) and the load parameter (), the
imperfect structure is dependent on the same two factors on top of the initial displacement ().

¢ = @ [u(N); Al + ¢ [u(N), @; Al (5.1)

The potential energy must equal zero if the imperfection is set to zero and therefore the following
must be true.

P [u(A),0;A] =0 (5.2)

The variational equation of equilibrium is equal to zero, and therefore Equation 5.3 is applicable for
an imperfect structure. Note that (') still represents the Frechét derivative with respect to the displace-
ment and the displacement is still dependent on the load parameter however the concise notation of
just u instead of u(\).

¢ [u; A} du + ' [u, w; A\ du = 0 (5.3)

Subsequently, the first Taylor expansion around the known initial out-of-plane displacement ug is
carried out. It is assumed that the initial displacement of the imperfection is small and can therefore
be approximated to zero. As a consequence of this assumption, only the linear terms remain. The ex-
pansion of the potential including this assumption is presented below, where (') represents the Frechét
differentiation with respect to the initial imperfection w.

Non-linear
O’Eq. 5.2 O’

¢ [u; A 6w + o [u X Sw + 0 [u, 0; \] @b +Wz 0 (5.4)

20
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Following this, the total potential energy is expanded around the known displacement (ug).

Eq Perfect Structure
[ du+

O T ko A (k) + 5 i ] (= k) + S s ] (1 — ) +

(5.5)

[1[)’[”070;)\]174_1/}” [u,0; \] @ (u — ug) + %’JJ [u,O;)\]ﬂ(u—uo)z—&—--l du=0

To complete the expansion of the total potential energy, a final Taylor expansion around the critical
load parameter ()\.) is performed.

{d’ et A+ s A (A~ o) + 58 e A (4 - AC)Q] (u — ) but

[¢/// [te; Ac] + (lgm [e; Ac] (A= Ae) + %(égm [te; Ac] (A — /\6)2:| (u— UC)2 du+

D= N

%gz;iv [te; Ae] (A — AC)Q} (u —ue)® Su+

6 et A+ 6 e A (A= ) +

(5.6)
1:
>

[J/ s 03 0] 1 s 05 0] (A= Ao) + 207 [t 0: 0] (A — Aﬂ bt

1; [u, 05 A\c] (A — )\0)2} i (u — ue) Sut

[z;” [, 05 0] + 0" a1, 05 0] (A= Ao) + %

1; [u,0; X ;] (A — )\)} (u— uc)25u:0

3 |70 0AL + 5 [0, 0] (= A0 + 3

It is convenient to rewrite the initial imperfection (u) to Equation 5.7, such that 4 is the imperfection
shape and ¢ is the imperfection amplitude.

=& (5.7)
Equation 5.6 can be rewritten in enhanced notation equal to Equation 5.8. This includes the simpli-
fication v = u — uo(A.) and Equation 5.7.

[¢g + ¢ (A= Ae) + %é;’ (A= Xe) ] vou + — {d” + (N = Ae) + ¢”’ A=) } v2ou+

é {w O (A= A) + %é?’ (A— )\C)Q] v3ou + {JJ; 9L (A= Ao) + } Eadu+
(5.8)
%1[) (A=Xo) } Eavdut

GO — )]{ﬁszSu:O

{zzig =)+

1 T Tin 1
— |, T A=A =
ATy

This concludes the expansion of the potential energy, based on the assumptions made by Pignataro.
Thus far no assumptions have been made about the structure or the imperfection pattern and therefore
this derivation applies to any imperfect structure not only a plate.

5.2. Fomulation by Budiansky

Budiansky’s expansion of the potential energy initiates similarly to Pignataro’s approach and assumes
the potential energy of an imperfect structure can be split into perfect and imperfect. The variational
equation of equilibrium remains zero, and the definitions previously presented in Equation 5.1 to 5.3
are still applicable. However, the two methodologies follow a different path from this point on as Bu-
diansky performs a Taylor expansion around a known displacement position uq instead of the initial
imperfection.
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¢’ [uo; A du + ¢ [uo; A (u — uo) du + %qﬁ”’ [uo; Al (u — uo)” du + ¢w [o; A] (u — o) Su+ (5.9)
Y [wo, @y A du + " [ug, u; ] (u — ug) du + 51#'” [uo, @; N (u — ug)® du = 0 .

Following from this a Taylor expansion around the imperfection g is carried out. The known ini-
tial displacement is assumed to be small and therefore it can be approximated to be zero, similar to
Pignataro. By Equation 5.2 all derivatives of ¢ [u, 0; A\] equal zero and ¢’ [ug; A] disappears due to the
equilibrium of the unbuckled perfect structure, demonstrated in Equation 4.1. The expansion of the po-
tential including these assumptions is presented below, where (') represents the Frechét differentiation
with respect to the initial known geometric imperfection.

0 Eq. Perfect Structure

W‘F ¢" [uo; Al (u — o) du + ¢W [wo; Al (u — uo)” du + %Wv [wo; A] (u — uo)” +
o O 0, 050 + 2 o, 03] @ |

) (5.10)
l/@(@/@ [uo,0; N 4 + %1&” [uo, 0; \] EQ] (u — uo) du+

[ " + " luo, 0; N @ + 1/:}’” [ug, 0; \] EQ] (u—ug)’ du =0

The imperfection can still be rewritten to be a multiplication of the imperfection amplitude and the
imperfection shape, as shown in Equation 5.7. Therefore Equation 5.10 can be rewritten to the follow-

ing.
¢ [uo; A (w — ug) du + %w [; A] (w — ug)” du + éw [wo; A] (u — ug)® +

0 o, 05 €+ 3 o, 05 €47 du+

) . (5.11)
{w” [uo, 0; \] Ed + §w [uo, 0; ] 52'&2} (u — ug) Su+
2

A last Taylor expansion is performed around the critical load \.. Note that in the equation above the
notation of ug was used, however, this changes to u. due to the assumption u. = ug(A.).

1 {w [uo, 0: \] £d + %w (o, 0; A] 52112} (1w — o) bu = 0

[¢” [te; Ae] + @ [thes ] (A — Ae) + %4&” [e; Ae] (A — Ac)ﬂ (u — ue) du+t

|:¢W [we; Ac] + é/// [ue; Ac] (A = Ac) + %ém [te; Ac] (A — )‘C>2] (u— u0>2 du+

D= N

|:¢iv [ues A + ¢ [ue; Al (A= Ac) + %éw [es Ae] (A = )‘6)2] (u— UC)3 du+

b [, 05 A (A — )\0)2} fadut+  (5.12)

M\H

[J/ s 0:Ac] 07 [atg 05 A (A — Ao) +

% |:1/:}/ [u07 0; >\c] + 772/ [um 0; )\c] (>\ - >\c) + %1/:}, [ua 0; )\c] (>\ - Ac)ﬂ 52’&25u+

{1;” [te, 0; Ne] + 0 [the, 0; A] (A = Ao) + qL [te, 03 Ae] (X — /\0)2} £a (u — ue) dut

l\')\»—l

07 e 00 e 05 (4= A0) + 50 e, 0] (= 1] €8 (u = ) S+

N
[\3\»—!
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1pwhmoﬂ4+immmmAAO—A) + g mmmAAQ—Aaﬂéwu—ua%u+

T/:J [te, 05 A] (A — )]5 2(u—ue)?du=0

[\)

- . . (5.12)
1 [1;/” [the, 0; M) + 0" [te, 0; X] (X — Ao) + 3

The enhanced notation of Equation 5.12 is presented down below, which utilises the assumption
v=u—ug(A).

Laron—a ] vdu + 5 [qs’” + O (A= Ae) + %di’c” (A - MQ} v*dut

{¢Z+¢Z(A—Ac>+2

5 (0= ) } ou + [zzng (A=A + i, <A—Ac>2] Easut

1 v 130 _ 1

% [zﬁé FOL A+ %J (A - C)Q} &4 6u + {u}g’ + 9 (A=) + %u? (A — 6)2} Eavdu-+
. i} (5.13)

% {a/?;/ + " (A= Ae) + % "N — Ac)ﬂ a0 vou+
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This concludes the expansion of the potential energy according to Budiansky. Once again, the
derivation is not structure-specific since no assumptions about the characteristics of the structure have
been made. Whilst the scope defined this research to be related to plates only, this specific step is
general. Moreover, no specific imperfection pattern is assumed yet and therefore it can take any shape
from a combination of eigenmodes or sinusoidal waves.

5.3. Comparison between Pignataro and Budiansky

Pignataro and Budiansky propose similar approaches to the expansion of potential energy, but there
are two differences. Firstly, the sequence of their expansions is different. Budiansky initially performs
an expansion around the displacement whereas Pignataro kicks off with an expansion around the initial
imperfection. Nonetheless, the sequence of the expansion does not influence the outcome and if either
methodology had initiated with a different expansion it would have resulted in the same conclusion. The
key difference between the two of them is that Budiansky does include non-linear functional derivatives

of the imperfect structure (12(”), ’(Z(") and 1Z(”)) as opposed to Pignataro who assumes these are equal
to zero.



Functional Derivatives utilising Frechet
Derivatives

The second step in including imperfections within the displacement-based Koiter methodology involves
determining all functional derivatives used in the expanded potential energy. To derive the final expres-
sion for the functional derivatives, the strains and stresses are required, thus these two steps in the
methodology are also highlighted. There is one assumption one can make when deriving the deriva-
tives. The pre-buckling can be presumed to be linear, simplifying the procedure of finding the functional
derivatives significantly. The alternative is to ignore the linearity of the pre-buckling, but as a conse-
quence, this increases the complexity of the methodology.

The outline of this chapter is as follows. The derivatives of the strain, without the assumption of
linear pre-buckling, are presented in section 6.1. The influence of the assumption linear pre-buckling
is discussed in section 6.2. Next, the stresses are computed in section 6.3. The stresses are directly
derived from the strains, therefore section 6.4 shows the stresses derived with the assumption of linear
pre-buckling in mind. The functional derivatives are formulated in section 6.5 and 6.6, without and
including the assumption related to linear pre-buckling respectively. Finally, the chapter concludes with
a short overview of the non-zero functional derivatives for each of the four possibilities.

6.1. Strains

The Donnell Kinematic relation for an imperfect plate is presented in Equation 6.1, which can be split
into the perfect (Equation 6.2 and 6.3) and imperfect strains (Equation 6.4). The perfect strains and
rotations are used to calculate the perfect functional derivatives (¢) and the imperfect strains are used
to calculate the imperfect functional derivatives (v).

