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Abstract

It is well known that buckling instabilities occur when elastic solids are subject to compressive
stresses. However, this does not preclude the occurrence of instabilities in systems subject to
global tensile loads. Such tensile instabilities may be caused by certain discontinuities (geo-
metrical or material) which re-distribute the stresses applied on its boundary, generating local
compressive stresses inside the solid. This research deals with the tensile instabilities in elastic
solids by using linear bifurcation analysis, which leads to eigenvalue problems. Then the links
between mechanics and mathematics in these tensile instabilities/eigen-systems are demon-
strated by using a combination of both numerical and asymptotic analyses. Three main prob-
lems have been investigated: a hybrid energy method on edge-buckling, the tensile wrinkling of
a stretched bi-annular plate, and the tensile instabilities developed in a radially stretched thick
cylindrical tube.

We start by recording a coordinate-free derivation for Foppl-von Karmén equations and
the corresponding bifurcation equations (both weak forms and strong forms with their bound-
ary conditions) based on minimum energy principle. This set of equations is applicable to
anisotropic elastic thin plates in any planar geometries, which is then specialised for the bifur-
cation problem of isotropic elastic plates, and a further case under in-plane loading.

In the first main problem, we propose a hybrid energy method which provides an accurate
and computationally efficient algorithm for the instability analysis of a class of edge-buckling
problems. This algorithm is based on the existing simplest asymptotic approximations and an
energy principle (weak form for bifurcation). Fairly accurate and robust approximations can
be achieved for both the critical buckling load and mode number even though the simplest
asymptotic ansatz is employed. We also explore a number of additional mathematical features
that have an intrinsic interest in the context of multi-parameter eigenvalue problems.

Then we consider the wrinkling instabilities of a stretched bi-annular plate, which consists
of two fully bonded concentric annuli with different mechanical properties. The effects of the
mechanical and geometrical parameters on critical wrinkling are studied, using both numerical
and asymptotic techniques. It is found that the critical external buckling loading, the wrinkle
numbers and the wrinkled-shape can behave completely differently compared with the single-
annular case. The influence of discontinuities (the interface between these two annuli) on

localised instabilities is also illustrated thoroughly. Finally, a WKB analysis is conducted



which provides accurate approximations.

In the third problem, we consider the bifurcation of an infinite thick cylindrical tube made of
St. Venant—Kirchhoff elastic material, subject to radial tensile loading on both inner and outer
walls. In particular, linear Lamé solutions in plane-strain are taken for the pre-bifurcation state,
and the bifurcation equations are obtained by using Biot’s incremental bifurcation theory. The
bifurcation of this plane-strain problem is completely different from the corresponding plane-
stress case. Numerical investigations reveal two main bifurcation modes: a long-wave local
deformation around the central hole of the domain, or a material wrinkling-type instability
along the same boundary. Strictly speaking, the latter scenario is related to the violation of
the Shapiro-Lopatinskij condition in an appropriate traction boundary-value problem. It is
further shown that the main features of this material instability mode can be found by using a

singular-perturbation strategy.

ii



Acknowledgements

The work in this Thesis was jointly funded by EPSRC and a departmental studentship from
University of Glasgow, which are gratefully acknowledged. I would like to thank my supervisor
Dr. Ciprian Coman, who is a very learned researcher and set an excellent model for me in
research, for his constant help and advice in the first two and half years of my PhD studies.
I am sincerely grateful to Prof. David Fearn, my supervisor in the last eight months, for his
invaluable guidance, prompt help and his great mentoring. I also thank him for reading and
commenting on this thesis.

I wish to thank Prof. Zaoyang Guo for his help in mechanics as well as his friendship. I
would like to express my thanks to Prof. Xiaoyu Luo for her kind advices. To Dr. David
Haughton, Dr. David Bourne for some informative discussions on my work. Special thanks to
my former supervisor Prof. Liang Li, who inspired me during my Master and PhD studies in
Central South University, and supported me to come to this project.

Thanks to all the members in office 309 who I worked with: Umar, Alan, Joyce, Prashant,
Astrid, Ana, Gabriele, Bilal, Andrew, Reem, Nick, Sophie, Moniba, for their friendship, experi-
ence sharing and wonderful office activities. Indeed, this is an excellent environment to expand
my knowledge in mathematics. To Gabriele, Umar, Prashant for their valuable discussions and
help in mechanics and mathematics.

My thanks also go to my dearest friends: Hao, Ziyi, Yujue, Bozhi, Xiaohao, Siyang, Beibei,
Lei, Qiqi, Weiwei, David, Jue, Zhiwei, life could be so dull and boring without you. Thanks
for all the members in the Badminton Club in Stevenson Building, with whom I spent my
meaningful spare time.

I am deeply indebted to my parents, who are always there supporting me, and giving me
the freedom to pursue my interest. I would like to dedicate my thesis to my parents. Lastly
by mostly, I am deeply appreciative of the support and encouragement offered by my best

childhood friend, girlfriend and wife, Chao Liu, during the three years of PhD life.

iii



Dedicated to my parents,

Xiyun and Bingkun.

iv



Contents

1 Basic concepts and research context
1.1 Imtroduction . . . . . . . . . . e
1.2 Linear bifurcations and formulation strategies . . . . . . . .. ... .. .. ...
1.2.1 Qalculus of Variations . . . . . ... ... ... L oL
1.2.2  Method of Adjacent Equilibrium . . . . .. ... ... ... ... ...
1.2.3 Dynamic Method . . . . . . . .. . ...
1.3 The neutral stability envelope . . . . . . ... . o o
1.4 Literature review . . . . . . . . . L L e
1.4.1 Tension field theories and classical approaches. . . . . . . ... ... ..
1.4.2 Singular-perturbation results . . . . . ... ...
1.4.3 Numerical strategies . . . . . . ... ... L o oL

1.5 A guide to the Thesis . . . . . . .. . .

2 Foppl-von Karman plate theory and bifurcation equations
2.1 Energy formulation on FvK equations . . . . .. . . ... . ... ...
2.2 Bifurcation equations . . . . . . .. ...
2.3 Formulation for isotropic elastic plates . . . . . . . . ... ... oL
2.4 Formulation for isotropic plates under in-plane loading . . . . . . . .. ... ..

2.5 Conclusions . . . . . . . .

3 A hybrid energy method for a class of eigenvalue problems related to edge-

buckling in thin plates

3.1 Imtroduction . . . . . . . . . .

3.2 The Hybrid Energy Method . . . . . . . . ... .. ... .. ... .. ...

3.3 Rectangular plate . . . . . . . ... L L oo
3.3.1 Hybrid energy method . . . . . . . . ... oo
3.3.2 The limiting case p — 0 . . . . . . .. oL

3.4 Annular plate . . . ..o
3.4.1 The small-y limit for the annular plate . . . . . . ... ... .. ... ..

3.5 A morerefined ansatz . . . . . . ...

o O Ut e W =

12
13
14
20
22



3.6 Discussion and conclusions . . . . . . . .. ...

The localised instabilities of a stretched bi-annular plate and the wrinkling-

resistance analysis

4.1 Inmtroduction . . . . . . . . . . e
4.2 Problem formulation . . . . . . . ... ...
4.3 Basicstate . . . . ... L e e
4.4 Remarks on the numerical solutions . . . . .. .. .. ... ... ...
4.4.1 Observations regarding the collocation solver ‘sbvp’ . . .. . ... ..
4.4.2 Compound matrix method . . . ... ... .. ... ... .......
4.5 Numerical study of the wrinkling problem . . . . . ... ... ... .. ....
4.5.1 ReSPONSe CUIVES . . . . v v v v vt vt et e e e e e
4.5.2 Neutral stability envelope . . . . . .. ... .. oo
4.6 Critical wrinkling modes and morphological changes . . . . . ... ... ...
4.6.1 Examples of critical eigenmodes . . . . . ... ... Lo L.
4.6.2 Morphological changes on critical wrinkling modes . . . . . .. .. ..
4.6.3 The dependence of A\ony=Ey/Es and vy /ve . . o o 0oL
4.7 An alternative view of the response curves . . . . . . . ... ... ... ...
4.8 Asymptotic limits. . . . . .. ...
4.8.1 The reduction of the bifurcation equations . . . . . .. ... ... ...
4.8.2 The reduction of the boundary and continuity conditions . . . .. ..
4.8.3 The reduced equations: comparisons with full numerical simulations . .

4.9 Discussion and conclusions .. . . . . . . .. e

Tensile instability of a thick-walled tube based on Lamé solutions

5.1 Introduction . . . . . . . . . . L L
5.2 Bifurcation equations . . . . . .. ..o o
5.3 Numerical results . . . . . .. . L L
54 Thelimit n>>1 . . . . . . e

5.5 Discussion and conclusions . . . . . . . . . . e

Conclusions

6.1 Summary . . . . ..o e

6.2 Future work . . . . . . e

Some useful identities for vectors and tensor fields

A.1 Identities related to stiffness tensor . . . . . . . . . . .. ... ... .. ...
A.2 Divergence Theorem and Green Identities . . . . . ... ... ... ... ...

A.3 Other identities . . . . . . . . ..

vi



B Application of the compound matrix method to the bi-annular eigenvalue

problem 166
B.1 The first strategy . . . . . . . .. 170
B.2 The second strategy . . . . . . . .. ... 172

vii



Chapter 1

Basic concepts and research

context

1.1 Introduction

In this first chapter we present the background for the work included in the Thesis and introduce
some of its main themes. The motivation for the mathematical investigations reported in the
later chapters comes from wrinkling phenomena. In Solid Mechanics wrinkling is commonly
understood as a particular form of buckling characterised by a short-wavelength deformation
pattern. It is typically encountered in thin sheets and is present in a range of overwhelmingly

familiar situations; a number of such examples are included in Figure 1-1.

Figure 1-1: Everyday wrinkling.



1.1. INTRODUCTION

The mechanical behaviour of thin elastic plates or shells is intimately dictated by the geomet-
rical separation of scales that allows bending deformations more easily than in-plane shearing or
stretching. Most of the interesting fine-scale patterns observed on these structures in response
to imposed far-field loading originate in their differential bending/stretching properties.

Wrinkling, just like traditional buckling instabilities, requires the presence of compressive
stresses. However, this does not preclude the occurrence of wrinkles in systems subject to global
tensile loads. Indeed, geometrical discontinuities in an elastic solid are known to re-distribute
the stresses applied on its boundary, thus leading to unexpected regions of compressive stresses
inside the solid. A classical example is the famous Kirsch Problem (see pp.75-77 in [117])
concerning the distribution of stresses in a thin elastic plate with a hole at its centre, and
subjected to pulling forces on two opposite edges. Figure 1-2 gives a graphical representation

of the (linear) classical solution. If the plate is sufficiently thin, when the magnitude of the far-

tensile

neutral

compressive

-3 -2 -1 0

Figure 1-2: Elastic stress concentration around a hole in a rectangular plate subjected to uniform
tensile forces on the horizontal sides and traction-free on the other two boundaries. ‘Red’ identifies
regions of compressive (negative) azimuthal stresses, ‘dark blue’ is used for large tensile (positive)
stresses, and the areas shown in ‘pale blue’ are only modestly affected by the presence of the hole.

field tractions exceeds a critical threshold the originally flat plate deforms out-of-plane, resulting
in (possibly) unwanted effects. Interestingly, until recently such phenomena have received only
sporadic attention in the literature. Most investigations have dealt with either purely numerical
or experimental aspects (e.g., [18, 61, 111, 113]). Mansfield [85] seems to have been the first
to examine elastic wrinkling of an annular plate uniformly stretched along the inner rim and
traction-free on the other boundary. Other interest in similar situations came from modelling
deep-drawing processes [115], and involved plastic effects [25, 109, 128, 129, 130].