1 2, -
ot () 0, -
1 2 _
€= vy + 5 (wy)” + 0wy +z Wyy (6.1)
Uy + Vot WaWy + Wyl + WaW,y —2Way
1 2
Ug+ 5 (W)
£
E=1Q Eyy = vy + 5 (wy) (6.2)
ey Uy + U+ Wy
—W xx
K.’L‘I
K= { Kyy } =4 Wyy (6.3)
Kay —2W 4y
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_ w,xw,a;
EZELL' _

=—J = — W W

E=1S &y = YWy (6.4)
Ty WyW g + W W,y

Luckily, the perfect strain derivatives have previously been computed by Castro and Jansen and
can be reused. The necessary steps to derive these are illustrated in section 4.2, therefore only the
imperfect derivatives of the strains are presented here.

The displacement due to the imperfection can be approximated by using known shape function
S™ and following a similar repeated index notation to what is presented in Equation 4.9, 4.10, and
4.11. Note that only imperfections that are out-of-plane are considered, thus only the shape function
S™ is required. The first Frechét derivative with respect to the displacement for the imperfect strains
is presented in Equation 6.5 and the second derivative is equal to Equation 6.6. It is known that the
imperfection shape is not dependent on the displacement field hence the second differentiation is equal
to a zero vector.

0
y . i
P, + 8P, S b,
0
- _ w o, — w w
€a = P, + Sy, = Say Wy (6.5)
0 0 S W 5 + Sy W
_ w - _y w - a,y =% a,z™,Y
B,y + S + B . + S,y
0
w L
CH 0
1/ 0 0
=1 — w _
= Sw g = (6.6)

0 0

SH
For the differentiations with respect to load factor (1), the following is still known to be true u. = A ug.
Moreover, it is known that the initial imperfection does not increase as the load increases and therefore
w,, is not dependent on A, thus the first derivative is equivalent to Equation 6.7. Other higher-order

derivatives with respect to the load factor equal zero vectors, since none of the terms are dependent
on the load factor.

W W0,z

).
I

W 4y Wo y (6.7)

W,z W0,y + W,yWo,z

The Frechét derivative with respect to both the load factor (A) and the displacement () can be
derived from Equation 6.5 and is equal to zero since the imperfections are not dependent on the load
factor.

& =0 (6.8)

Moving on to the derivatives concerning the imperfection field. Only the initial imperfection is depen-
dent on the imperfection shape so therefore the first derivative is equal to Equation 6.9. All higher-order
derivatives are equal to zero since none of the terms are dependent on the imperfection.

0
D000 + DB S w.,
W,
0

B ywy, + Dy SH (6.9)
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From Equation 6.9 the derivative with respect to both the imperfection field and the displacement can
be found, as shown in Equation 6.10. All other higher-order derivatives related to both the imperfection
and the displacement equal zero.

S5

x™a,xr
= w w
& = Sty Sary (6.10)
w w w w
Sk,ysa,m + Sk,zSaq,y

Finally, from Equation 6.9, the derivative with respect to both the imperfection and the load param-
eter is computed and presented in Equation 6.11. Again all high-order derivatives depending on the
imperfection and the load factor become zero. The Frechét derivative with respect to all three param-
eters is also equal to zero.

w
Skl,a:wow’v

Sﬁywoy (611)

w w
Sk,ywov-” + Sk,mwovy
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This concludes the derivations of the imperfect strains. The imperfect strains that are not non-zero
are listed below as these are used in the next steps of the derivation.

~ M. O
Mpe O O
BT

M)
x~
Eal
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6.2. Strains for Linear Pre-buckling

If the pre-buckling state u is evaluated linearly for a plate with no bending-extension coupling and
only in-plane pre-buckling loads, the out-of-plane displacement (wq) equals zero. This assumption is
only applicable for small rotations. Besides the out-of-plane displacement (wg) dropping to zero, the
term w and its derivatives also disappear due the fact that u. = wug(A\.). The full expressions for
both the perfect and imperfect strains can be found in subsection A.1.1 and A.1.2. This assumption
that wq is equal to zero for linear pre-buckling is only applicable for a plate and not a cylinder. If the
displacement-based Koiter methodology is modified for cylinder one should pay attention to the case
of linear pre-buckling as it is not as simple as for a plate.

6.3. Stresses

The stresses are computed utilising the classical constitutive relations for laminate composites and
using repeated index notation, similar to what was done for the perfect displacement-based Koiter
methodology. The stresses for the perfect structure have been previously computed by Castro and
Jansen and can be found completely in subsection 4.2.2. The imperfect stresses are based only on
the imperfect strains and are therefore equivalent to Equation 6.12.

Nq; = Aijgj

i =Bz (6.12)

The derivatives of the imperfect stresses can easily be formulated using the imperfect strains and
are presented here.

o
~ia “ja (6.13)

Mi/a = Biﬁ}a
Ni =A%) (6.14)
i = Bijé;
Nik = Aigéje (6.15)
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N = A&

Lika = £ii%jka (6.16)
Mika = Bijgjka

Mo = Avjéu (6.17)
Mk = Bijin

This concludes the derivation of the imperfect stresses. All higher-order derivatives that are not
presented above are equal to zero since the strains are also equal to zero. An overview of the non-
zero imperfect strains can be found at the end of section 6.1.

6.4. Stresses for Linear Pre-buckling

The assumption of linear pre-buckling influences the stresses as well since they are dependent on the
strains. Since the computation of the stresses from the strains is self-explanatory, the final expres-
sions of the derivatives of the imperfect stresses including the assumption linear pre-buckling are only
presented in section A.2.

6.5. Functional Derivatives

The final step is to derive the functional derivatives. To complete the derivation, the imperfect stresses
are multiplied with the strains to find the imperfect functional derivatives. The full derivation of the perfect
functional derivatives has previously been executed by Castro and Jansen and presented in section 4.2.
The potential energy of an imperfect plate is equal to ¢ + . The contribution the imperfections have
on the potential energy is represented in Equation 6.18.

1 _ _ _
v=1 / (Ni&i + Nig; + Niei + Myr;) dS) (6.18)
Q

The equilibrium of the imperfect structure is presented in Equation 6.19, which can also be rewritten
to Equation 6.20. An overview of all the perfect and imperfect stresses and strains that remain after
the differentiation is given in Table 6.1. All other terms are equal to zero vectors, therefore these terms
are crossed during the derivation of all imperfect functional derivatives.

Q

1 _ _ _ _ _ _
Py = {2 /Q (N{ & + Nigiy + Nlu&i + Nigjy + Nijei + Nighy + M ki + Mk, ) d2| u, (6.20)

The second, third and fourth derivatives with respect to the displacement are presented in Equa-
tion 6.21, 6.22, and 6.23.

Plugup =

1 0 ) 0
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Strains Stresses
Perfect Imperfect Perfect Imperfect

€ g N; and M; N; and M;
K &l N/, and M/, ~ N/, and M/,
e, g N/, and M/,  N;and M,
K, € N; and M; :m and M;;,
e, &, N; and M; N}y, and M{,m
é & N! and M!, N, and Mj,
K

€

€a

Table 6.1: Overview all relevant strains and stresses for the perfect and imperfect structure
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=0
The next step is to compute the functional derivatives with respect to the initial displacement (@) and

displacement field (u). From Equation 6.20 the first derivative with respect to both @ and w is equal to
Equation 6.24.

0
_ 1 - o - . .20 . . .
¢éuaﬁk = lQ /Q (Ni/akgi + Ni/agik: + Niké:;a + Nié;ak +%%i + Ni/aéik + ik?g;a + Nié;ak

0
N e % "y NLE VI ke + M B v ok - MR 0 i
+N'Lak;E’L =+ N o + ik€iq T N;E A ka,‘ﬁ‘,l + Mza Tt + Mzk"@w + M, Tak a2 Uq Uk (6 24)
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Q

N g, + Niages + Niwelo + Miggris + Mirkl, ) d2] uaty

From Equation 6.24 the first and second differentiation about the load factor (\) can be computed,
as presented in Equation 6.25 and 6.26. The third derivative to the load factor is equal to zero.



6.5. Functional Derivatives 29

0 0 0
2z 1 L
wluaﬂ’k =15 / Mggl + N k’EZ + za’slk + Nzaglk + NZkEza + le o T N 'Lak
Q

0 o . 0
+Nl zak+N €1k+N Elk+N€zak+Nl zak—"_%i_‘_Ni/akéi
0

o = B S CHE =, (6.25)
+Nik€ia + Nikeia + M K + Miakni + Mik"'ﬁia + M T

dQ | ugty

1 =, . _,
= |:2/ (Nzlak;g’b + Nl/agzk + leff + N{;‘wk + N Ezk + N 57,/{: + N Ezak
Q

+ ﬁ;ak&'l + ]\:]ikE;a + ﬁfzk&';a + J\?i/ak/%i + Mikff;a> dQ:| Uq Uk

. L 0P 0,
b U 7/ %ggi_FNzak +y{§ik+N 17€+N11€/4‘€1a+Nl’f za+}/wk+Nl%
Q

0 0 0. A
+ Ezk:"‘N Ezk +N 51k+N 'Lk +N52ak +Nz Tak +M£;i+]\7{akéi
. ) (6.26)

+ :ikE;a + ﬁiké{ia + lk ia + le%—’—/ﬁ:ak’%l zak'é‘ + 9/4:@10, + M’Lk 1a dQ

Ug U

1 . B
= {2 / (2]\7’ Eik + Nsmk + N,faké'i + Niké;a> dQ] u
Q

From Equation 6.24, the second derivation with respect to the imperfection field can be found re-
sulting in a third-order tensor and it is equal to Equation 6.27.

~ 1 = 0 ~ ~ ~ 0 = 0 ~ ~
Ve gty = 3 / }%;i + Niax€it + NigEir + Nz —&-Nﬁ%a + Nik€iar + Nit€iap
Q
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oA 00 0 0
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+Ningiq + Nik%Jriaf/'mMi + M, 5+ v:kl%a + Mg | d| wen

R
= [2 / (Nilakfil + N/w€ik + Nir€ig + Nilégak) dﬂ] Ug gy
Q

Equation 6.27 is used to find the derivatives to the load factor ()\) as shown in Equation 6.28 and
6.29.
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From Equation 6.21 the first derivative with respect to the imperfect shape (@) is equal to Equa-
tion 6.30.
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Equation 6.30 can be used to compute the first and second derivative to A, as shown in Equation 6.31
and 6.32.
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From Equation 6.27, the second derivative with respect to the displacement to form a fourth-order
tensor equal to Equation 6.33. Alternatively, Equation 6.30 could also have been used as an initial
starting point to compute Equation 6.33 and the result would have been the same.
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Finally, the four-order tensor presented in Equation 6.35, can be derived from Equation 6.22.
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The higher-order derivatives are equal to zero, as shown below, concluding the derivation of the
imperfect functional derivatives.

U g Up el = 0 (6.36)
J;”uaubucﬁkﬁl =0 (637)
lzg/uaubucﬂkﬁl =0 (6.38)

6.6. Functional Derivatives for Linear Pre-buckling

The assumption of linear pre-buckling also impacts the functional derivatives. The final expression for
both the perfect and imperfect functional derivatives can be found in section A.3. If linear pre-buckling is
assumed, the perfect second-order derivative (¢!/) equals the constitutive stiffness matrix of the system
[18, 22].

6.7. Conclusion Functional Derivatives
This concludes the derivation of all functional derivatives for an imperfect plate utilising Donnell kinemat-
ics. A short overview of the non-zero derivatives for each solution possibility is presented in Table 6.2.
A total of four solution possibilities were defined based on two different assumptions. The first assump-
tion is based on which approach is taken to derive the expansion of the potential energy and boils down
to if the non-linear terms of the imperfect structure are taken into consideration or assumed equal to
zero. The second assumption depends on whether the pre-buckling is assumed to linear or non-linear.
These functional derivatives are the only terms that remain in the expansion of the total potential energy
and the other terms cancel to zero.

This derivation is specific for an imperfect plate using Donnell Kinematics. For any other structure
or kinematic relationship the functional derivatives would have to be reevaluated.
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Functional Derivatives
Perfect Imperfect

"o giv 1 " mo T S T Tan
PL c) c? c? ¢C c? c? c? c? c? c? w(,’

"o giv I o T T T
BL c? c? c’ qzsC c? c) c? c? c? c) c? ¢C

"o ggo o i L I " meo T T T i
PN c? c’ c c? C’¢C (& C’,(/J ’ c? c? c? c? C’wC

"o ggo o A L I " meoTr G T G T T i g T
BN c? c’ c c? C’¢C (& C”L/) ’ c? c? c? c? c? c? c) C ’,(/JC

Table 6.2: Overview of non-zero functional derivatives for each solution possibility.



Asymptotic Analysis

The final step for including imperfections in the displacement-based Koiter methodology is to derive
expressions for the initial post-buckling characteristics. There are two different possibilities to formulate
these properties. The first approach is similar to the perfect methodology and the goal is to find an
expression for a; and b; that also includes imperfections within this term. This approach is presented
in detail in section 7.1. On the other hand, the alternative solution methodology assumes that the initial
post-buckling coefficients are derived from the perfect structure and that the imperfection sensitivity of
a structure can be measured by introducing two new coefficients, « and 3, which are also referred to as
the imperfection form factors. A detailed explanation of this methodology can be found in section 7.2.

7.1. Initial Imperfect Post-buckling Coefficients

The single mode asymptotic expansions for the load parameters and the displacement field are incor-
porated in either possible expansion of the total potential energy, previously derived in chapter 6. After
performing the substitution, the brackets are expanded and terms are grouped according to their pow-
ers of £, up to ¢° to find the initial post-buckling terms a; and b; to satisfy the equilibrium condition. The
asymptotic expansions are presented in Equation 4.37 and 4.38 and repeated below for convenience.

A= Ao = ar A€ + b E? (4.37)

U —ue =v = Eur + Eurr + Eurrr (4.38)

The objective is to find an expression that combines the perfect post-buckling coefficients with a
correction term for the imperfections. This correction term should be dependent on the imperfect func-
tional derivatives, similar to what is presented in Equation 7.1 and 7.2. The aim of finding this solution
is to immediately observe the effect of the imperfection. It also serves as a verification for when the
imperfection amplitude is set to zero, the methodology including imperfections should yield the same
post-buckling coefficients as the perfect methodology. It is expected that the first post-buckling coeffi-
cient (a;) will change from a zero value to a non-zero value with the inclusion of imperfections, while the
second post-buckling coefficient will decrease due to the imperfection incorporated into the structure.

aJ imperfect = QI perfect + constant(w(”), Z/J(n), lp(n)) (71)

bLimperfect = prerfect + constant(z/J(") ) 1&(")7 w(n)) (72)

The expressions for the perfect initial post-buckling coefficients are also repeated for convenience.
The first coefficient remains the same, even if the pre-buckling is assumed to be linear. The second
post-buckling coefficient changes to Equation 7.3.

1wl
2 il

(4.40)

ar =

33
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This solution approach of substituting the asymptotic expansions into the total potential energy and
finding the unknowns such that they assure the equilibrium condition is done for each of the four solu-
tion possibilities and concludes how effective each approach is at determining the initial post-buckling
characteristics.

7.1.1. Option 1: PL

After substituting the asymptotic expansions into the reduced expansion of the total potential energy
as formulated by Pignataro, Equation 7.4 can be found. The underlined terms indicate all the imperfect
terms. When the imperfection amplitude is set to zero all underlined terms disappear, and the remaining
equation matches the one obtained for the perfect case, as presented in Equation B.2. This shows that
the formulation of the perfect terms is correct.

¢ (§atarh, + Eadllu + ol'ur ) du

_ oz 1- =~ _ . . 1
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1 - . 1 ) .
+587 0 wru 0w+ SO0 U u + uiou = 0

It is possible to derive a; from the expression multiplied by &, according to Equation 7.5 if one
assumes du = u;. However, it is problematic that the first post-buckling coefficient is not derived from
the terms related to ¢2. If the imperfection amplitude (¢) is set to zero in the methodology including
imperfections it does not equal the coefficient derived for the methodology without imperfections, given
in Equation 4.40. This inconsistency indicates that this specific approach never yields realistic post-
buckling coefficients.

Eagyud + ¢uj
—EadiAcur

If the terms related to ¢2 are inspected to overcome this irregularity, it is evident that this expression

is dependent on three unknowns, namely the first and the second initial post-buckling coefficients (a;

and b;) and the second order displacement-field (u;;). The arbitrary value ju = wu; can be used

resulting in the first-order displacement field being orthogonal to the second-order displacement field.
Due to this orthogonality the terms &) uruyr and ¢”uyur; equal zero.

The terms multiplied by £2 that remain after the simplification of the orthogonality between the first

and second-order displacement field are presented in Equation 7.6. This formulation is dependent on

two unknowns and therefore impossible to get a closed expression for either of the two, but it is possible

to find a formulation for the first-post-buckling coefficient that relies on the second coefficient given by
Equation 7.7.

ar

(7.5)
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_ Ealbideur + Lea! ur® + 1 u}

. (7.7)
PYAuT

ar



7.1. Initial Imperfect Post-buckling Coefficients 35

This expression for b; can be found from the terms multiplied with £3. The assumption that fu = u;
is still valid and the terms g‘mz?g’u,?un and wgamculuu equal zero due to the orthogonality between
the two displacement fields, however, the term ¢”/u2u; is not equivalent to zero. The remaining terms
multiplied by £ are presented in Equation 7.8 and this expression would yield the same formulation for
the second post-buckling coefficient as given in Equation 7.3.

. 1.
& <¢Zbl)\(:u% + o ujurr + 6¢chu3l> (7.8)

Equation 7.8 cannot be used to derive b; since the second-order displacement field is still unknown.
Unfortunately, this cannot be found from the terms corresponding to £# because it contains the unknown
by. Itis not possible with the current attempts to rewrite Equation 7.4 to find a closed formulation for
uyr. Since the second-order displacement field remains unknown, the second post-buckling coefficient
can not be found since it is dependent on this unknown displacement. Consequently, it also renders
Equation 7.7 useless since aj relies on b;. Therefore it is concluded that this attempt to find imperfect
initial post-buckling coefficients was not successful due to the fact that the expressions rely on two
unknowns and was not possible to isolate one of them similar to the perfect approach.

7.1.2. Option 2: BL

Equation 7.9 arises when the asymptotic expansions are replaced within the potential energy accord-
ing to Budiansky and by simplifying the procedure by assuming linear pre-buckling. If the imperfect
functional derivatives, the underlined terms, are excluded from this expression it is equal to the perfect
methodology presented in Equation B.2. This shows that no errors are made in the derivation of the
perfect terms.
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An expression for a; can be derived from the terms multiplied by £ and is presented in Equation 7.10.
The same issue as for the PL solution approach occurs and this expression for a; is not derived from the
terms multiplied by £2. If the imperfection amplitude is set to zero in this expression it would not match
the expression of the perfect post-buckling coefficient presented in Equation 4.40. This difference
indicates that Equation 7.10 cannot be correct.

S8} + Eadlud + ol
—Eadeur
The terms related to ¢2 are dependent on three unknowns, the first and the second initial post-

buckling coefficients (a; and b;) and the second order displacement-field (u;7). It is assumed that
du = u; and that the first-order displacement field is orthogonal to the second-order displacement field.

As a consequence the terms 124y urury, Eaurur; and ¢urur; equate to zero. The terms that
remain are equal to the PL method and presented in Equation 7.6. Since the expression is equal, the
formulation for a; remains the same, which is provided in Equation 7.7. The first buckling coefficient
stays dependent on the second coefficient.

The terms multiplied by &3 up to £5 in equilibrium equation Equation 7.9 are equal to the PL equilib-
rium equation presented in Equation 7.4. As the two equilibriums are equal, the same conclusion can
be made. It is not possible to formulate an expression for b; that does not rely on the second-order

ar (7.10)
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displacement field. The second-order displacement cannot be found since it requires one of the post-
buckling coefficients to be known. Therefore, it must be concluded that with the current attempts, it
was not possible to derive expressions for the imperfect post-buckling coefficients for the BL solution
approach.

7.1.3. Option 3 and 4

Since it was not possible to derive an expression for the post-buckling coefficients even with the sim-
plification of including linear pre-buckling it was decided to not attempt deriving an expression for the
coefficients for options 3 and 4 since these rely on non-linear pre-buckling. The derivation for both
equations is presented in Appendix C.