In the two-dimensional approximation theories of Linear Elasticity there have been nu-

merous studies that extended the Kirsch Problem to different hole geometries and loading
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1.2. LINEAR BIFURCATIONS AND FORMULATION STRATEGIES

conditions. Most of them are focused exclusively on the calculation of certain stress intensity
factors and ignore any instability phenomena. An extensive collection of results along this line
can be found in the classic text by Savin [108] (also, reference [87] contains some chapters with
more recent material).

Recent interest in wrinkling of thin films or membranes comes from biomedical applications
[21] and biologically-inspired problems [22, 23]. Relevant questions in these areas involve the
dependence of the length and the number of wrinkles on the intensity of the applied load or
some geometrical characteristics. Of particular interest are also various scaling laws involving
the thickness of the films [23]. Given the unwieldy nature of the nonlinear equations usually em-
ployed for describing the post-wrinkling regime (i.e., far from the onset of the instability), most
authors have resorted to ad-hoc arguments, numerical simulations and curve-fitting results.

The route we take is quite different, in the sense that we regard wrinkling as an eigenvalue
problem and confine our attention to the linearised effects that describe the incipient stage of
wrinkles rather than their evolution far from the critical load values. While this is admittedly
more limiting than a nonlinear analysis, it does permit us to explore analytically the wrinkling
phenomena in considerably more depth than it would be possible within a nonlinear framework.

The scope of the investigations presented in the Thesis and their relationship to the literature
is amplified in §1.4. Our immediate aim is to introduce in some detail the mathematical
models used in the next chapters, the formulation theories of the bifurcation equations in solid
structures, such as the Calculus of Variations and the Method of Adjacent Equilibrium. Then,
a detailed description of the concept of neutral stability envelope is given, which is one of the
central themes of this work as it will be recurring in each of the following chapters. Finally, we

provide an overview of the Thesis.

1.2 Linear bifurcations and formulation strategies

The physical phenomena investigated in this Thesis fall within the class of linear bifurcations
and are closely related to the coexistence of different mechanical states for certain critical load
values. Notice that in the literature the terms ‘stability’ and ‘bifurcation’ are used interchange-
ably. There are two main strategies in formulating linear bifurcations in static problems. The
first one belongs to the province of the Calculus of Variations (CV) and entails a study of
the second variation of the total energy (its sign or its various coerciveness properties). An
extensive discussion can be found in [12, 75, 76]. In this section, we will first outline some
fundamental ideas on the C'V for conservative systems (the application of C'V is on full display
in Chapter 2 where we derive the Foppl-von Kérmén plate theory and bifurcation equations).
Then we move on to the Method of Adjacent Equilibrium (M AE), which can be used alter-
natively in all problems investigated in this Thesis, and will be particularly demonstrated in

the problem discussed in Chapter 5. It is important to keep in mind that this is not the only
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1.2. LINEAR BIFURCATIONS AND FORMULATION STRATEGIES

strategy available for exploring linear bifurcations. Other options include the energy method,
which will be reviewed in some detail in the next chapter as applied to the class of bifurcations

for thin elastic plates, and the dynamic method on which we touch only briefly below.

1.2.1 Calculus of Variations

The Calculus of Variations (CV) is actually based on the extension of the principle of
virtual displacements to static elastic bodies with infinite degree of freedom. Here we assume a
conservative system (an elastic system under the action of conservative loading), with potential
energy V = &€ + V., (where & is the strain energy and V. the potential energy of external
loads). If we use u to describe the displacement field of the elastic body, we can obtain
an expression for the potential energy functional in which only the displacement w (rather
than stress) appears. Given an arbitrarily small variation eu; to the displacement w (where
0 < e <« 1 and max,eq |u1| = 1), the change in potential energy AV can be expanded in terms
of Taylor’s series as

AV = §V(w)[ur] + %52V(u)[u1,u1] b

Then the stationary point of V | when the conservative system is in equilibrium, is given by
dV(u)[u1] =0. (1.1)

We mention in passing that this also leads to the principle of virtual displacement: §& =
—0V.. According to some basic arguments in C'V, we can obtain the governing equations
and boundary conditions for the equilibrium in terms of displacement w (for example, the
equilibrium equations involving u alone as (3.26) on p.87 in [19]). There is no loss of generality
to assume that such equilibrium is governed by a (possibly vector) differential equation for the

non-dimensional displacement field u,

Lu;A)=0 in Q,
(1.2)
B(u;\) =B, on 09,

where A > 0 denotes some dimensionless loading parameter, £ and B represent time-independent
nonlinear differential operators, and B, is a known constant expression defined on 9f2. Here Q)
is assumed to be a bounded domain in R? or R?, as this is the prevalent situation in the Thesis.
Assume further that a certain particular solution u, the basic state, is available by solving the
system (1.2) with a given A: it may be known explicitly in closed form or it may be available
only numerically.

When 6V = 0, the sign of AV now depends on that of 62V. The local minimum of the
potential energy (‘stability’) requires that the second derivative must be nonnegative: 62V > 0.

More specifically, as the loading parameter A in (1.2) is sufficiently small, the second variation

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 4



1.2. LINEAR BIFURCATIONS AND FORMULATION STRATEGIES

is positive definite. As X increases, 62V might go from positive to zero, when the system loses
stability. The loss of stability is defined by the critical state which is caused by the smallest
loading parameter A\c for which §2V is no longer positive definite for at least one variation
u1 (denoted by dui). In order to find the minimum external loading A¢ and corresponding
bifurcation mode uic, we take the variation of the second variation of the energy functional,
namely,

) {52\7()\07 ulc)} [(5’(1,1] =0. (1.3)

Similarly, we can get the governing equations together with the boundary conditions for such

a critical (bifurcation) state by using the CV arguments on the above equation.

1.2.2 Method of Adjacent Equilibrium

Indeed, the governing equations obtained by C'V can alternatively be pursued by applying
the Method of Adjacent Equilibrium (M AE) procedure on the equilibrium equation (1.2).

M AF has its origins in Euler’s analyses of compressed elastic rods. Its gist lies in the fact
that under certain conditions the equilibrium solutions of (nonlinear) elastic systems are not
unique, that is, under given boundary conditions and prescribed loads these systems can have
more than one equilibrium configuration (e.g., a compressed rod could be straight or buckled).

Assuming that we already have governing equations (1.2) for the basic state, which is allowed
to be inhomogeneous, this does not play any role in the following discussion.

The next step is to postulate the existence of an adjacent (i.e., as close as one pleases to the
original) equilibrium state under constant load. This will be characterised by a displacement
eu; (0 < e < 1 and max,ecq |u1]| = 1) with reference to the basic state, so it is expected that
u = t+euy will satisfy the same equilibrium equations (1.2). Owing to the infinitesimal nature

of this secondary state, we can write

L+ ecup; ) = L(i; N) + € Ly (wr; 2, \) + O(?),

Bt + eur; \) = B(i; ) + e By (w134, A) + 0(2),

where the ‘lin’ label on the right-hand sides of these equations indicates that the corresponding
operators are linear in w1, but may depend nonlinearly on the basic state w. On subtracting
the corresponding differential equations for the two adjacent states, dividing through by ¢, and

then ignoring the O(e)—terms yields

Elin(ﬁ;ul,/\):ﬂ n Q,
(1.4)

Bin(i;ui, ) =0 on 99,

which are actually the same as we would have obtained from (1.3) using the previous CV

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES )



1.2. LINEAR BIFURCATIONS AND FORMULATION STRATEGIES

strategy. The mathematical justification of the approach of M AE requires the existence of
a variational structure for (1.2), as shown earlier in (1.1). Knops and Wilkes (pp.224-228 in
[75]) give an informative discussion of the theory behind the validity of M AE. More readable
accounts covering similar material can be found in [19] and [79].

These equations lay at the foundation of most bifurcation analyses in elastostatics. Be-
cause the boundary conditions in (1.4) are homogeneous and ) is bounded, the existence of
a nontrivial w; turns out to be possible only for a discrete set of values of A, the so-called
spectrum of the linearised problem. For problems that have a variational structure (e.g., (1.1))
the differential system (1.4) is self-adjoint and standard results from Functional Analysis (e.g.,
[123]) guarantee the existence of such values of A. It is the lowest positive such critical number
which is important in applications.

We mention in passing that alongside A there are other parameters that appear in equation
(1.4) — mechanical constants, aspect ratios, etc. When solving this equation one is usually
interested in the locus of A\ as a function of one of these parameters, in some two-dimensional
plane. The diagram obtained by graphically representing this dependence makes it possible to
determine the so-called neutrally stable states of the particular configuration under investiga-
tion. Since the second variation is not involved in such analyses, strictly speaking the points
on these curves identify only the coexistence of at least two potential distinct states. Whether
they are stable or unstable in a physical sense is a different matter.

However, large classes of elasticity problems with non-conservative loading must be analysed
within a broader framework in which time effects are accounted for right from the outset. Such
strategies bring elastic stability closer to the general theory of stability of motion and its

applications in other fields such as Fluid Mechanics, for instance.

1.2.3 Dynamic Method

The other general strategy used for analysing linear bifurcations is the Dynamic Method
that amounts to the study of small oscillations superimposed on the basic state [79, 120]. The
first equation in (1.2) is replaced by its dynamic counterpart, that usually can be cast in the

form
0%u
Lu;\) = —.
(W A) = 5
Following the linearisation procedure outlined above one arrives at

62’U,1

Ly (w13, A) = oz

The solution of the last equation is sought in the form u; = e'“?, where the arbitrary amplitude
1 depends on the spatial coordinates; w is a complex-valued constant that needs to be found and

plays the same role as A in (1.4). On substituting this expression into the linearised equation

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 6



1.2. LINEAR BIFURCATIONS AND FORMULATION STRATEGIES

one finds a “static” problem

Zlin(ﬁaW;{"a )‘) =0,

with L}, a time-independent differential operator with real coefficients. The main task is to
study the dependence w = w(A) and identify how the sign of the imaginary part of w changes
as A is varied. A negative such imaginary part will lead to some disturbances w; which grow
exponentially in time. According to the Lyapunov criterion of stability the values of A\ for
which this happens will correspond to unstable states. It must be clear that for self-adjoint
problems M AFE is just a particular case of this method since in that case all w?’s are real; if
the dependence of w on A is continuous then the critical values obtained by the static method

are recovered by solving the (implicit) equation w(A) =0 (e.g., see [79]).

A 4
} Im(s) 1 Im(s)
|
|
iw1 ()\)
iwl ()\)
stable unstable stable | unstable
‘ A= )c
|
; iwg(A)
|
A
iwa(A) Az Ao ;
Re(s) Re(s)

Figure 1-3: Typical behaviour of the characteristic exponents for the static instability (left) and
the oscillatory instability (right). In the former case one of these exponents crosses into the right
half-plane via the origin when A = A¢ and then remains on the real axis. For the oscillatory
instability the crossing takes place at some other location on the imaginary axis.

In discussing the effect of stability by the dynamic method it is customary to use the
so-called characteristic exponents s := iw. With this notation, stability amounts to all of
these exponents being in the left-hand plane. As A is incrementally increased or decreased,
the location of these quantities changes. The smallest positive value of A for which at least
one of the characteristic exponents crosses the imaginary axis identifies the critical values of
the eigenvalue, A¢, say. There are many ways in which this can happen, depending on the
particular situation investigated. Two important generic situations can be distinguished, as
shown in Figure 1-3. On the left one of the characteristic exponents passes through the origin
before it enters the right-hand plane and remains purely real for A ~ Ac+. This is the so-
called static instability that can be captured with the M AFE explained above. In the second
example on the right, one exponent enters the right half-plane at some point of the imaginary

axis (different from the origin O), leading to an oscillatory instability or flutter. For A ~ Ao+

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 7



1.3. THE NEUTRAL STABILITY ENVELOPE

the behaviour of w; in the two cases is rather different: in the first situation disturbances grow
monotonically in time, while in the second case this increase has an oscillatory nature.

Some authors (e.g., [1]) have used the dynamic method to solve static wrinkling problems,
but the extra overhead required by this technique does not justify its use in this Thesis since

the same results can be reached more expediently by employing the standard M AFE.

1.3 The neutral stability envelope

A central role in all investigations in this work will be played by the concept of the neutral
stability envelope (NSE). It is difficult to give a general definition since such envelopes are not
uniquely defined and they are highly sensitive to the choice of non-dimensional scalings used for
the problem at hand. Instead, we prefer to introduce the NSE by looking at two simple elastic
stability problems that share some common characteristics with what will appear later in the
Thesis; our presentation follows [3, 19, 119] to a certain degree. One of the main simplifying
features in both examples is the constant-coefficient nature of the governing differential equa-
tions. Here we record the bifurcation equations for isotropic elastic thin plates under in-plane
loading

DV*w—N:(V®Vw) =0, (1.5)

whose detailed formulation is contained in Chapter 2 and finally arrives at (2.40a).

Let us consider a thin elastic plate simply supported on all four edges and subject to
uniform compressive in-plane loads acting in the direction of the a-axis. The (linear) basic
state is characterised by Ny = N > 0, Nis = Npy = 0, so that the first equation in (1.5)
reduces to ,

DV%—N% =0. (1.6)

The simply-supported boundary conditions can be expressed as

62

w:a—;;]:(), on z=0,a, (1.7a)
82

w:a—;):(), on y=0,b. (1.7b)

Motivated by the fact that (1.6) represents a constant-coefficient equation, its solution is sought

in the form

w(x,y) = Csin(ppe) sin(gny) , (1.8)

that can be seen to satisfy (1.7) a priori. Here, p,, := mn/a and ¢, := nw/b depend on

the arbitrary positive integers m,n € N that must be determined as explained next. On

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 8



1.3. THE NEUTRAL STABILITY ENVELOPE

substituting (1.8) into (1.6) we find immediately that

D
N = () (1.9)

i.e., N = N(m,n). No proper eigenvalue problem is solved here because we were able to guess
the eigenmodes right from the start, so the boundary conditions play no role after postulating
(1.8). This is an exceptional situation that is no longer true in more complicated scenarios.
The critical buckling load N, say, is identified as the smallest positive value of this expression
or, in other words,

N, = mr}?ziélN N(m,n).

Given that the behaviour of (1.9) with n is monotonic increasing, we must obviously set n = 1,

thus yielding

Dr? (m  n 27 ™2
V=" 0w :D(g) % (m;n) (1.10)

where 7 := a/b, a geometrical parameter that characterises the slenderness of the plate. Min-
imising the new value of N with respect to m € N will entail carrying out that process on ®.
As a consequence, the critical value of m obtained from solving d®/dm = 0 will depend on 7).

If n < 1 (i.e. the plate is wider than its length), m/n > n/m and N, always corresponds to
m = 1. As the length-to-width ratio n increases, the buckling load will increase and the plate
will tend to adopt a neutrally stable configuration for which m > 1. By way of example let us
examine the inequality

N(m,1) < N(m—-1,1),

which expresses the condition under which a plate of aspect ratio n will buckle into m half-sine

waves in the loaded direction, rather than m = 1. Simple algebra gives
772 > m(m - 1) )

and we can immediately see that the plate will experience buckling in two half-sine waves rather
than one when 7 > v/2, in three rather than two when 7 > /6, and so on — see Figure 1-4. A
plot like this is particularly useful as it provides an expedient means of identifying the critical
load and the corresponding mode number associated with a given aspect ratio 7.

The overview given above paints a somewhat distorted picture because it relies heavily
on the explicit-form solution (1.8). In general, if the simply-supported boundary conditions
are abandoned, one must account for more freedom in the assumed expression of w. An
example that anticipates the work in the later chapters is described next. This involves, again,
a rectangular elastic plate simply supported on the edges = 0,a, and some other type of

constraints (as yet unspecified) on the sides y = 0,b. Since (1.7b) still applies, a solution can
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61 2
Nb? — s Nb? —  F =
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Figure 1-4: The influence of the aspect ratio n on the mode number m € N for the bifurcation
of rectangular plates with two different sets of boundary conditions. The blue curves are obtained
by plotting the curves of Nb?/n%D with respect to 1 for a family values of m, and we note that
it is only the solid line that is physically relevant (this is the so called neutral stability envelope of
the given eigenproblem). The left window shows the the case when all four edges of the plate are
simply supported, corresponding to the equation (1.10); the right plot includes the results of (1.13),
in the case when the plate is simply supported on the edges x = 0, ¢ and y = 0, while the other
edge, y = b, is traction-free.

be sought in the form
w(z,y) = W(y)sin(pmz) , (1.11)

where p,,, has the same definition as in the previous example and the arbitrary function W
accounts for the changes in the boundary conditions.
The result of plugging (1.11) into (1.6) indicates that the amplitude W = W (y) satisfies

the differential equation

d*w 2d2W 9 9 N
Q" — 2p;,, a2 + 5, <pm—>W0.

Its general solution can be expressed as

W(y) = Cre™ + C2e™ + C3 cos(By) + Cusin(By) ,

N 1/2 I 1/2
a:= <pm ) +p3n> and (= <pm\/5 —pfn> ,

and C; € R (j = 1,2,3,4) represent constants that are to be determined by applying the

where

remaining boundary conditions for w. We shall assume, for example, that the side y = 0 is
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simply-supported so that (1.7b) still holds, and the edge y = b is stress-free, which amounts to

Pw  Pw  dw Pw

— ==+ 2 V)75 t =b. 1.12

Oy> + g oy3 +2-v) 0x20y & Y (1.12)
Use of (1.11) in (1.7b) gives immediately C5 = 0 and C; = —Cq, leaving us with W(y) =
Asinh(ay) + Bsin(By) after a suitable relabelling of the constants (A, B € R). With this

information in (1.12), we find the homogeneous system

[(a2 —vp?) sinh(ab)] A— [(62 + vp?) sin(ﬁb)] B=0,

{a [a2 —(2- Z/)pfn] cosh(ab)} A — {3 [62 +(2-— u)pfn] cos(Bb)} B=0,

whose non-trivial solvability demands that the determinant of the coefficient matrix vanishes,
ie.

(8b) [(ab)® — v(pmb)?]” tanh(ab) = (ab) [(ab)? + v(pmb)?]” tan(Bb), (1.13)

where
1/2
ob— (M)ZM Y
" nV D ’

9 1/2
b = <M) | mr [N
U nV D

Owing to its transcendental nature, the determinantal equation (1.13) must be solved numeri-
cally to identify the dependence of N on m for a given 1 and D. This is then used to identify
the critical values of the applied load and the preferred mode number. The comparison of
the neutral stability curves (NSE) between two cases in Fig. 1-4 suggests that: even though
the NSE’s of these two cases are of similar tendency, a free boundary condition reduces the
anti-buckling ability (NSE’s magnitude) of the plate.

Moreover, if we change the boundary conditions on the edges 2 = 0 and a (along which the
compressive loads are applied) into clamped ones, this problem becomes complicated when one
is trying to obtain the eigenvalues or eigenmodes. That is because the normal-mode approach,
such as (1.8) and (1.11) adopted in the previous two examples, is no longer applicable. Instead,
we can solve the partial differential equations directly using some numerical techniques, such
as finite different method or finite element method. For example, if we consider the boundary

conditions

w:g—jzo, on z=0,a, (1.14a)
82
w:a—yf:o, on y=0,b, (1.14b)

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 11



1.4. LITERATURE REVIEW

we can use finite different formulae to discretise the eigen-PDE problem into a generalised
eigenvalue problem. Then we can obtain the eigenvalue with smallest magnitude, together
with the associated eigenvector. This eigenvalue indicates the critical external force, while the
eigenvector approximates the buckling configuration. In the right graph of Fig. 1-5 we record
the uni-axially compressed plate with the boundary conditions specified in (1.14), compared

with the left plot where all edges are simply supported as discussed earlier. It can be seen from

6 8r
Np? T 5 =
_ 1 1
72D s s m2D
1 S —
Lo o J
5 6
|
| |
\ \ \
4+ | | | 4+ | | | |
m=11m=2m=3Im=4Im=2>5 m=11m=21m=3Ilm=4m=2>5
| | | | | |
| | | |

\
x L
V2 V12 V20 V3 V8 V15 V24
n

=a/b =a/b

s S -

Figure 1-5: Comparison between two types of neutral stability envelopes (NSE) developed by
the same rectangular plate subject to two sets of different boundary conditions. The left window
records the NSE when all four edges simply supported (the same as the left window in Fig. 1-4);
while the right records the NSFE for the case when the plate is simply supported on the edges y = 0
and b, and the other edges, x = 0 and a, are clamped.

Fig. 1-5 that, clamped boundary conditions enhance the resistance capability of buckling for
the plate; moreover, clamped supports on the uniaxial compressive loading boundaries will lead
to gradually decreasing envelopes (see the right plot of Fig. 1-5) rather than horizontal ones
when the same boundaries are simply supported (see the left window in Fig. 1-5).

So far, we have shown the neutral stability envelope (NSE) in terms of the bifurcation
of an uni-axially compressed plate under a variety of boundary conditions. To conclude, the
NSFE is very sensitive to the boundary conditions. In other words, the boundary conditions
play a pivotal role on NSE: not only on its amplitude, but also on the way that the response
curves intersect with each other, thus, the tendency of the NSE. These findings will repeatedly

appear in the bifurcations within more complex geometries in later chapters.

1.4 Literature review

The remainder of this chapter gives a general overview of partial wrinkling phenomena in elastic
systems by tracing their historical development from the early pioneering works in the first half

of the twentieth century through to some of the modern developments that constitute the
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object of much research interest nowadays. In the next section we trace a number of relevant
contributions using a classical approach that is based on tension field theories. That is followed
by a more in-depth analysis of the singular perturbation approach initiated by Coman and his
associates, while the last part of this section will touch briefly on various numerical strategies
that have been used to explore wrinkling for structures in tension, and which are pertinent to

the problems targeted in the subsequent parts of the Thesis.