7.1.4. Conclusion Initial Imperfect Post-buckling Coefficients

It was not possible to derive expressions for a; and b; for the case of linear pre-buckling that was
able to incorporate the effect of the imperfections with the current procedure. For both the PL and the
BL approach an expression for a; could be found from the terms multiplied by ¢ however, this was
disregarded as it led to an inconsistency between the perfect and the imperfect displacement-based
Koiter methodology. The term multiplied with £2 and higher powers did not yield satisfying results for
deriving an expression for the coefficients.

Even if one were successful in finding the initial post-buckling coefficients, these results would not
have been useful, because a plate with an initial imperfection no longer has a bifurcation point, but
instead a limit load, as depicted in Figure 2.1. The current analysis is performed around the bifurca-
tion point, but the structure would have changed significantly from the perfect configuration, making
this bifurcation point no longer relevant. Hence, the information gained by deriving the post-buckling
coefficients would no longer be representative of the physical situation the plate is experiencing.

Since the attempts to find the coefficient with linear pre-buckling were unsuccessful, the case of non-
linear pre-buckling was not thoroughly analyzed as this was deemed ineffective. However, if this was
attempted and one was successful in finding the initial post-buckling coefficients, these results would
also represent unrealistic behaviour. Since the pre-buckling is no longer linear, the stiffness of the
structure would change before it buckles, indicating that the coefficients would have to be reevaluated
multiple times, which would be computationally inefficient, and therefore would defeat the purpose of
the Koiter methodology.

The only case where the displacement-based Koiter methodology of finding imperfect initial post-
buckling coefficients might still be relevant is for a cylinder with axisymmetric imperfections and linear
pre-buckling. An axisymmetric imperfection is constant along the circumference of the cylinder. Such
cylinders have a bifurcation point despite the inclusion of an imperfection. Hence, one could revisit this
specific methodology and derive expressions for the post-buckling coefficients. However, this is such a
unique situation that this approach of finding imperfect post-buckling coefficients a; and b; should not
be continued.

This conclusion disproves the first hypothesis made about the derivation of the initial post-buckling
coefficients, which is presented below. With the current approach, it was not possible to find initial post-
buckling coefficients. Besides the fact that this attempt was unsuccessful at finding formulation, the
idea behind this methodology was not sound. Due to the imperfections, there is no longer a bifurcation
point and thus the initial post-buckling coefficients no longer reflect reality as the plate would have
buckled sooner.

H2.1 Initial imperfect post-buckling coefficients (a; and b;) can be derived by means of the
displacement-based Koiter methodology.

7.1.5. Comparison Work of Budiansky

As previously noted, the initial imperfect post-buckling coefficients are only useful for the specific sce-
nario of a cylinder with an axisymmetric imperfection, as this structure still has a bifurcation point. Budi-
ansky [4] was able to derive post-buckling coefficients and therefore some of the differences between
Budiansky and the current research are highlighted.
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The derivation for the total potential energy remains exactly equal, however, the imperfection am-
plitude is assumed to depend on the scalar parameter according to the relationship presented in Equa-
tion 7.11.

E=ag" (7.11)

Both asymptotic expansions are substituted into the total potential energy and the assumption that
the imperfection amplitude is dependent on the scalar parameter according to Equation 7.11 is applied
where v = 2. The emerging equation is regrouped according to the power of .

The terms multiplied by £2 are presented in Equation 7.12. An expression for a; can be formulated
according to Equation 7.13 where it is assumed that du = u;. It is evident that this expression for the
initial post-buckling coefficient is dependent on the perfect coefficient and a correcting term dependent
on the imperfection. This expression for a; is used to reconstruct the load path in the work of Budiansky
according to Equation 7.14, where o can be found by rewriting Equation 7.11.

& aw)! + 1¢’”u2 + ¢ urr + ¢ ar ur | du 7.12
c 97c I c c
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ar = — = QJ,perfect — QQJ imper fect (713)

A= Ac + aI,pe’rfectg - (o‘af,i'rnperfect)g (714)

If the initial structure without imperfection is symmetric the perfect initial post-buckling coefficient
(ar,perfect) is €qual to zero and thus Equation 7.14 cannot be used to reconstruct the load. An expres-
sion for the second initial imperfect post-buckling coefficient is created to define the load again. To
formulate an expression for b;, it is assumed that v+ = 3. The emerging expression for the second
coefficient is presented in Equation 7.15, and clearly consists of the perfect coefficient adjusted by a
term that relies on the imperfect functional derivatives. The coefficient o« can be found by rewriting
Equation 7.11.

1 ; 1 o 1 . . ’EIJLZNJ/’U,I
br=—| = 4 v Zar\ 3/(/ 72/\2 21 2 /" (/\ 2/'/)7 Y c
I <6’U'I¢c + 20‘1 Cul¢c + 20’1 Cu1¢c +quII¢L / Cul¢c o ‘QSQAC’U,% (715)
= bl,pe’r‘fect - _abl,imperfect

The main difference between Budiansky and the current work is that Budiansky simplifies the pro-
cedure by assuming that the imperfection amplitude is dependent on £. If this assumption is made the
current work could achieve the same conclusion. The issue with Budiansky is that v = 2 for the com-
putation of a;, whereas it is equal to three to compute b;, therefore both expressions cannot be used
at the same time due to the different assumptions. The goal of this thesis was to compute both initial
post-buckling coefficients and thus the formulations presented by Budiansky cannot be used directly in
the current methodology of this thesis.

However, the assumption that the imperfection amplitude relies on the load parameter could be
useful and the current approach could be reevaluated for ¢ = a£2. The expression for a; would remain
equal to Equation 7.13, but the expression for the second initial post-buckling coefficient b; should be
computed as well as the second-order displacement field. It was decided not to pursue this path since
formulating these coefficients would only apply to the specific scenario of a cylinder with axisymmetric
imperfection and was not deemed useful within the scope of this thesis.

7.2. Imperfection Form Factors

A more conventional approach to determining the initial post-buckling characteristics of a structure in-
volves using the single-mode asymptotic expansion for the load parameter including additional terms
that relate to the presence of imperfections. This expansion is given by Equation 7.16 [19, 46, 47,
441, compared to the perfect asymptotic expansion presented in Equation 4.37. In the imperfect load
expansion, the parameters o and § are known as imperfection form factors. The coefficients are not
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unique for each imperfection shape but depend on how the imperfection is normalised. To better quan-
tify the sensitivity to imperfections, the term g is preferred over just the numerical values of o or 5. A
higher value of this ratio corresponds to a lower sensitivity to imperfections, as visually presented in
Figure 7.1.

EN=Ae) = ar A€ + DA —aXE — BN = Ae) E+ ... (7.16)
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Figure 7.1: The influence of g on the buckling load [48].

For the imperfect asymptotic expansion, given by Equation 7.16, the post-buckling coefficients a;
and b; correspond to the perfect structure. These coefficients were previously calculated using the
displacement-based Koiter method by Castro and Jansen [18, 22], and the full derivation can be found
in chapter 4. Additionally, the first and second-order displacement fields can be determined based
on the perfect structure as demonstrated in the same chapter. Hence, the goal of the asymptotic
analysis herein performed is to establish relations using the displacement-based Koiter method for the
imperfection form factors « and 5.

First, the imperfect asymptotic expansion can be simplified to Equation 7.17, if the assumption linear
pre-buckling is taken into account, it turns out that « is equal to 5 [19, 46]. Furthermore, if one also
assumes that the imperfection shape is equal to the first normalized buckling mode, then o = 5 = 1.
The buckling modes are normalized with respect to the thickness of the plate, and consequently the
imperfection shape as well if one makes this assumption about the imperfection shape.

EN = Ae) = ar A€ +b1AE — alé (7.17)

The response of an imperfect plate with o = 5 = 1 is visually presented in Figure 7.2. It was decided
to take a; = 0 and b; = 0.1717 which are the coefficients derived by Castro and Jansen [18] with the
following material properties:

E, = 80GPa, E2 = 8GPa, %2 = 0.6, 12 = 0.12

The plate itself had a height and width of 0.1m and a thickness equal to 0.1m. The stacking se-
quence is[0/90/90/0]. As expected, the bifurcation point is no longer visible for imperfect plates and it
is replaced with a limit point. As the imperfection amplitude grows the limit point is less significant. This
figure also clearly indicates that an imperfect plate is still capable of sustaining loads after buckling, as
expected due to the positive value of b;.

The issue with this simplification is that it only works for the scenario where the imperfection shape
is equal to the buckling mode. From the literature review, it became clear that the buckling mode is
not a realistic imperfection shape and therefore the goal is to expand the displacement-based Koiter
methodology to include a general imperfection shape. Initially, it is attempted for linear pre-buckling as
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Figure 7.2: Initial post-buckling response of perfect and imperfect plate, where « = 8 =1and a; = 0and by = 0.1717

only one imperfection form factor needs to be derived. The goal is to formulate an expression for o and
[ for a more general imperfection shape than just the buckling mode.

To achieve this objective, the following methodology is used. Initially, only the asymptotic expansion
for the displacement, given by Equation 4.38, is substituted into the total potential energy. This ensures
the appearance of the term £ (A — \.) in the formulation, which can then be replaced with the imperfect
expansion for the load, given by either Equation 7.16 or 7.17. The entire equation is expanded and
grouped according to powers of £, €2, £, and £&, with the intention of deriving expressions for o and 3.

This solution approach is performed for the four solution possibilities. For the two possibilities in-
volving the assumption of linear pre-buckling, an additional verification check arises. If the imperfection
shape is set equal to the first buckling mode, the methodology should result in o equating to 1. If this
is not the case, it indicates that a mistake was made along the way.

7.21. Option 1: PL
Upon substituting the expansion for the displacement, Equation 4.4, into the total potential energy
formulated by Pignataro, the term £ (A — \.) arises. The expansion for the load parameter with the

assumption linear pre-buckling, provided in Equation 7.17, is replaced and regrouped to find Equa-
tion 7.18.
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The term multiplied by ¢ can be used to derive an expression for a\. If the term (A — \,.) is disre-
garded similar to what is presented by Arbocz in [44], Equation 7.19 emerges.
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Equation 7.19 is computed for a square plate with the properties previously mentioned. The finite
element implementation of the displacement-based Koiter methodology is described in detail in sec-
tion 4.4. The imperfection shape is initially assumed to be equal to the scaled first buckling mode and
it turns out o\ is equal to 1 - A\.. This is exactly as was hypothesized since the imperfection shape is
set equal to the buckling mode. The load and displacement expansions are performed in the vicinity
of the bifurcation point (\.) and thus it makes sense that the value «)\ is computed instead of solely «
and most accurate around this bifurcation point. If one compares the initial post-buckling response of
the displacement-based Koiter methodology with the initial assumption that « = g = 1, it is clear that
both responses are equal, as visually depicted in Figure 7.3.