1.4.1 Tension field theories and classical approaches

While the rudiments of classical elastic stability were developed by Euler more than three
hundred years ago, and the mathematical study of compressive buckling in elastic plates was
already well under way in the late 1800’s, the role of tensile and shearing forces on similar in-
stabilities was not recognised until much later. It was the development of the aircraft industry
and the need for a more efficient design of wings that motivated the first tension field theories
through the works of the German engineer Wagner [125] and some contributions by Eric Reiss-
ner [101]. This framework is applicable to wrinkling phenomena understood as a post-buckling
equilibrium configuration and load transmission mode in membranes, thin-walled shear panels,
elastic shells, and other similar structural components.

Tension field theories were further developed by Stein and Hedgepeth in the mid-1960’s [116],
who introduced the concept of variable Poisson’s ratio that permits “over-contraction” in the
direction of the minor principal stress. Their work was confirmed by the experimental results of
Mikulas [88] which displayed excellent correlation with the theory, albeit for a limited range of
practical configurations. In recent times this approach has also been used by Coman [30] to treat
the localised wrinkling of radially stretched membranes with prescribed displacements applied
to the outer and inner rims. His results captured a number of both qualitative and quantitative
features revealed by the numerical post-buckling analysis performed by Geminard et al. in [59]
for a related configuration. The original motivation for the study of these latter investigators
came from a biomechanical application and was related to the fact that the quantitative analysis
of wrinkled patterns produced by living cells crawling on polymer nanomembranes could give
an indication of the force applied by the cell cytoskeleton. Biomedical applications and the
development of nanoscience are partly responsible for the renewed surge of interest in wrinkling
problems in the past decade. Lubarda [83] dealt with an extension of [30] by considering a
number of different boundary conditions and/or loading situations.

A general and far-reaching extension of the early tension field theories to problems involving
finite elastic deformations was achieved by Pipkin and Steigmann [97] by employing the relaxed-
energy approach.

One must bear in mind that, irrespective of the type of kinematics adopted, tension field
theories are just approximations whose accuracy cannot be gauged easily. It is interesting to

note that recently such theories have been challenged by comparing their predictions to full
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finite element simulations. By considering the tension field due to twisting of a central hub in an
initially stretched membrane (with small bending stiffness), Iwasa et al. [68] showed that there
are wrinkled regions of the membrane in which the tension field solution is at variance with
the numerical results based on nonlinear bifurcation theory. This is not the first instance when
such discrepancies have transpired. An earlier study by Rimrott and Cverko [103] examined
the gravity-induced wrinkling in vertical membranes (the so-called “wet blanking problem”),
a situation discussed by Mansfield [86] a few years before them by using a special theory of
tension field theory valid for nonlinear thin elastic plates. The former authors showed that the
introduction of a critical compressive stress perpendicular to wrinkles does lead to results that
better match the experimentally observed patterns.

All works cited above have been carried out within the framework of elastostatics, time-
dependent effects being ignored completely. This is a sensible approximation for a wide range
of situations, although there are circumstances in which the dynamic character of the wrinkling
phenomenon or the kinetic properties of the material response cannot realistically be ignored.
Such effects have been taken in consideration in a number of recent works. In an interesting
paper Vermorel et al. [122] looked at the transverse impact of rigid projectiles on a circular rub-
ber membrane by using analytical, numerical, and experimental techniques. They found that
on impact of the membrane the projectile gives rise to two axisymmetric waves: the first is a
tensile wave propagating at the speed of sound and leaving behind a stretched domain; the sec-
ond, a transverse wave, propagates on this domain at a lower speed. In the stretched area, due
to geometric confinement compressive radial stresses are induced that result in time-dependent
circumferential buckling similar to the static situation reported by Coman and Haughton in
[47]. The time-evolution of these buckling patterns as well as their wavelength were studied
by using numerical simulations and a number of simplifications. Lubarda and Marzani [84]
have also dealt with time-dependent phenomena in the wrinkling of a stretched annulus with
no bending stiffness, but their interest was in viscoelastic behaviour. Although these authors
stated that their interest in the problem was motivated by applications to red blood (erythro-
cyte) membranes, they used small-strain kinematics and made the assumption that the elastic
strains admit an additive decomposition into an elastic and, respectively, a viscoelastic part,
which seems rather restrictive. Given the scarcity of the existing results in the literature there
is ample scope for extending such viscoelastic analyses to thin plates as well, even though the
mathematical models might tend to be rather cumbersome and intractable from an analytical

point of view (e.g., see [17]).

1.4.2 Singular-perturbation results

The application of asymptotic methods for describing partial wrinkling phenomena in thin
elastic plates in tension has a more recent history. In a number of recent investigations [28, 29,

31, 32, 33, 34, 39, 40, 41, 42, 44, 47], Coman et al. have explored several non-trivial features of
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the bifurcation equation (to be obtained in Chapter 2 with the form (1.5)) for the case when
the initial pre-buckling stress distribution was inhomogeneous. The work of these investigators
was based on the classical normal-mode approach and revolved around a class of eigenvalue
problems for a fourth-order linear differential equations with variable coefficients that were cast

in the form

W™ + A3(p)W" + Az (ps s n, VW + A1 (ps . n, VW' + Ao (p3 s n, VW =0, (1.15)

where p is the dimensionless independent variable, the prime represents the derivative with
respect to p, and the coefficients A; (j =0, ..., 3) exhibited dependence on the non-dimensional
variables/parameters indicated above. Here p > 1 is directly linked to the small thickness of
the plate and the presence of tensile forces in the pre-buckling phase, while A\ represents the
eigenvalue (some combination of the various loading parameters). As in the simpler examples
discussed in §1.3 the amplitude function W for which the equation (1.15) is solved comes
from the normal mode solution and n € N denotes the mode number which forms part of the
unknowns.

Unlike in the two examples already seen in §1.3, a closed-form solution of (1.15) is not
available, so new strategies had to be developed in order to obtain useful analytical results.
Owing to the asymptotic nature of u, it turned out that various approximations could be
found, hence leading to a number of simple and practical formulae for both the critical load
and the mode number as a function of .

It is the arbitrary mode number in (1.15) that is largely responsible for compounding the
difficulties associated with the presence of variable coefficients. As seen already in the previous
sections, to find the physically relevant values of this parameter one has to plot the response
curves and identify their envelope (similar to the thick blue lines seen Figures 1-4 and 1-5).
Alternatively, this critical value of the mode number is obtained as the global minimum of the
curve

A= A(n). (1.16)

One of the difficulties here originates in the implicit nature of this relationship. In references [41,
44], the crucial step in capturing this information through analytical means was the observation
that n ~ p® as u > 1, where @ = 3/4 for a whole range of different geometries and/or
prebuckling scenarios (see Figure 1-6). The constancy of the exponent a € R across a whole
range of different problems was linked to the FvK equations used in all of those investigations;
the in-plane nature of the initial loading was also deemed to play a significant part. For the
case of the elastic instability associated with the stretched and twisted elastic strip discussed
in [42] this exponent was equal to 1/2. It was conjectured that o might have a different value
for other types of bifurcation equations, although the problem is still open.

Two distinct asymptotic approaches were used in describing the neutral stability envelope
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eigenvalue

unstable

C stable

—l F—ﬂ mode number

n o~ M3/4

Figure 1-6: Sketch of the neutral stability curves for the buckling problems discussed in [40, 41].
The critical eigenvalue is indicated by ‘C"’, and was found to reside within an O(u?’/ ")-layer indicated
by the labelled region in this picture.

of (1.15). The original study by Coman and Haughton [47] relied on W K B methods to extract
some information about the general (not necessarily critical) response curves (1.16) when both
n > 1 and p > 1. A first application of the W K B method using the latter assumption and
treating n € R as a fixed parameter allowed the reduction of (1.15) to a second-order eigenvalue

problem

Bs(p; 1,0, VW + By (p; 11,1, VW + Bo(ps s, n, VW =0, (1.17)

where W was introduced here to distinguish with W in the original equation (1.15), and the
coefficients B; (j = 0,1, 2) were obtained from the original equation and had somewhat simpler
expressions. Since the order of the differential equation had dropped to two, it was necessary to
investigate which of the original four boundary conditions of (1.15) had to be discarded. This
was achieved through a second application of the W K B method, this time using n > 1, in
conjunction with the asymptotic simplification of the 4 x 4 determinantal equation associated
with the original problem.

In [41, 43] Coman and Bassom exploited the localised nature of the eigenmodes of (1.17)
for large p and n, by further reducing the already simplified eigenvalue problem to an algebraic

1/3

equation; that was then solved by perturbation methods involving n~"/° as a small parameter.

The outcome was an expression of the form
A=ap+an V3 4amn 2B 4., (1.18)

for some known coefficients a; € R (j = 0,1,...). This represented an approximation for
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the originally implicit dependence (1.16), and was later plotted in order to identify the global
minima of those curves. The neutral stability envelope was obtained by substituting these
values of the mode number back into (1.18) for different choices of #’s.

One of the key ingredients in the strategy outlined above was the presence of a turning point
(T'P) in the reduced equation (1.17), where w changes sign. This was related to the circular
boundary separating the regions of compressive and tensile stresses in the membrane (u = 0),
but was not exactly equal to it. As shown in [43] for the azimuthal shearing of a radially
stretched membrane, the relationship between these points is akin to a regular perturbation.
The tendency of the T'P was to migrate towards one of the plate boundaries as y — oo, and it
was this particular characteristic that allowed the reduction from the differential equation (1.17)
to a simple algebraic relationship. This property of the turning point is typically encountered in
similar eigenvalue problems with localised eigenmodes that crop up in the area of hydrodynamic
stability (e.g., [53]).

The novel asymptotic arguments that led to (1.17) relied on a characteristic property of
the response curves, regarded as A\ = A(n;n). In this formula A is a function of the aspect
ratio n, with n being a secondary parameter. Coman and Haughton [47] discovered that these
curves exhibit two distinct types of behaviour. For n < u!/? the eigenvalues were found to
increase with 7, while the corresponding buckling load decreased as the mode number was
increased. This behaviour is reminiscent of that encountered in membranes, which tend to
adopt energy-minimimum configurations with a large number of wrinkles (strictly speaking,
an infinite number). However, the presence of bending stiffness inhibits that tendency as one
stage is reached when n = O(u'/?) and subsequently n > u'/2. It turned out that the energy
configurations available within the latter range were the preferred ones, and the corresponding
response curves were seen to be very similar to those encountered in the compressive buckling
of thin elastic plates. By coupling this observation with the presence of the aforementioned T'P
facilitated the reduction of (1.15) to two qualitatively different versions of (1.17), although it
was only one of them that was relevant to identifying the critical values of the load and the
mode number. Figures 1-7 and 1-8 illustrate graphically the feature described above for the
annular plate discussed in [47].

While the WK B approach does permit easy access to a number of analytical features of
the wrinkling problems studied in [41, 43] like, for instance, the description of the curves (1.16)
as n — 0o, the critical neutral stability envelope can only be obtained after some intermediate
numerical work (see Figures 3 and 4 in [41]). To circumvent such difficulties, Coman and
Bassom proposed a more powerful strategy based on matched asymptotics and the interaction
between two boundary layers of thickness O(/fl/ 2) and O(u~1), respectively. The larger of the
two layers is directly related to the co-existence of tensile and compressive pre-buckling stresses
in the plate, and can be loosely referred to as the membrane boundary layer. The other is just a

consequence of the fact that in thin plates bending effects appear as a singular perturbation to
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Figure 1-7: Dependence of the response curves A = A(n;n) for the radially stretched annulus
discussed in [47] when g = 400. The red curves on the left illustrate the membrane-like behaviour
(n < p'/?) while the blue curves on the right describe the plate-like effect (n > p*/?). The arrows
indicate the direction of increasing n € N.