The initial post-buckling response is also plotted for the first four buckling modes and this is pre-
sented in Figure 7.4. It is visible that the first buckling mode is the most significant and has the lowest
bifurcation point. The displacement-based Koiter approach including imperfection shows the typical
post-buckling characteristics that are also visible in literature. Both Figure 7.3 and 7.4 indicate that the
displacement-based Koiter methodology is capable of determining the initial post-buckling characteris-
tics.

(7.19)
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Figure 7.3: Comparison between the initial post-buckling Figure 7.4: Initial post-buckling response of an imperfect
responses of an imperfect plate where « = 8 =1anda; =0 plate for different buckling modes computed by the
and by = 0.1717 and the displacement-based Koiter displacement-based Koiter methodology (DBKM), where
methodology (DBKM) where @& = uj. U =uj.

This initial verification that the results are as expected for an imperfection shape equal to the buck-
ling modes is positive, however, this verification step alone is not sufficient to accept that the method is
without flaws. The model should be compared to literature that computes the imperfection form factors
for different imperfection shapes to validate the inclusion of imperfections in the displacement-based
Koiter methodology. Unfortunately, it was not possible to conduct more verification and validation
within the time frame of this research, but an overview of the proceeding steps can be found in the
recommendations in chapter 9.

7.2.2. Option 2: BL
The expansion of the displacement, Equation 4.4, is substituted into the total potential energy formu-
lated by Budiansky. Afterwards, the expansion for the load parameter with the assumption of linear
pre-buckling, as given in Equation 7.17, is inserted into this formulation and subsequently regrouped
to obtain Equation 7.20.
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The term multiplied by ¢ can be used to formulate an expression for aX. The term ¢ is precisely
equal to what is presented in Equation 7.18 and therefore it can be concluded that the expression for
the imperfect form factor is also equal and given by Equation 7.19. Preliminary results show that this
formulation of the imperfection form factors is correct. The fact that both BL and PL conclude the same
post-buckling coefficient indicates that the different approaches to expanding the total potential energy
do not influence the initial post-buckling coefficients for the case of linear pre-buckling.

7.2.3. Option 3 and 4

The remaining two solution possibilities do not rely on the simplification of linear pre-buckling, compli-
cating the solution approach significantly. The derivation of both equilibrium equations can be found in
Appendix C. Due to the increased complexity of deriving the form factors « and 3 it was not possible
to do this within the time frame of this research.

7.2.4. Conclusion Imperfection Form Factors

The effect of including imperfection form factors in the load expansion yields initial positive results.
There is an indication that imperfections can successfully be included in the displacement-based Koi-
ter methodology. If the imperfection shape is set equal to the buckling mode, the displacement-based
Koiter methodology concludes that o\ is equal to 1 - A, in line with what literature also predicts. How-
ever, this initial verification is not sufficient to accept that the methodology is without flaws. A detailed
overview of recommendations for future work is presented in chapter 9.

Besides the preliminary conclusion that it might be possible to include imperfections within the
displacement-based Koiter methodology, a conclusion can be made about the two different approaches
to expanding the total potential energy. The expression for o\ is computed from the terms related to ¢
therefore it makes no difference which of the two approaches is used. Budiansky includes the non-linear

terms of the imperfection functional derivatives (1/3“”, 1/:}(”) and zZ(”)), but these terms are multiplied by
£2 and hence do not influence a\.

7.3. Conclusion Asymptotic Analysis

The goal of the asymptotic analysis is to derive expressions for the initial post-buckling characteris-
tics and conclude that imperfections can successfully be included in the displacement-based Koiter
methodology. Two different approaches to deriving these expressions were analyzed.

First of all, the less traditional approach of finding imperfect initial post-buckling coefficients did not
yield satisfying results. With the current approach, it was not possible to derive expressions for a; and
br. On top of the unsuccessful attempts, it was reflected that this approach would result in unrealistic
coefficients. Due to the introduction of an imperfection to the plate, it no longer has a bifurcation point
and hence performing the asymptotic around the known bifurcation point is not correct. Therefore it is
concluded that this path of determining the initial post-buckling characteristics by means of imperfect
coefficients should be not continued.

On the other hand, the attempts to define the initial post-buckling properties utilising the imperfection
form factors were more successful. Preliminary results show that it is possible to include imperfection
within the displacement-based Koiter methodology. The results are correct for an initial test case, but
more verification and validation should be done to confirm that the approach is correct.
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With all the results presented it is possible to reflect on the hypotheses made at the start of this
thesis. The initial hypotheses are repeated for convenience.

The assumption of linear pre-buckling simplifies the procedure of finding the initial post-buckling
coefficients by means of the displacement-based Koiter methodology, but the results are less
accurate.

H2.1 Initial imperfect post-buckling coefficients (a; and b;) can be derived by means of the
displacement-based Koiter methodology.

H2.2 The initial imperfect post-buckling coefficients (a; and b;) are more efficient in predicting
the post-buckling behaviour of a structure, compared to the imperfect form factors.

H1 cannot be disproved or said to be correct since the attempts of non-linear pre-buckling were not
done due to the lack of results for a plate with linear pre-buckling. For non-linear pre-buckling, it is more
complicated to find formulations for the imperfection form factors (o and 3) since now two coefficients
have to be found instead of just one for the case of linear pre-buckling. However, no statement can be
made if the results are more accurate.

H2.1 was previously said to be invalid in the conclusion of the initial imperfect post-buckling coef-
ficients. The coefficients cannot be derived with the current approach. Moreover, the idea of finding
imperfect coefficients should not be continued to due the fact that imperfect structures no longer have
a bifurcation point.

H2.2 is rejected due to the inability to find imperfect post-buckling coefficients. It was concluded that
this approach to define the initial post-buckling properties was not correct and should not be continued,
therefore it will never be more efficient than finding the imperfect form factors. Note that is assumed
that the displacement-based Koiter approach of defining the imperfection form factors is extensively
verified and validated and proven to be accurate, which it is currently not.



Conclusion

This research aimed to include imperfections in the displacement-based Koiter methodology and to de-
velop an easily implementable and computationally efficient approach. This novel approach should be
suitable for recurring processes such as sensitivity studies, ultimately leading to the creation of design
guidelines for imperfection-insensitive cylinders. These cylinders are more weight-efficient compared
to cylinders sensitive to imperfections and therefore ideal for aerospace applications, such as the outer
shells of rockets.

To demonstrate the incorporation of imperfections within the displacement-based Koiter methodol-
ogy, it was decided to apply the approach first to a plate with an imperfection utilising the single-mode
expansion and Donnell-type kinematics. In order to achieve this goal, three steps are identified to in-
clude imperfections within the displacement-based methodology. First of all the total potential energy
of an imperfect structure is expanded by performing three Taylor expansions. Two possibilities arise
for this expansion, one formulation set up by Budiansky and another one derived by Pignataro. Fol-
lowing this, the functional derivatives are derived utilising the Donnell kinematics by means of Frechét
derivatives. One can simplify this procedure by assuming that the pre-buckling is linear resulting in the
out-of-plane rotations to be equal to zero, alternatively, one can disregard this assumption and have
supposedly more accurate but consequently also more functional derivatives. A total of four solution
possibilities arise due to the two assumptions related to the expansion of the total potential energy and
the pre-buckling behaviour. The last step is to perform an asymptotic analysis.

Each of these four solution opportunities is used to derive the initial post-buckling characteristics
of an imperfect plate. The initial idea was to formulate expressions for imperfect initial post-buckling
coefficients. This approach did not yield satisfying results and it was decided not to continue this path
of finding imperfect coefficients. This decision was backed up due to the fact that imperfect structures
no longer have a bifurcation point and therefore it does not make sense to perform an asymptotic
expansion in the vicinity of this critical load.

A more successful attempt was to evaluate the initial post-buckling characteristics by means of
imperfection form factors. Two new coefficients are introduced in the load expansion for which expres-
sions should be found. For the case of linear pre-buckling, it was possible to derive an expression for a\.
The first preliminary results show that this derivation was correct, but more cases should be evaluated
before it is concluded that the inclusion of imperfections was done correctly for the displacement-based
Koiter methodology. Besides the promising results, it was also shown that it did not matter whether
the formulation of Pignataro or Budiansky was used to expand the total potential energy since both
obtained the same expression for a\.

Therefore, the goal of including imperfections in the displacement-based Koiter methodology is not
completed yet. The first attempt to find imperfect post-buckling coefficients was not successful and
should not be revisited. The preliminary results for deriving imperfection form factors are promising,
however, it is too soon to conclude that this approach for including imperfections in the displacement-
based Koiter approach is correct without further verification of the model.
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Recommendations

The objective of including imperfection in the displacement-based Koiter methodology was not achieved
yet and therefore several recommendations for future research are presented in this chapter such that
this goal becomes attainable.

The displacement-based Koiter approach of finding imperfection form factors needs to be verified
and validated thoroughly before it can be concluded that imperfections have been incorporated suc-
cessfully. The most simple way to verify the inclusion of imperfections within the displacement-based
approach is to compare its results to work presented in the work of Rahman [19] and Tiso [43]. Both re-
searchers are focused on implementing the Koiter approach within finite element simulations, but there
are no examples of imperfect plates presented in their work. The methodology of deriving the imper-
fection form factors presented in both is implemented in the finite element software DIANA. Therefore
it is possible to create the missing data on imperfect plates. A reference plate with several different im-
perfection shapes should be modelled in DIANA as well as the current displacement-based approach
and the results of the imperfection form factors should be compared. The coefficients are expected to
be exactly equal since both methodologies utilize the Koiter approach. One should pay attention to the
scaling of the imperfection shapes as this influences the imperfection factors and could be a potential
source for differences.

Another possible verification is to recompute the displacement field and observe the effect of the
initial imperfection. The displacement field can easily be reconstructed by finding the scalar parameter
¢ for each different load parameter. This ¢ needs to be substituted back in u — u. = v = fuy + ury +
&uyys to the displacement. The out-of-plane displacement of a given node can be compared to the
same out-of-plane displacement computed by FE simulation of an imperfect plate to verify that the
inclusion of imperfections in the displacement-based Koiter methodology is correct.

Once the inclusion of imperfections in the displacement-based methodology has been proven to
work it opens up many possibilities. The method can be expanded from single mode to multi-mode to
find the post-buckling characteristics when multiple buckling modes interact which is often the case for
cylinders. The kinematics can be extended from Donnell to Sanders’ to include more non-linear terms
that are more accurate for cylindrical shells as it captures the non-linear behaviour of the initial post-
buckling better than Donnell’s [22]. The Sanders kinematics including initial imperfections is presented
in Equation 9.1 and 9.2 [49]. When deriving the functional derivatives for a cylinder assuming linear
pre-buckling, it is no longer true that the out-of-plane displacement is equal to zero, as in the case of a
plate.

0
B+ g1 (3

xr

i o] ow® 8 1[0 2 2 o] w®
J— — v w w w w v _in_y w
€= Ew (= a*y+7+3707+§(07) %7 "oy v dy ©.1)
737?/ ou ov Ow Ow ow® dw ow® dw v Ow v Ow®
oy Taoamtamay T ooyt 9y oe 70z 7 o

44



45

_ d%w
K Ox?
zT
3w 19w
K=19 Ry (= ~oy T roy (9.2)
Ry _9 8w 4 10v

0x0y r Ox

Finally, the methodology relying on the imperfect form factors is based on the perfect post-buckling
coefficients. Cylinders are known to have a negative second post-buckling coefficient and therefore
cannot sustain loads after buckling. Optimisation algorithms are recommended in combination with the
Koiter methodology to find cylinders with a positive buckling slope. This will be similar to the research
conducted by Santos and Castro. [40], but the topic could be more explored to establish guidelines for
composite cylinders with positive b-factors. This research did not include the manufacturing limitation
that shearing can only initiate from a zero-degree angle. It would be interesting to explore if cylinders
with a positive b-factor can still be achieved if the true manufacturing capabilities of CTS are considered.
Moreover, the research by Santos and Castro was explicitly done with CTS in mind, however, other VA
manufacturing techniques could be explored since it was evident from the literature review that AFP
and TFP also showed promising results.

In addition to suggesting necessary implementations, it is also important to discourage certain prac-
tices. The methodology of finding initial imperfect post-buckling coefficients should not be done again.
No time and effort should be put into revisiting this methodology and finding the correct coefficients.
These coefficients would only be applicable for a cylinder with an axisymmetric imperfection and this
specific scenario is not broad enough that is it deemed useful for practical application.



(1]

(2]

(3]

[4]

[5]

[6]
[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

References

M. Kaufmann, D. Zenkert, and C. Mattei. “Cost optimization of composite aircraft structures in-
cluding variable laminate qualities”. In: Composites Science and Technology 68.13 (Oct. 2008),
pp. 2748-2754. ISSN: 0266-3538. DOI: 10.1016/J.COMPSCITECH. 2008.05.024.

J. H. Saleh, D. E. Hastings, and D. J. Newman. “Spacecraft Design Lifetime”. In: JOURNAL OF
SPACECRAFT AND ROCKETS 39.2 (). DOI: 10.2514/2.3806. URL: http://arc.aiaa.org.

W. H. Tsai, Y. C. Chang, S. J. Lin, H. C. Chen, and P. Y. Chu. “A green approach to the weight
reduction of aircraft cabins”. In: Journal of Air Transport Management 40 (Aug. 2014), pp. 65-77.
ISSN: 0969-6997. DOI: 10.1016/J.JAIRTRAMAN.2014.06.004.

B. Budiansky. “Theory of Buckling and Post-Buckling Behavior of Elastic Structures”. In: Ad-
vances in Applied Mechanics 14.C (1974), pp. 1-65. ISSN: 00652156. DOI: 10.1016/S0065-
2156(08)70030-9. URL: https://linkinghub.elsevier.com/retrieve/pii/S0065215608700
309%20http://linkinghub.elsevier.com/retrieve/pii/S0065215608700309.

P. Mandal and C. R. Calladine. “Buckling of thin cylindrical shells under axial compression”. In:
International Journal of Solids and Structures 37.33 (Aug. 2000), pp. 4509-4525. ISSN: 0020-
7683. DOI: 10.1016/S0020-7683(99) 00160-2.

M. Wilburger. Buckling of Thin-Walled Circular Cylinders. Tech. rep. National Aeronautics and
Space Administration, 2020.

W. T. Koiter. “A Translation of The Stability of Elastic Equilibrium”. PhD thesis. Delft University f
Technology, Nov. 1945.

T. v. Karman and H.-S. Tsien. “The Buckling of Thin Cylindrical Shells Under Axial Compression”.
In: Journal of the Aeronautical Sciences 8.8 (Aug. 1941), pp. 303-312. DOI: 10.2514/8.10722.
URL: https://arc.aiaa.org/doi/pdf/10.2514/8.10722.

L. H. Donnell and C. C. Wan. “Effect of Imperfections on Buckling of Th in Cylinders and Columns
Under Axial Compression”. In: Journal of Applied Mechanics 17.1 (1950), pp. 73-83. URL: http:
//asmedigitalcollection. asme.org/appliedmechanics/article-pdf/17/1/73/6746531/
73_1.pdf.

S. G. P. Castro. “Semi-Analytical Tools for the Analysis of Laminated Composite Cylindrical and
Conical Imperfect Shells under Various Loading and Boundary Conditions”. PhD thesis. Clausthal
University of Technology, Dec. 2014.

C. Huhne, R. Rolfes, E. Breitbach, and J. TeBmer. “Robust design of composite cylindrical shells
under axial compression — Simulation and validation”. In: Thin-Walled Structures 46.7-9 (July
2008), pp. 947-962. ISSN: 0263-8231. DOI: 10.1016/J.TWS.2008.01.043.

S. G. Castro, R. Zimmermann, M. A. Arbelo, R. Khakimova, M. W. Hilburger, and R. Degen-
hardt. “Geometric imperfections and lower-bound methods used to calculate knock-down factors
for axially compressed composite cylindrical shells”. In: Thin-Walled Structures 74 (Jan. 2014),
pp. 118-132. ISSN: 0263-8231. DOI: 10.1016/J.TWS.2013.08.011.

H. N. Wagner, C. Hihne, and S. Niemann. “Robust knockdown factors for the design of axially
loaded cylindrical and conical composite shells — Development and Validation”. In: Composite
Structures 173 (Aug. 2017), pp. 281-303. ISSN: 0263-8223. DOI: 10.1016/J.COMPSTRUCT. 2017
02.031.

R. Khakimova, C. J. Warren, R. Zimmermann, S. G. Castro, M. A. Arbelo, and R. Degenhardt.
“The single perturbation load approach applied to imperfection sensitive conical composite struc-
tures”. In: Thin-Walled Structures 84 (Nov. 2014), pp. 369-377. ISSN: 0263-8231. DOI: 10.1016/
J.TWS.2014.07.005.

46


https://doi.org/10.1016/J.COMPSCITECH.2008.05.024
https://doi.org/10.2514/2.3806
http://arc.aiaa.org
https://doi.org/10.1016/J.JAIRTRAMAN.2014.06.004
https://doi.org/10.1016/S0065-2156(08)70030-9
https://doi.org/10.1016/S0065-2156(08)70030-9
https://linkinghub.elsevier.com/retrieve/pii/S0065215608700309%20http://linkinghub.elsevier.com/retrieve/pii/S0065215608700309
https://linkinghub.elsevier.com/retrieve/pii/S0065215608700309%20http://linkinghub.elsevier.com/retrieve/pii/S0065215608700309
https://doi.org/10.1016/S0020-7683(99)00160-2
https://doi.org/10.2514/8.10722
https://arc.aiaa.org/doi/pdf/10.2514/8.10722
http://asmedigitalcollection.asme.org/appliedmechanics/article-pdf/17/1/73/6746531/73_1.pdf
http://asmedigitalcollection.asme.org/appliedmechanics/article-pdf/17/1/73/6746531/73_1.pdf
http://asmedigitalcollection.asme.org/appliedmechanics/article-pdf/17/1/73/6746531/73_1.pdf
https://doi.org/10.1016/J.TWS.2008.01.043
https://doi.org/10.1016/J.TWS.2013.08.011
https://doi.org/10.1016/J.COMPSTRUCT.2017.02.031
https://doi.org/10.1016/J.COMPSTRUCT.2017.02.031
https://doi.org/10.1016/J.TWS.2014.07.005
https://doi.org/10.1016/J.TWS.2014.07.005

References 47

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

S. G. Castro, R. Zimmermann, M. A. Arbelo, and R. Degenhardt. “Exploring the constancy of the
global buckling load after a critical geometric imperfection level in thin-walled cylindrical shells
for less conservative knock-down factors”. In: Thin-Walled Structures 72 (Nov. 2013), pp. 76-87.
ISSN: 0263-8231. DOI: 10.1016/J.TWS.2013.06.016.

L. Friedrich and K. U. Schréder. “Discrepancy between boundary conditions and load introduction
of full-scale built-in and sub-scale experimental shell structures of space launcher vehicles”. In:
Thin-Walled Structures 98 (Jan. 2016), pp. 403—415. ISSN: 0263-8231. DOI: 10.1016/J.TWS.
2015.10.007.

B. Kriegesmann, E. L. Jansen, and R. Rolfes. “Design of cylindrical shells using the Single Pertur-
bation Load Approach — Potentials and application limits”. In: Thin-Walled Structures 108 (Nov.
2016), pp. 369-380. ISSN: 0263-8231. DOI: 10.1016/J.TWS.2016.09.005.

S. G.P.Castroand E. L. Jansen. “Displacement-based formulation of Koiter’'s method: application
tomulti-modal post-buckling finite element analysis of plates”. In: Thin-Walled Structures 159 (Feb.
2021), p. 107217. DOI: 10.1016/j .tws.2020.107217.

T. Rahman. “A perturbation approach for geometrically nonlinear structural analysis using a
general purpose finite element code”. PhD thesis. Delft University of Technology, 2009. ISBN:
9789090249513. URL: http://resolver . tudelft .nl/uuid: 80elidbd-90be-44f1-bb36-
049503a265bd.