0.8

Figure 1-8: The superposition of the two families of curves recorded in Fig. 1-7. Note that for
n > 0.1 the neutral stability envelope involves only the blue curves.

stretching, so we can label this second one as the bending boundary layer. To make transparent
the ideas put forth in [41] we need to be a bit more specific, although we shall try to maintain
a general tone.

After the introduction of the appropriate boundary-layer variables it was assumed that as
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1 — oo the critical mode number would expand as
n = Nop/* + Nypt/* + Nop ™4 ., (1.19)

where N; € R were constants that had to be fixed by ensuring that (1.16) was minimised. To

this end the eigenvalue was also assumed to have a representation of the form
A=+ p V24 op (1.20)

The coefficient Ay corresponded to the value of A for which the the prebuckling azimuthal
stresses first became equal to zero in the plane membrane case (1 = 0); the remaining A; (j > 1)
turned out to be available from the boundary-layer analysis mentioned above. Interestingly
enough, the dependence of the coefficients in (1.20) on the N;’s that feature in (1.19) displayed
a certain pattern that allowed the strategy to work consistently to any degree of accuracy
required. In most of the published works (e.g., [32, 33, 34, 40, 41]) the first term in the
expansion (1.19) was sufficient, although higher-order calculations were shown to be feasible
in [44]. In general \; depends only on Ny (and other given parameters), i.e. Ay = A1 (Np).
From (1.19) and (1.20), it transpires that A = A(Np, N1, ...), so that the critical envelope is

determined by the conditions

;—]Gj(), 7j=0,1,2,....
Asymptotically, this demands that dA;/0Ny = 0, an equation that immediately identifies the
critical value of Ny, say, Nj. Following a lengthy matching process of the asymptotic solutions in
the two boundary layers mentioned above, eventually leads to an expression of Ay as a function
of both Ny and Ny, i.e. Ay = Aa(No, V1), where the dependence on Nj is linear. While this
might seem as an impasse at this stage in the solution, evaluating Ay at Ny = Ng§ removes
the dependence on N; and one is then able to get a three-term asymptotic approximation in
(1.20) even though it is just the first term in the other expansion (1.19) that is available. If the
calculations are taken to higher orders one finds that As = A3(Np, N1, Na) and the dependence
on N; is now quadratic, whereas that on Ny is linear. The stationarity condition O\3/9ON; = 0

yields the critical value of Ny, say, N7, and so on. In certain cases (e.g., see [42]) some variations

—1/4 —1/2

of this strategy were found, in the sense that u rather than p entered in the expansion
(1.20) and some of the coefficients A; in that formula were identically zero on evaluating them
at No = Ng. However, the quadratic and linear dependence already mentioned, as well as the
partial derivative conditions demanded by the desired criticality, were recurring features in all

of the examples studied.
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1.4.3 Numerical strategies

Tension field theories do not require any special numerical techniques since the small thickness
of the plates or shells to which they apply is left out. Finite element simulations have been
used to study the wrinkling phenomena far away from the initial bifurcation point that marks
their onset.

The problems discussed in this Thesis are governed by PDFE’s, which are subsequently
reduced to ODE’s via the customary normal-mode reduction in elastic stability (e.g., [3, 19,
119]). The traditional method of choice for solving boundary eigenvalue problems associated
with ordinary differential equations is the determinantal method (e.g., see [65]). However,
such approaches turn out to be ineffective when employed for problems with turning points;
this is exactly the case when partial wrinkling is present. Such difficulties have been long
recognised in other fields, although in Solid Mechanics these findings are much more recent
(e.g., [106]). For example, in the Fluid Mechanics literature it has been known for some time
that strategies based on the determinantal method are doomed to failure when used to solve
the Orr-Sommerfeld equation (e.g., see [53]), an archetypal example of fourth-order differential
equation with a turning point (although its nature is rather different from the kind of TP
encountered in partial wrinkling). Haughton and Orr [66] reported similar difficulties when
trying to solve the linearised eversion problem for hyperelastic cylindrical shells (incidentally
their problem also features a turning point).

A more successful technique is the compound matriz method described succinctly in [53] and
reviewed in considerably more detail by Lindsay and Rooney in [81]. The gist of this method is
the introduction of some auxiliary variables that are subsequently found to satisfy an auxiliary
higher-order linear system of differential equations that must be integrated so that a certain
target condition is met at one of the endpoints of the integration range. Unfortunately, even this
technique has its own limitations because the dimension of the auxiliary system tends to grow
quickly. For example, for a fourth-order problem the auxiliary system contains six equations,
while for one of sixth-order the system has twenty equations. While this is might still look
reasonable from a practical point of view, matters get out of hand for higher-order equations,
as for an eight-order problem one would have to integrate a system comprising seventy equa-
tions (even generating the relevant auxiliary equations is nothing short of a Herculean task).
Particular details of the compound matrix calculations relevant to the problems of this Thesis
appear in Appendiz B.

Other methods that could be used to solve the eigenvalue problems in this Thesis include
standard packages based on finite differences or collocation methods, such as the Matlab suite
‘sbvp’ [10] or the standard boundary-value solver ‘bvp4c’. Before concluding our short account
of the numerical procedures adopted in this Thesis, it is interesting to point out a different
strategy that is usually insensitive to the presence of turning points and can be brought to

bear on a whole range of situations involving linear bifurcations. This is rooted in the classical
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perturbation method used extensively by Timoshenko and Gere [119] for simple beam and truss
structures. Recently, Jillella and Peddeson [71] followed up on some remarks made by Coman
in the introductory part of reference [37], and presented results obtained by this method for
the radially stretched annulus analysed in [41, 47].

The key observation regarding this approach is that the linear elastic stability problem
can be fictitiously perturbed by introducing an arbitrary imperfection, so that the governing
equations take the form

M[®] — \[®] = f, (1.21)

where M and N are some differential operators and the equation is typically solved subject
to homogeneous boundary conditions. Here A plays the role of a loading parameter, while the
arbitrary function f characterises the degree of imperfection; the unknown ® and the (fixed)
right-hand side f are possibly multi-dimensional vector fields.

The original linear elastic stability problem corresponds to setting f = 0. If N’ = Z (the
identity operator) and the eigenproblem has only a discrete (simple) spectrum consisting of an

infinite sequence of numbers {\;},>0, it is a standard fact that

ﬁj
i’—g P, 1.22
jo)\—)\j 77 ( )

where {®,},>0 denotes the corresponding set of eigenfunctions and 8; € R are uniquely de-
termined by f (e.g., see [16]). In deriving the above expansion it was assumed that the eigen-
functions form a complete set, an issue that is far from trivial when the eigenproblem is not
self-adjoint. It is obvious that as A — /\ji0 then & — oo, irrespective of how small the right-hand
side f is — a clear hallmark of structural instability. (The usual Fredholm solvability condition
is not invoked here because the right-hand side in (1.21) is understood as being arbitrary; while
it may be true that in some instances 3;, = 0 and hence ® remains bounded as A — A, this
is an exceptional situation that one can choose to ignore in a general discussion.) In summary,
within this context one sets out by fixing an arbitrary (constant) value for the right-hand side
of (1.21), followed by solving the resulting boundary-value problem for a sequence of values of A
increasing from some reference value (usually, zero). The approach towards the first eigenvalue
is signalled by a sharp increase of the L?—norm of the solution and the inability of the computer
code to go past a certain critical value of A\ — this represents an approximation of the desired
quantity (see Figure 7 of [36] where the technique was applied to the secondary bifurcations
of a sandwich panel). Modifications of the underlying ideas presented above to the case when
N # T or the eigenvalues of the homogeneous version of (1.21) have higher multiplicity can be

adapted from the general theory given by Collatz in [27].
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1.5 A guide to the Thesis

The Thesis aims to probe further into some of the open questions that surface in relation to
the literature reviewed above. Generally speaking this will involve studying a number of linear
eigenvalue problems by using a mixture of both numerical and asymptotic techniques.

We start in Chapter 2 with a full set of coordinate-free derivations of Foppl-von Karméan
plate theory (FuK) and the associated buckling equations for a general anisotropic linear elastic
plate. This set of equations is then adapted to the isotropic plate case, and a further case for
plates subject to in-plane loading.

Then in Chapter 3, a Hybrid Energy Method is proposed for the wrinkling of rectangular
and annular plates subject to tensile loads. The route taken here is based on the leading order
(simplest) asymptotic approximations already obtained by Coman et al. [29, 41, 44, 47], but is
rather different from the earlier studies since it employs a modified energy method akin to Hybrid
Galerkin Technique (HGT') of Geer and Andersen [4, 5, 6]. It is shown that this strategy allows
a more faithful description of the numerical simulations previously reported in the literature,
even when the asymptotic parameter p (which typically must be in the range 350.0 or larger for
very thin plates) is relatively small (u ~ 50.0). Strictly speaking this method requires that the
asymptotic results for both large— and small—u regimes are available, which are then combined
into some sort of composite ansatz that is used in the same spirit as in the classical Galerkin
or Rayleigh-Ritz methods. Since our problems involve asymmetric instability patterns and are
quite complicated, Geer and Andersen’s ideas are not immediately applicable. Nevertheless, our
modification of their strategy does perform remarkably well and suggests that this is an effective
line of inquiry. Furthermore, motivated by the necessity of the small—u asymptotic results in
the HGT technique, we pursue the mathematical limit g — 0 for the equation (1.15), for both
circular and rectangular geometries. The asymptotic formulae obtained tend to perform well
even for p ~ 2.0, a case which strictly speaking falls outside the theoretical range of validity for
the analysis carried out in §3.3.2. The presence of two interactive boundary layers also poses
some interesting challenges. The work in this chapter has been published online [50].