D. Magisano, L. Leonetti, and G. Garcea. “Koiter asymptotic analysis of multilayered composite
structures using mixed solid-shell finite elements”. In: Composite Structures 154 (Oct. 2016),
pp. 296-308. ISSN: 0263-8223. DOI: 10.1016/J.COMPSTRUCT.2016.07.046.

J. Yan. “Finite Element Implementation of Koiter’s Initial Post-buckling Analysis”. PhD thesis. Not-
tingham: University of Nottingham.

S. G. Castro and E. L. Jansen. “Displacement-based multi-modal formulation of Koiter’'s method
applied to cylindrical shells”. In: AIAA Science and Technology Forum and Exposition, AIAA
SciTech Forum 2022. American Institute of Aeronautics and Astronautics Inc, AIAA, 2022. ISBN:
9781624106316. DOI: 10.2514/6.2022-0256.

J. Arbocz. “The Imperfection Data Bank, a Mean to Obtain Realistic Buckling Loads”. In: Buckling
of Shells, Proceedings of the State-of-the-Art Colloquium. Springer Verlag, 1982, pp. 535-567.
ISBN: 3540117857. DOI: 10.1007/978-3-642-49334-8{\ _}19/COVER. URL: https://link.
springer.com/chapter/10.1007/978-3-642-49334-8_19.

T. Weller and J. Singer. “Experimental Studies on the Buckling Under Axial Compression of Inte-
grally Stringer-Stiffened Circular Cylindrical Shells”. In: Journal of Applied Mechanics 44.4 (Dec.
1977), pp. 721-730. ISSN: 0021-8936. DOI: 10.1115/1.3424163. URL: https://asmedigi
talcollection . asme . org/appliedmechanics/article/44/4/721/387639/Experimental -
Studies-on-the-Buckling-Under-Axial.

S. C. White and P. M. Weaver. “Towards imperfection insensitive buckling response of shell
structures-shells with plate-like post-buckled responses”. In: The Aeronautical Journal 120.1224
(2016), pp. 233—-253. DOI: 10.1017/aer.2015.14. URL: https://www.cambridge . org/core/
product/identifier/S0001924015000147/type/journal _article.

H. N. Wagner, E. Petersen, R. Khakimova, and C. Hiihne. “Buckling analysis of an imperfection-
insensitive hybrid composite cylinder under axial compression — numerical simulation, destructive
and non-destructive experimental testing”. In: Composite Structures 225 (Oct. 2019), p. 111152.
ISSN: 0263-8223. DOI: 10.1016/J.COMPSTRUCT.2019.111152.

P. Hao, B. Wang, G. Li, K. Tian, K. Du, X. Wang, and X. Tang. “Surrogate-based optimization
of stiffened shells including load-carrying capacity and imperfection sensitivity”. In: Thin-Walled
Structures 72 (Nov. 2013), pp. 164—174. ISSN: 0263-8231. DOI: 10.1016/J.TWS.2013.06.004.

P.Hao, B. Wang, G. Li, Z. Meng, K. Tian, and X. Tang. “Hybrid optimization of hierarchical stiffened
shells based on smeared stiffener method and finite element method”. In: Thin-Walled Structures
82 (Sept. 2014), pp. 46-54. ISSN: 0263-8231. DOI: 10.1016/J.TWS.2014.04.004.


https://doi.org/10.1016/J.TWS.2013.06.016
https://doi.org/10.1016/J.TWS.2015.10.007
https://doi.org/10.1016/J.TWS.2015.10.007
https://doi.org/10.1016/J.TWS.2016.09.005
https://doi.org/10.1016/j.tws.2020.107217
http://resolver.tudelft.nl/uuid:80e11dbd-90be-44f1-bb36-049503a265bd
http://resolver.tudelft.nl/uuid:80e11dbd-90be-44f1-bb36-049503a265bd
https://doi.org/10.1016/J.COMPSTRUCT.2016.07.046
https://doi.org/10.2514/6.2022-0256
https://doi.org/10.1007/978-3-642-49334-8{\_}19/COVER
https://link.springer.com/chapter/10.1007/978-3-642-49334-8_19
https://link.springer.com/chapter/10.1007/978-3-642-49334-8_19
https://doi.org/10.1115/1.3424163
https://asmedigitalcollection.asme.org/appliedmechanics/article/44/4/721/387639/Experimental-Studies-on-the-Buckling-Under-Axial
https://asmedigitalcollection.asme.org/appliedmechanics/article/44/4/721/387639/Experimental-Studies-on-the-Buckling-Under-Axial
https://asmedigitalcollection.asme.org/appliedmechanics/article/44/4/721/387639/Experimental-Studies-on-the-Buckling-Under-Axial
https://doi.org/10.1017/aer.2015.14
https://www.cambridge.org/core/product/identifier/S0001924015000147/type/journal_article
https://www.cambridge.org/core/product/identifier/S0001924015000147/type/journal_article
https://doi.org/10.1016/J.COMPSTRUCT.2019.111152
https://doi.org/10.1016/J.TWS.2013.06.004
https://doi.org/10.1016/J.TWS.2014.04.004

References 48

[29] B.Wang, P. Hao, G. Li, J.-X. Zhang, K.-F. Du, K. Tian, X.-J. Wang, X.-H. Tang, B. Wang, P. Hao,
G. Li, J.-x. Zhang, K.-f. Du, K. Tian, X.-j. Wang, and X.-h. Tang. “Optimum design of hierarchical
stiffened shells for low imperfection sensitivity”. In: Acta Mechanica Sinica 2014 30:3 30.3 (Mar.
2014), pp. 391-402. ISSN: 1614-3116. DOI: 10.1007/510409-014-0003-3. URL: https://1link.
springer.com/article/10.1007/s10409-014-0003-3.

[30] A. Catapano, M. Montemurro, J.-A. Balcou, and E. Panettieri. “Rapid Prototyping of Variable
Angle-Tow Composites”. In: Aerotecnica Missili & Spazio 2019 98:4 98.4 (Aug. 2019), pp. 257—
271. ISSN: 2524-6968. DOI: 10.1007/542496-019-00019-0. URL: https://link. springer.
com/article/10.1007/s42496-019-00019-0.

[31] Z. Wang, J. H. S. Almeida, L. St-Pierre, Z. Wang, and S. G. Castro. “Reliability-based buckling
optimization with an accelerated Kriging metamodel for filament-wound variable angle tow com-
posite cylinders”. In: Composite Structures 254 (Dec. 2020), p. 112821. ISSN: 0263-8223. DOI:
10.1016/J.COMPSTRUCT.2020.112821.

[32] B. C. Kim, K. Potter, and P. M. Weaver. “Continuous tow shearing for manufacturing variable
angle tow composites”. In: Composites Part A: Applied Science and Manufacturing 43.8 (Aug.
2012), pp. 1347—-1356. ISSN: 1359-835X. DOI: 10.1016/J.COMPOSITESA.2012.02.024.

[33] K.Chauncey Wu, B. K. Stanford, G. A. Hrinda, Z. Wang, R. A. Martin, and H. Alicia Kim. “Structural
assessment of advanced composite tow-steered shells”. In: 54th AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics, and Materials Conference. 2013, pp. 8—11. ISBN: 9781624102233.
DOI: 10.2514/6.2013-1769. URL: https://arc.aiaa.org/doi/10.2514/6.2013-1769.

[34] K. C. Wu, B. Farrokh, B. K. Stanford, and P. M. Weaver. “Imperfection insensitivity analyses of
advanced composite tow-steered shells”. In: 57th AIAA/ASCE/AHS/ASC Structures, Structural
Dynamics, and Materials Conference. San Diego: American Institute of Aeronautics and Astro-
nautics Inc, AIAA, Apr. 2016. ISBN: 978-1-62410-392-6. DOI: 10 .2514/6.2016-1498. URL:
https://arc.aiaa.org/doi/10.2514/6.2016-1498.

[35] A. Brasington, C. Sacco, J. Halbritter, R. Wehbe, and R. Harik. “Automated fiber placement: A
review of history, current technologies, and future paths forward”. In: Composites Part C: Open
Access 6 (Oct. 2021), p. 100182. ISSN: 2666-6820. DOI: 10.1016/J.JCOMC.2021.100182.

[36] S.G. Castro, M. V. Donadon, and T. A. Guimaraes. “ES-PIM applied to buckling of variable angle
tow laminates”. In: Composite Structures 209 (Feb. 2019), pp. 67—78. ISSN: 0263-8223. DOI:
10.1016/J.COMPSTRUCT.2018.10.058.

[37] L.VertonghenandS. G. Castro. “Modelling of fibre steered plates with coupled thickness variation
from overlapping continuous tows”. In: Composite Structures 268 (July 2021), p. 113933. ISSN:
0263-8223. DOI: 10.1016/J.COMPSTRUCT.2021.113933.

[38] R.L.Lincoln, P. M. Weaver, A. Pirrera, and R. M. Groh. “Optimization of imperfection-insensitive
continuous tow sheared rocket launch structures”. In: AIAA Scitech 2021 Forum (2021), pp. 1-19.
DOI: 10.2514/6.2021-0202. URL: https://arc.aiaa.org/doi/abs/10.2514/6.2021-0202.

[39] R.Lincoln, P. Weaver, A. Pirrera, and R. Groh. “Imperfection-insensitive continuous tow-sheared
cylinders”. In: Composite Structures 260 (Mar. 2021), p. 113445. ISSN: 02638223. DOI: 10.1016/
j . compstruct . 2020 . 113445. URL: https://linkinghub . elsevier . com/retrieve/pii/
S50263822320333742.

[40] R. R. d. Santos and S. G. P. Castro. “Lightweight Design of Variable-Stiffness Cylinders with
Reduced Imperfection Sensitivity Enabled by Continuous Tow Shearing and Machine Learning”.
In: Materials 2022, Vol. 15, Page 4117 15.12 (June 2022), p. 4117. ISSN: 1996-1944. DOI: 10.
3390/MA15124117. URL: https://www . mdpi . com/1996-1944/15/12/4117 /htm?%20https :
//www.mdpi.com/1996-1944/15/12/4117.