In Chapter 4 we consider a novel case of a bi-annular thin elastic plate, consisting of two
concentric annuli made of different elastic materials and perfectly bonded together. It is the in-
terface (discontinuity) between the two annuli, together with the piecewise-constant mechanical
parameters, that arouse our interest, and introduce some new features to the bifurcation. Due
to the asymptotic features (large parameter p) of this problem, we first discuss the existence
of compressive stresses in the pre-buckling state (limit case ¢ — o0). Since the formulation
of pre-bucking is much more transparent than the buckling problem, we apply both analytical
and numerical analysis in order to shed light on the latter problem. It transpires that there are
two types of lower bounds for external loading when compressive stresses first appear in the
bi-annular region. Then, to solve the buckling problem, extensive numerical simulations are

carried out by using numerical strategies of an adapted version of compound matrix method,
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in conjugation with an collocation solver ‘sbvp’. Because now there is an interface in the an-
nulus, the numerical simulation becomes more demanding compared to the single-annular case.
For example, the compound matrix approach requires special modifications for dealing with
this non-trivial feature. As shown by Lindsay in [80] this strategy is eminently amenable to
generalisations for layered continua, and we take advantage of his numerical scheme to carry
out our simulations. Moreover, the application of a collocation solver involves transforming
the three-point fourth-order boundary value problem into an eighth-order two-point boundary
value problem, with an additional trivial differential equation by letting the derivative of the
eigenvalue be zero, and a normalisation equation (nonlinear) to normalise the eigenfunction.
Then the nonlinear collocation-based solver ‘sbvp’ (for general singular & nonlinear problems)
in Matlab is used to solve the transformed nonlinear eigenvalue problem. In light of the new
features obtained in the pre-buckling analysis (the limit case p — 00), the question arises as
to whether there are similar behaviours for the NSFE when p is asymptotically large. The
answer to this question turns out to be positive. Another interesting problem concerns the
effects of discontinuities (introduced by the interface) on the NSE and the wrinkling modes.
Is it possible that the wrinkling is still triggered near the inner boundary, or the interface, or
that we have two localised wrinkles on both annuli? This is accomplished by pulling the above
analyses together. Given the similarities between the problem treated in this chapter and the
work [47], one would also expect that the asymptotic simplification of that reference could be
transposed to the bi-annular plate. This expectation is indeed confirmed and allows us to apply
W K B reduction on the fairly complex eigenvalue problems, together with the justification of
the reduction of the boundary and continuity conditions. This work has been published in [82]
and an additional paper was submitted for publication [48] which is currently under review.
In Chapter 5 the original motivation comes from trying to establish whether there is any
parallel between the plane stress situations involving the instabilities of the stretched annular
plate [41, 47] and a particular plane strain scenario. This is accomplished by looking at an
infinite cylinder subject to radial stretching on the two cylindrical surfaces. The FvK theory
is of course no longer applicable, so it will have to be replaced by a more suitable model. In the
interest of consistency with the earlier developments [41] in which the prebuckling stresses were
those given by the Linear Elasticity Lamé solution, we consider a particular set of bifurcation
equations based on a simplified theory of Biot [15] (these equations appear in Novozhilov’s book
[94] and have been used by other investigators without giving appropriate credit — e.g., [72]).
While the main equations used in Chapter 5 are not new, we give a novel tensor derivation
that clarifies the assumptions introduced and we also present a new tensorial equation in which
some of the simplifications are removed. The method of solution in that chapter mirrors to
a certain extent the investigations for the stretched annulus, in the sense that the normal
mode reduction leaves us with an eigenvalue problem in which we have the (unknown) mode

number that has to be determined by minimising a relation of the form (1.16). Unlike in the
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plate problem, this time there is no obvious asymptotic parameter present in the governing
equations. But the main challenge in this problem comes from the fact that the second-order
differential operators in the eigenvalue problems have variable coefficients and can exhibit loss
of ellipticity in some regions of the annulus. This was not the case with the work based on
(1.5) since the bi-Laplacian guarantees ellipticity, despite the fact that the membrane equations
(D = 0) are of mixed type when one of the principal stresses of N is negative. Also, now the
topology of the response curves no longer resembles the familiar picture seen in the plane stress
situations. Furthermore, because we are dealing with a traction boundary-value problem we
have to account for the satisfaction of the Shapiro-Lopatinskij [54] condition which turns out to
be violated in some cases. So the picture that emerges from our analysis strongly suggests that,
at least for the particular St Venant-Kirchhoff constitutive law used here, the elastic instability
involves either the critical mode number n = 2 or n = oco. Strictly speaking, the latter is not
exactly a form of structural instability but a manifestation of material failure. The work in this
chapter has been published in [49].

In Chapter 6, some key results and remarks of this Thesis are summarised, followed by a

brief description of potential further work.
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Chapter 2

Foppl-von Karman plate theory

and bifurcation equations

In this chapter we will formulate the (Foppl-von Kdrman) FvK equations and the correspond-
ing bifurcation equations (both weak form and strong form with natural boundary conditions)
for a thin plate of anisotropic linear elastic material by using a coordinate-free approach and
the Calculus of Variations (CV) strategy as stated in §1.2.

As is well known, a plate is defined as a plane structural element with small thickness com-
pared to the planar dimensions [118]. In Mechanics, plates theories reduce a three-dimensional
problem into a two-dimensional problem by taking advantage of the disparity between the
thickness and planar dimensions. Strictly speaking, all plate theories are approximate in terms
of certain assumptions. In general, the more ‘accurate’ the theory is, the more demanding it
becomes for solving it either numerically or analytically. For a given problem, it becomes a
compromise to choose an appropriate plate theory between the accuracy and the calculation
expense.

In this Thesis we will employ the classical Foppl-von Kérman (FvK) plate theory, as this
has been repeatedly proven to be a versatile model able to well describe a wide variety of
physical phenomena in thin planar structures (for example, see [8]).

Even though the derivation of this set of equations is available in a number of textbooks
(such as [3, 19, 20, 26, 119]), it is still necessary to record here the full derivation based on the

minimum energy principle (CV') for the following reasons:

e In the literature, the derivations of this set equations are limited to employing either

Cartesian coordinates or polar coordinates;
e the plates are generally confined to isotropic or orthotropic elastic materials;

e the formulation is only in strong form based on the equilibrium criterion, and the deriva-

tions for boundary conditions are often left vague;
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e the connections between this plate theory and three dimensional deformation are not

clear.

In this chapter, the derivation is carried out in terms of tensorial algebra and Variational
Principles. One of the merits is that it offers us the freedom in choosing particular coordinates
for particular problems, as a tensorial derivation is used. Since no direct reference is made to
rectangular or polar coordinates. In addition, mistakes in derivation can be avoided as far as
possible due to the conciseness of the tensorial notation. Another advantage is, CV can furnish
automatically the full set of boundary conditions once a variational structure for the loading
is available. For example, in the derivation of interfacial conditions, this strategy helps us to
circumvent the fallible continuity conditions, see Chapter 4.

This chapter is organised as follows. We first use C'V to derive a set of governing equations
for both the basic state (in §2.1) and the bifurcation state (in §2.2). The derivations of both
weak forms and strong forms (together with their complementary boundary conditions) for both
states are obtained in this process. Also, the material is assumed to be generally anisotropic
elastic which is applicable to model anisotropic composite thin plates. This set of equations is
then adapted to the isotropic linear elastic plate case (in §2.3), and a further case for plates
subject to in-plane loading (as in §2.4) which will be used in Chapter 3 (weak form) and
Chapter 4 (strong form).

2.1 Energy formulation on FvK equations

We assume a plate occupying the region Q x [—h/2, h/2], where 2 C R? is the midplane surface
of the plate, h the thickness. Without losing generality, we use vector & + zn to describe the
position of any point within the plate, where & € 2 denotes the projection of the point on the
midplane, 7 is the unit normal to the midplane. Notice that x is a two-dimensional vector
with component form z,, where the index « ranges over the value {1, 2}, and we do not follow
any particular reference coordinate in the two-dimensional (midplane) region. The in-plane
displacement is defined as v := (u,v). z € [—h/2,h/2] stands for the lateral coordinate with
the corresponding displacement described by w.

For thin plates, the well-known Love—Kirchhoff hypothesis is customarily taken, which re-
duces the three-dimensional problem into a two-dimensional one by expressing the displacement
field as

u=v—zVw+uwn, (2.1)

where V is the two dimensional gradient operator on the in-plane surface, with component

form V,,a € {1,2}. For thick plates, displacement field takes the form

’U,:/Uff(Z)(b+’w’l’Al,
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where ¢ is the bending rotation vector. For example, f(z) = z is for the first-order shear de-
formation theory (Reissner-Mindlin [89, 102] plate theory). For higher-order shear deformation
theories, Reddy [100] and Shi [112] assume

Je) =2(1-55)  and  f(z) =z

- 3n2

respectively.

In this work, we only take the displacement assumption (2.1) in classical plate theory for a
thin plate. By taking the leading order terms, the Lagrange strain tensor is generally reduced
to

E~(V®uv)'+ %(Vw) ® (Vw) — 2V @ Vuw, (2.2)

where the symmetric term (V ® v)* := (V@ v + v ® V)/2. Here, we introduce the stretching
strain tensor E; experienced by the midplane and the bending strain tensor Ej which is purely

caused by the out-of-plane displacement.
s 1
E, = (Veuv)+ E(Vw) ® (Vw), (2.3a)
E, = -2V Vuw, (2.3b)
such that F = E, + FE,,.

For a conservative system, the total potential energy V is composed of two parts: the

potential energy of strains € and the potential of the external forces V., namely,
V=E+V,, (2.4)

which is the weak form for the equilibrium state. Here, another assumption for the FvK
equations is: the plate undergoes large deflections but small strains such that the referential
and spatial description can be assumed to coincide. If linear Hooke’s law is assumed for the

plate, the strain energy of a plate can be given by

8(u):=§ A hE':(D:E'dV. (2.5)
X

where C is a symmetric fourth-order stiffness tensor, with 6 independent components for general
anisotropic linear elastic plates under plane stress deformation. If external forces do not change

(both magnitude and directions) during the deformation, its potential energy takes the form

Ve:*/pUJdA*/ (g v+ R, V,w+ Vw)dS, (2.6)
Q a0

where dA is the area element of the midplane, while dS represents the line element of the

midplane’s edge; p is the stress applied on the midplane; q, R,, and V' represent in-plane external
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stresses, the moment loads (normal to the boundary) and the lateral shear forces applied on the
boundary 9€2. Indeed, the external loading assumed in (2.6) is only a specific case in the static
problem, which can be easily adapted to other situations. For example, in dynamic analysis,

we expect an additional kinetic energy term

1
vk:—/ pu - udV
2 Qxh

where p is the density and u represents the first derivative of u with respect to time. For this
more general case, the C'V for the dynamic analysis, is actually Hamilton’s principle. However,
in this Thesis, we only discuss static problems, and consider the kinetic term to be identically
Z€ro.

Substituting (2.3) into (2.5), the total strain energy is composed of bending energy and
stretching energy & = &, + €, where the bending energy is given in the form below associated

to the bending strain tensor

1
Ep(u) =g 5 hEb:(D:E'deZE/Q(VQ@Vw):]D:(V@Vw)dA, (2.7)
X

where D is the bending stiffness tensor of the plate
%
D := / 22Cdz. (2.8)
_n

If the elasticity coefficients do not vary with the thickness, then D = Ch3/12. Likewise, the

stretching energy takes the form

1
Es(u) =g A hEs:(D:EstZ§/QEs:A:EsdAa (2.9)
X

by taking the membrane stiffness tensor A of the plate as

h
A= [ Cdz, (2.10)

h
2

which takes the value A = hC for the plates with material homogeneous in the lateral direction.
Incidentally, there should be another ‘coupling’ energy term which couples the elongation and
bending deformations. When the material is inhomogeneous in the lateral direction, this term
should be considered, such as laterally layered plates or laterally functionally graded plates
(e.g., see [92]). However, for a thin plate with mechanical properties constant in the thickness
direction, the coupling stiffness tensor becomes f_%ﬂ zC dz = 0C, and thus this coupling energy
term can be omitted. It is the latter assumption t;at is made for the derivations hereafter.
Next, we shall take the principle of minimum potential energy in terms of the CV to

formulate the problem, and we will use the following definitions for the the first and second
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variations hereafter

. 9 ... . > . .
e(u)[u] := &S(u +euq) ) §2E (1) [wy, uy] == @E(u +euq) . (2.11)
e=0 e=0

o

To start, we consider the equilibrium of basic state, which requires & = 0. Here, we use
to denote the variables in the basic state. We assume that the configuration of the plate is
described by @ = v + wn. If we give an arbitrary variation to this configuration, & — w + cuq,
where, w3 = v; + win, we can have both the first and second variation of potential energy
by means of the definitions (2.11). The equilibrium of the plate (in basic state) is given by
d&[u1] = 0, where §& = §&p + 4E;.