[41] P. Mattheij, K. Gliesche, and D. Feltin. “Tailored Fiber Placement-Mechanical Properties and
Applications:” in: http://dx.doi.org/10.1177/073168449801700901 17.9 (Aug. 2016), pp. 774—786.
ISSN: 07316844. DOI: 10.1177/073168449801700901. URL: https://journals.sagepub.com/
doi/10.1177/073168449801700901.


https://doi.org/10.1007/S10409-014-0003-3
https://link.springer.com/article/10.1007/s10409-014-0003-3
https://link.springer.com/article/10.1007/s10409-014-0003-3
https://doi.org/10.1007/S42496-019-00019-0
https://link.springer.com/article/10.1007/s42496-019-00019-0
https://link.springer.com/article/10.1007/s42496-019-00019-0
https://doi.org/10.1016/J.COMPSTRUCT.2020.112821
https://doi.org/10.1016/J.COMPOSITESA.2012.02.024
https://doi.org/10.2514/6.2013-1769
https://arc.aiaa.org/doi/10.2514/6.2013-1769
https://doi.org/10.2514/6.2016-1498
https://arc.aiaa.org/doi/10.2514/6.2016-1498
https://doi.org/10.1016/J.JCOMC.2021.100182
https://doi.org/10.1016/J.COMPSTRUCT.2018.10.058
https://doi.org/10.1016/J.COMPSTRUCT.2021.113933
https://doi.org/10.2514/6.2021-0202
https://arc.aiaa.org/doi/abs/10.2514/6.2021-0202
https://doi.org/10.1016/j.compstruct.2020.113445
https://doi.org/10.1016/j.compstruct.2020.113445
https://linkinghub.elsevier.com/retrieve/pii/S0263822320333742
https://linkinghub.elsevier.com/retrieve/pii/S0263822320333742
https://doi.org/10.3390/MA15124117
https://doi.org/10.3390/MA15124117
https://www.mdpi.com/1996-1944/15/12/4117/htm%20https://www.mdpi.com/1996-1944/15/12/4117
https://www.mdpi.com/1996-1944/15/12/4117/htm%20https://www.mdpi.com/1996-1944/15/12/4117
https://doi.org/10.1177/073168449801700901
https://journals.sagepub.com/doi/10.1177/073168449801700901
https://journals.sagepub.com/doi/10.1177/073168449801700901

References 49

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

J. H. S. Almeida, L. Bittrich, E. Jansen, V. Tita, and A. Spickenheuer. “Buckling optimization of
composite cylinders for axial compression: A desigh methodology considering a variable-axial
fiber layout”. In: Composite Structures 222 (Aug. 2019), p. 110928. ISSN: 0263-8223. DOI: 10.
1016/J.COMPSTRUCT.2019.110928.

P. Tiso. “Finite element based reduction methods for static and dynamic analysis of thin-walled
structures”. PhD thesis. Delft: Delft University of Technology. ISBN: 90-9021336-8. URL: https:
//repository.tudelft.nl/islandora/object/uuid¥%3A3affd8eb-8fbd-40da-aefc-48a96ef
e8afb.

J. Arbocz and J. Hol. ANILISA - Computational Module for Koiter’s Imperfection Sensitivity Theory.
Tech. rep. Delft: Delft University of Technology Faculty of Aeropsace Engineering, Jan. 1989,
pp. 1-86.

M. Pignataro. “Stability, Bifurcation and Postbuckling Analysis”. In: Coupled Instabilities in Metal
Structures (1998), pp. 29-83. DOI: 10.1007/978-3-7091-2510-6{\_}2. URL: https://link-
springer-com.tudelft.idm.oclc.org/chapter/10.1007/978-3-7091-2510-6_2.

G. A. Cohen. “Effect of a nonlinear prebuckling state on the postbuckling behaviorand imperfect
on sensitivity of elastic structures.” In: https://doi.org/10.2514/3.4832 6.8 (May 1968), pp. 1616—
1619. ISSN: 00011452. DOI: 10.2514/3.4832. URL: https://arc.aiaa.org/doi/10.2514/3.
4832.

G. Cederbaum and J. Arbocz. “Reliability of imperfection-sensitive composite shells via the Koiter-
Cohen criterion”. In: Reliability Engineering & System Safety 56.3 (June 1997), pp. 257-263.
ISSN: 0951-8320. DOI: 10.1016/50951-8320(96)00018-X.

G. Cohen. Computer program for analysis of imperfection sensitivity of ring stiffened shells of
revolution. Tech. rep. Newport Beach, CA, United States: National Aeronautics and Space Ad-
ministration, Aug. 1971, pp. 1-181.

G. J. Simitses, I. Sheinman, and D. Shaw. “The accuracy of Donnell’'s equations for axially-loaded,
imperfect orthotropic cylinders”. In: Computers & Structures 20.6 (Jan. 1985), pp. 939-945. ISSN:
0045-7949. DOI: 10.1016/0045-7949(85)90013-6.


https://doi.org/10.1016/J.COMPSTRUCT.2019.110928
https://doi.org/10.1016/J.COMPSTRUCT.2019.110928
https://repository.tudelft.nl/islandora/object/uuid%3A3affd8eb-8fbd-40da-aefc-48a96efe8afb
https://repository.tudelft.nl/islandora/object/uuid%3A3affd8eb-8fbd-40da-aefc-48a96efe8afb
https://repository.tudelft.nl/islandora/object/uuid%3A3affd8eb-8fbd-40da-aefc-48a96efe8afb
https://doi.org/10.1007/978-3-7091-2510-6{\_}2
https://link-springer-com.tudelft.idm.oclc.org/chapter/10.1007/978-3-7091-2510-6_2
https://link-springer-com.tudelft.idm.oclc.org/chapter/10.1007/978-3-7091-2510-6_2
https://doi.org/10.2514/3.4832
https://arc.aiaa.org/doi/10.2514/3.4832
https://arc.aiaa.org/doi/10.2514/3.4832
https://doi.org/10.1016/S0951-8320(96)00018-X
https://doi.org/10.1016/0045-7949(85)90013-6

Derivation Functional Derivatives for
Linear Pre-buckling

A.1. Strains

The kinematics with the assumption of linear pre-buckling neglect the initial out-of-place displacement
(wo), however due to the fact that u. = uo().) is applicable all terms related to the out-of-place dis-
placement equate to zero.

A.1.1. Perfect
The derivation of the derivatives of the perfect strain can be found in subsection 4.2.1 and only the
conclusions are presented here to with the goal of removing the out-of-plane terms.
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A.1.2. Imperfect

The derivation of the derivatives of the perfect strain can be found in section 6.1.
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The stresses are derived directly from the strains and therefore only the non-zero stresses are pre-

sented down below. An overview of the non-zero strains is presented here.
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A.3. Functional Derivatives

The functional derivatives for a plate with the assumption linear pre-buckling are presented down be-
low. All the terms equal zero are crossed-out in the derivation. An overview of the non-zero terms is
presented in Table A.1 which is created from the derivation presented above.

Strains Stresses
Perfect Imperfect Perfect Imperfect
€ & N; and M; N/, and M/,
6:1 E:;ca Ni/a and ]\/[1{(1 Ni/ka and ]\;i/lm
Ky, Ny, and Mg,
E‘Jafb N7 and M7
é

Table A.1: Overview all relevant strains and stresses for the perfect and imperfect structure with assumption linear pre-buckling

A.3.1. Perfect

The derivation of the perfect functional derivatives can be found in subsection 4.2.3.
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A.3.2. Imperfect
The derivation of the imperfect functional derivatives can be found in section 6.5.
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Full Expansion of the Total Potential
Energy

Equation B.1 arises after the asymptotic expansions are substituted into the expansion of the total
potential energy for a perfect plate.
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Equation B.1 can be rewritten including the assumption linear pre-buckling to Equation B.2.
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Non-Linear Asymptotic Analysis

C.1. Initial Imperfect Post-buckling coefficients
C.1.1. Option 3: PN

Equation C.1 emerges after the substitution of the asymptotic expansions into the full potential energy
following the work of Pignataro. The imperfect terms are underlined to emphasize the difference be-
tween the perfect and imperfect derivatives.

Gaydu + & (§adtarh. +Eadlur + ofur) u

1. = _ s . 1_ - o . )
+§2 <§f’flﬂ/4a§)\? + €ﬂ¢ga1}\cul + f'f“/’;bl)\p + 55,,:\“1};//”% + f’fbi/)é”u,n + gzsgaIAcul 4 id)i”u?

+¢lurr) du

_ o= _ 2 _ o~ 1- 1.
+&° <§ﬁ¢2albl>\3 + fuyardewrr + EW b our + £ ururr + §¢ZG%G%/\3W + §¢/c/lal)\cu%
. i 1.
+olardeurr + GUbrAcur + ¢ ururr + 6¢?“?> ou

1 = 1-~ — 1. . .
+&* (ifuwibp\f + 5&//"“?1 + &y brAcurr + §¢Za?)\3“11 +@larbrNiur + ¢ ardcururs

1, . 1 1
+§¢Z/bl>\c’u§ + olbrAcurr + §¢Z/U%1 + 2¢:}UU%UII> du
5 o 2 1 13242 1 11 2 1 1 v 2
+&° | drarbrAiurr + §¢cb1)\cul + 5% arAcuir + @, b ururr + §¢c urugr | du

1. 1. 1 .
+€° (2¢gb%§u11 + 0 brAcul; + 6¢;”u§l> du =0
(C.1)

58
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C.1.2. Option 4: BN

The final and further longest expression for the fourth solution approach is presented in Equation C.2 af-
ter the asymptotic expansions are substituted into the full potential energy of Budiansky. The imperfect
terms are underlined to highlight the difference between the perfect and imperfect terms.
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C.2. Imperfection Form Factors
C.2.1. Option 3: PN

The displacement expansion is replaced into the full total potential energy expansion. Subsequently,
the imperfect expansion for the load, provided in Equation 7.16, is substituted to replace £ (A — A.).
The emerging equation is rewritten to find Equation C.3. If the imperfection amplitude is set to zero,
thus the underlining terms vanish, it equals the perfect equilibrium presented in Equation B.1.
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C.2.2. Option 4: BN

The last possibility for deriving the imperfection form factors is obtained by substituting the expansion
for the displacement into the full expansion of Budiansky. Consequently, the imperfect load expansion
including both form factors is replaced for £ (A — A.), resulting in the following equation after the terms
are regrouped. If the imperfection amplitude is set to zero, thus the underlining terms vanish, it equals
the perfect equilibrium presented in Equation B.1.
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