From (2.7) we have

s&p(w)ur] = | M :(V®Vw,)dA,
Q

where M := (V@ Vi) : D =D : (V ® Vi) is the bending tensor of the plate, which is a

symmetric tensor. Recalling the identity
V- (T-a)=(V-T)-a+T:(V®a), (2.12)
which holds for any second-order tensor T' and vector a, if we treat Vw; as a, then

6y () [uy] = /Q [V (M- Vw)—(V-M)-Vu]dA

:/ M-le-ndS—/(V-M)-ledA, (2.13)
o0 Q

where, it is apparent that M - Vwi-n = M -n- Vw; due to the symmetry of M. In order
to simplify the first term further, it helps to introduce the local system of basis vectors {n, s}
attached to the boundary 0f2. Then, M - n can be decomposed into bending moment M, and

twisting moment 1\04,5

My:=M:(n@n)=(VaVi):D:(nen), (2.14a)
My:=M:(n®s)=(VaVi):D:(n®s). (2.14b)

Furthermore, the two-dimensional gradient operator V can be rewritten in the form

0 0
V.—n%—i—s% =nV, +sV;.

so, Vw = nV,w + sV,w. Here we assume that the boundary 02 is made of closed curves,

then by using the identity (A.8) recorded in Appendiz A, we have

7{ M-n-Vuw dS = {[M:(n@n)](le-n)—i—[M:(n@s)}(le-s)}dS
a0

[o19)
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jég {M(n@n)} (Vw1~n)deéQV [M(TL@S)} -swy dS

where,

v[M;(ne;s)] -s:v{mz[(ve@vw)@n@s}}-s,

[

hereafter, we introduce and ‘i’ which stand for the triple and quadruple contractions re-
spectively; for their definitions see Appendiz A.
The second term on the right hand side of (2.13) can be transformed further using the

Divergence Theorem

/Q(qﬁV-a—i—a-qu)dA:/ (@-m)pdS. (2.15)

o0

By letting V - M — a and wy — ¢, we find that

/Q(V-J\Zf)-VzuldA:/m [(V-J\Zf)-n}wldS— [V-(V-M)}wld/l.

Q

Here,

V- M=V-[D:(VeV)]=D(VeVe Vi)

and

V~(V~M):V~{V~[]D:(V®Vﬁ;)]}:]D§(V®V®V®Vu";),

which are valid for any constant stiffness tensor D for a general linear elastic material. There-

fore, the bending energy in (2.7) yields

sesfwfus] = [

{J\Zr-n-le—[]Dz(V@uV@Vzb)}-nwl}d5+/ DH(VeVeVeVw)w, dA.
oN Q

(2.16)
Next we shall consider €, (@ )[u1]. When applying an arbitrary variation w; onto & — @+ euy

(u1 = v1 + win), the stretching strain becomes
ES :E5+€Esl+€2E52+"' )
where, ‘-- -’ stands for the higher-order terms, and

E,:=(V®d) + %(Vﬁ;) ® (Vw),
Esl = (V & Ul)s + [(VUQ)) & (le)]S 5

Ey = (le) X (le) .

1
2

Taking the first variation of the stretching energy (2.9) in terms of the definition in (2.11); we

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 30



2.1. ENERGY FORMULATION ON FvK EQUATIONS

have

68, () [uy] = ES:A:EsldA:/ {N:(V@vl)sqL]\cf:(Vﬁ)@le)s} dA, (217)
Q Q

where, we have introduced the symmetric tensor N = Es :A=A: E’s, which is the membrane
stress tensor in the basic state. Notice that for a general symmetric second-order tensor T, we
have

T:(@a®b)=T:(a@b)=T:(b®a)=(T-b)-a=(T-a) b, (2.18)

which is valid for any vectors a and b. So, we can drop the symmetric superscript in (2.17).

By using the identity (2.12),

N:(V@vl)dA:/ [V-(]\Of-vl)—(v.]\of).vl} dA

Q Q

:/ (]\Df~vl)~nde/(V~]\07)~v1dA,
o0 Q

where (N -v1) -n = (N - n) - vy, since N = N7. Repeated application of the identity (2.18)
and the Divergence Theorem (2.15) yields
/N (Vi © V) dA = /(N-Vu“})-ledA
Q Q

:/6(2 (N 9) n]wias— [ [V (N -] wyda.

Q

Furthermore, the variation of the external loading base on (2.6) becomes

oV, = — / pwy dA — / (g-v1+ R,V,wy + Vwy)dS. (2.19)
Q a0

If we sum up (2.16), (2.17) and (2.19), the equilibrium of the system requires

se(wlw] = [

{[]Di(V@V@V@Vﬁ’))—V-(N-Vd})—q]wl—(V-N)-vl}dA
Q

(2.20a)

+/ {{(N~V@D5(V®V®Vﬁ;))-nV(Dé(V@V@@n@s))sv}wl
[219)
+(N-n—q) v+ [M:(n@n)(le-n)—Rn} -le}dS:(). (2.20b)

Using standard variational calculus arguments, we can obtain the equilibrium equation (strong
form) for the basic state from (2.20a), and the associated boundary conditions from (2.20b),

corresponding to the weak form (2.4) for equilibrium. Due to the arbitrariness of the vy and
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w1, the equilibrium equations for the basic state can be cast as

DI(VOVOVRVY) -V (N -Vi)=p, (2.21a)

V-N=0, (2.21b)
where, in (2.21a), we notice that
V- (N-Vi)=(V-N)-Vio+ N : (Ve Vi) =N: (Ve V).

because of (2.21b). This set of coupled equations (2.21) is frequently used as an alternative
form of von Kérman equations, and is valid for anisotropic linear elastic plates.

To obtain the boundary conditions from (2.20b), we need to employ the decompositions
again. For example, we can decompose v in terms of n, s by letting v,, = v-n while vy, =v - s
(same decomposition applies for g). Also, N - n can be decomposed into two components in
n and s directions along the boundary 92, namely, the normal resultant Nn and the shear

resultant N, (recalling the identity (2.18), for example, N : (n® s) = N -n - s)

N,:=N:(non)= [(V ®0)° + %(wj) ® (w))] A (non), (2.22a)
Ne:=N:(n®s)= [(V ®0)° + %(Vuv) ® (Vﬁ’))] ‘A (n®s). (2.22b)

By applying the standard calculus of variation arguments to (2.20b), we can deduce the follow-

ing boundary conditions on the boundary 99 (or some disjoint parts of it)

either N, =¢, or o, specified, (2.23a)
either N, =g¢q, or ¥ specified, (2.23b)
. . ow .
either M, =R, or o specified , (2.23¢)
n
cither S, =V or 1 specified, (2.23d)

where S, := [N-Vﬁ)f]DE(V@V@Vd’;)} ~n7V{]D§[(V®Vd’1)®n®S}}~sis the vertical

shear force along the boundary.

2.2 Bifurcation equations

As mentioned earlier in §1.2, the stability of a conservative system is indicated by the second

variation of the total potential energy. With the application of (2.11)s on the bending energy
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(2.7), we obtain

528b(ﬁ)[u1,u1] = /Q(V & le) :D: (V & V’LUl)dA, (224)

while for the stretching part as in (2.9), we have

. i)fur, wi] = [

A (QEQS :A:Ex+Eg:A: Esl) dA

= | N:(Vuy @ Vw)dA+ | N1 : (V@uv+ Vib @ Vwy)*dA, (2.25)
Q Q

where N1 := A : Eg; = A : (V®v + Vo ® Vw;)®. While for the second variation of the
potential energy of external load is zero in light of (2.6), namely, 52V, = 0. Summing up (2.24)
and (2.25) we have the weak form of the bifurcation equation

82V (@) [uy, w1 = / [(v ®Vw):D: (V& Vu)

Q

+ N (V@ V) + Ni: (V@v; + Vi @ le)ﬂ dA=0. (2.26)

In order to obtain the neutral stability (critical buckling) state @ and w;, we should have
6 {028 (e, u10)} [6uy] = 0 according to the Trefftz criterion. Here, du; is the variation given
to up, namely, u; = v1 + win — uy = v + €év1 + (w1 + €dwy)n. By considering (2.24) in

terms of (2.11)2, we obtain

1) {52817(’&,1&1)} [5U1] = 2/

{My -7 Vow — [D{(V© V& V)] -niw, pds
o

+2/]D§(V®V®V®Vw1)5w1dA. (2.27)
Q

where M; := D : (V ® Vw;) is the linear term of bending tensor caused by the variation duq,
and the first term can be decomposed further following similar procedure after (2.13). Here we

omit this for simplicity. The stretching part in (2.25) becomes

5 (6%, (i, u) } [Fur] = 2/

|:(N1 '6’01) -n 4+ (N -Vw; + Ny - V’UDJ) -néwl} ds
o

- 2/ {(V Ny - 0vy + [V (N - V) + V- (IV; - Vw)}awl}dA. (2.28)
Q
Summing up (2.27) and (2.28) we have

1) {528(’&,11,1)} [6’U,1] = 2/Q [F5w1 — (V . Nl) . 5’01} dA (2.29&)

+2/ {(X'n*C'S)(;Uh+N1~n~5v1+M1:(n®n)[V(5w1)-n]}dS, (2.29b)
o0
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where

I=Di(VAVAVOVw)-V-(N-Vw)—V- (N Vi),

x:=N-Vuw, + N -Vio—Di(VRV®Vuw),

¢:=V[Di(VeaVu dn®s).

Similarly, we have

V- (N -Vu))=N:(V®Vuw) and V-(N,-Vi)=N;:(V®Vd).

Using some basic arguments in calculus of variations we arrive at the coupled governing equation

(strong form) for bifurcation based on (2.29a)

DI(VOVOV®Vw)—N:(VeVuw)—N;y: (VOVid)=0,

V-N;=0.

(2.30a)

(2.30D)

This set of coupled bifurcation equations is to be considered under appropriate boundary con-

ditions, which can be obtained from (2.29b). The derivation is similar with that when we derive

the boundary conditions for the FvK equations. In the interest of brevity, we only record the

final results, as follows

where,

Nipn=N1:(mn@n)= (Vv + Ve Vw)®

either

either

either

either

Ny, =0 or
Nis=0 or
My, =0 or
S1, =0 or

v1, specified, (2.31a)
v1s  specified , (2.31b)
0

a—u?; specified , (2.31c)
wy  specified , (2.31d)

A:(nen),

Nis=N1:(n®s)=(Vuv1+VuVu )’ :A: (n®s),

Myp=M;:(n®n)=(VeVuw):D:(n®n),

S1v= [N Vuy + Ny - Vi - DIV @ V& Vuy)] -n - V{Di[(Ve Vu)anos]} s,

So far the formulation is for anisotropic elastic plates subject to both in-plane and lateral loads;

next we specialise this formulation to isotropic plates as in §2.3, which is further reduced to

plates under in-plane loading only, as recorded in §2.4.

It’s worth highlighting that we can also arrive at the bifurcation equations by using the
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M AFE method. By applying the linearisation process as outlined in §1.2 to the equilibrium
equation (2.21), we can also arrive at the governing equation for the bifurcation as (2.30). The
corresponding boundary conditions (2.31) can be obtained by applying the M AE manipulations
on the boundary conditions of the basic state (2.23).

2.3 Formulation for isotropic elastic plates

Next we will reduce the formulation for the general anisotropic plate in the last section to
the special case when the plate is made of the St. Venant—Kirchhoff (isotropic) material. We
confine ourselves to this isotropic linear elastic material for all the problems to be discussed in

this Thesis. The stiffness tensor for the St. Venant—Kirchhoff material is

Ev E
C=——=II+_——-I
1—v2 @ +2(1+1/) ’

where E' and v denote Young’s modulus and Poisson ratio respectively; I is the second-order
identity tensor (with the component form g,5g+s), while I is the symmetric part of the fourth-
order identity tensor whose entries are (ga98s + gasgs~)/2. Therefore, the component form of
C reads,

1—v

2 (gavgﬂé + gozégﬁ’y)

E
1= 2 |V9e897s +

(DozB'yé = 1

According to the definitions of A and D in (2.8) and (2.10), we have

hS

A:=hC=ApI®I+ (1-v)], ]D:E(D:D[VIQ@I—F(l—V)H]
where
Eh En3
A = D = —
1=, ond 12(1— 12)

are the bending and the in-plane stiffnesses of the plate.
Now we aim to obtain the equilibrium equation (2.21) and the boundary conditions (2.23)

for an isotropic plate. Using the identities recorded in Appendiz A, we have

DI(Ve®V®VeVw) =DV,

D:(V®V®Vw) =DV (Vi),

. 1 1 1

N:=A: (V®5)5+5vw®vw] A{V(V~13+5|w;|2)1+(1y) (V®1":)S+§Vﬁ;®Vd’;”,

M :=D:(V®Vi)=D Vil +(1-v)Ve Vi,

where |V1i|? := V- V. Therefore, the governing equation for the equilibrium of an isotropic
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elastic plate becomes

DV% — N : (Ve Vi) =0, (2.32a)
V-N=0. (2.32b)

By substituting the simplified terms obtained earlier into (2.22) and (2.14), we can also obtain

the following specific terms in the boundary conditions (2.23)
. 5 .1 12 1 0\2
N,=N:(n®en)=A V(V-v+§|Vw| )+ (1—v) ann+§(vnw)

1 1

Al —v)

N.=N:(n®s)= 5

(Vavs + Vv, + Vo V)
My=M:(n®n) =D [vV+ (1 - v)V2d] = D(VZb + vVi),
My=M:(n®s)=(1-v)V, Vb,
Sy =N Vi -n—D[V,(V20)+ (1 - v)V(V, V)] ,
where we have used the definition Vi = V2w + V2, and VZ(e) := V,(V,e), VZ(e) :=
Vs(Vse).
Furthermore, following similar derivations as above, we can arrive at the following bifurca-

tion equations for the isotropic case

DViwi — N : (V®Vuw) — Ny : (VR Vi) =0, (2.33a)
V-N;=0. (2.33b)
The boundary conditions (2.31) for bifurcation state can be deduced in a similar way as for the

equilibrium, just by replacing all the terms with superscript (o) with subscript (e);, with the
exception of Ny (therefore Ny,, Ni4) and Sy,

N =Ap(V v+ Vi-Vu ) I+ (1 —v) (Vv + Vo ® Vw)’] .
Finally,

Ny, = Aw(V-v1 + V- Vwy) + (1 —v) (Vavrn + Ve Viaw)]

= A[Vpvin + Vo Vywy + v(Vsvrs + Vs Vwy )]

A(l —
le = %(vnvls + vs’Uln + vnucjvswl + vs'uojvn'wl) )

My, = D(V%wl + VV?’wl) R
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My = (1 — 1)V, Vawr

Sto = (N - Vi + Np - Vi) -n — D [V, (Vi) + (1 — v)Vy(V,Vewr)] -

2.4 Formulation for isotropic plates under in-plane load-
ing

The problems to be discussed in Chapter 3 and Chapter 4 will be bifurcation problem of

plates under in-plane loading only. So in this section we discuss the related simplifications

for the weak forms and the strong forms for the equilibrium and stability of isotropic plates

under in-plane loading. When a plate is subject to in-plane loads only, in (2.6), p = 0 on ;

q # 0, R, =0,V =0 along the boundary 0f2. In this case, the out-of-plane displacement in the

basic state is identically zero, namely, w = 0. The first variation of the total potential energy

(2.20) becomes
SV(i) ] = GE, () [ua] + OV, (i0)fusr] = / (N -n—q)-v1 dS— / (V-N)-v dA =0, (2.34)
G19) Q
since 0€; = 0. The second variation of bending energy (2.24) is reduced to

5265 (i) [uwr, wa] = 2D/Q [(V2un)? — (1= v)for, ]} dA, (2.35)

where V4 := (V2)2 stands for the bi-Laplacian operator, and

Eh3

D=—"_
12(1— 12

is the bending stiffness of the isotropic plate; the bracket is Monge-Ampere bracket which is
defined as [f, g] := (V2f)(V?g9)— (Ve V [): (V@ Vyg). However, back to the stretching energy,
it is customarily assumed (for example, see [3, 119]) that the plate’s midplane is inextensible

during buckling (but was not applied to basic state); the condition for this reads
s 1
E,:=(Vev)’+ §(Vw) ® (Vw) =0;
therefore, if we give a variation eu; := £(v1 + win) to the above condition, we have
Eg =0E, [ul] = [V X v, + (V’Lf)) X (le)]s =0. (236)

Under such assumption, we also have N7 = O. According to [3] such an approximation is equiv-
alent to asking for the Gaussian curvature of the deformed plate midplane be identically zero

or, equivalently, that this surface be developable during buckling. Thus, the second variation
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of the stretching energy (2.25) becomes

828 (0)[ur, uy] =2 QN: [(Vw) ® (Vwy)] . (2.37)

Adding two part (2.35), (2.37) together, we have the weak form for bifurcation

52V (@) uy, wy) == 2D {(V2w1)27(l—y)[wl,wl]}dA+2 N : (Vw, ® Vwy)dA, (2.38)
Q Q

which will be used in Chapter 3.
Consider a plate only subject to in-plane loading, which is initially flat with condition w = 0,

then the equilibrium equations (2.32) in the basic state are reduced to
V-N=0, (2.39)

where IN denotes the linearised membrane stress tensor corresponding to the basic state (not
necessarily constant) obtained by solving the reduced governing equation for the basic state
(2.39). If we take a further inextensional assumption, then N7 = A : Eg = O, and the

bifurcation equations (strong form) (2.33) become

DV*uw; — N : (V@ Vuw) =0, (2.40a)

V-N,=0. (2.40b)

Notice that this is a set of coupled equations. As the inextensible midplane assumption has
been taken, the second equation (2.40b) will vanish due to (2.36). In this case, only the first
equation (2.40a) that must be investigated for finding the eigenvalues (A is usually present
in the expression of N ). Although the assumption made in (2.36) is in general violated, the
determination of the neutrally stable configurations using this hypothesis is acceptable for very
thin elastic plates (for instance, as shown in [47], the results for the critical buckling obtained
from a decoupled version of (2.40a) alone confirm those from the coupled version of (2.40) in
[59]). However, coupling between bending and stretching becomes important when w # 0, or
the plate enters the post-buckling regime.

Moreover, complementary boundary conditions (2.23) for the basic state (when solving

(2.39)) need to be specified

o

either N, =g¢, or v, specified, (2.41a)
either J\Qfs:qs or vy specified, (2.41b)
where
A(l—v)

Np = A(Vypby +0V4bs), Ny = (Vs + Viby) .

2
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The boundary conditions in (2.31) are simplified to

either M, =0 or % specified , (2.42a)
n

either S1, =0 or w; specified, (2.42b)
when solving the bifurcation equations (2.40a), where

My, = D(V2w; +vViw), My = (1-v)V, Ve,

S1o = (N - Vi) -n — D [V (Vi) + (1 — v)Vi(V, Viwr)]

2.5 Conclusions

In this chapter we have provided a complete formulation on the classic plate theory (Foppl—
von Kérmén equations) for anisotropic linear elastic thin plates by using a coordinate-free
approach. This includes the weak and strong form (with boundary conditions) for both the
basic state and the bifurcation state in bifurcation analysis.

This was accomplished by first assuming the Love—Kirchhoff displacement field, which is
plugged into the energy functional to get the weak forms for both the basic and bifurcation
states. Then CV is employed to get both the governing equations (strong forms) and natural
boundary conditions from their corresponding weak forms. These equations can be used for
any geometries such as rectilinear and polar coordinates due to the coordinate-free approach
we have used.

This set of equations is straightforward to reduce to a specific anisotropic material (such as
isotropic, orthotropic, transversely-isotropic, etc) by only evaluating the corresponding fourth-
order stiffness tensor in the equations. The fourth-order stiffness tensors for different kinds
anisotropic material are given in [58]. The procedure for obtaining the natural boundary
conditions in this chapter can be modified slightly to formulate the continuity conditions along
the contacts in planar-composite structures (see Chapter 4 as an example).

Then this set of equations is specialised for isotropic linear elastic plates and a further case
for plates subject to in-plane loading only, both in weak form (to be used in Chapter 3) and

strong form (to be involved in Chapter 4).
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Chapter 3

A hybrid energy method for a
class of eigenvalue problems
related to edge-buckling in thin
plates

3.1 Introduction

Approximation schemes such as the Rayleigh—Ritz method or the Galerkin technique have
played a historical role in the development of the theory of elastic stability [3, 119]. They are
still used on a large scale in the engineering community and feature most prominently as the ba-
sis of sophisticated finite element computer packages. The use of the more basic “incarnations”
of these two methods (in the spirit of Timoshenko’s book, for example) represents one of the
most expedient ways for solving buckling problems with a relatively modest amount of effort.
Unfortunately, these more basic versions are not well suited for describing localised eigende-
formations unless one is prepared to allow for a large number of terms in the corresponding
approximations.

The problems we are interested in this chapter have been discussed by Coman et al [29, 41,
44, 47) with the help of singular perturbation techniques. In what follows the emphasis will
be on improving those results and looking at some features that were not touched upon in the
previous investigations. As pointed out in the literature review in Chapter 1, the papers just
cited dealt with the linear bifurcation equations related to the partial wrinkling of stretched thin
elastic plates (for details of the precise setting see Figures 3-1 and 3-8 later in this chapter).
Among other things, it was discovered that these equations were intimately controlled by a

typically large dimensionless parameter p > 1 (whose definition was problem-dependent).
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Regular/periodic features of the eigendeformation in one of the two principal directions of the
pre-buckling state of stress facilitated the reduction of the corresponding partial differential

equations to ordinary differential equations for an unknown transverse amplitude function W.

The eigenvalue A and the eigenfunction W were then represented as power series in u~'/2 i.e.
A s )\j )
=> pin, (3.1)
w =0 | W;

with the coefficients A\; € R and the functions W; determined sequentially through a sequence
of lengthy calculations. An indication of the role played by the size of p on the accuracy of the
approximations derived in [29, 41, 44, 47] is included in Tables 3.1 and 3.2 .

Table 3.1: Typical comparisons for the critical edge-buckling loads A¢ of the clamped rect-
angular plate studied in [29, 44]: direct numerical simulations (NU M), two-term asymptotic
results (ASYI), and three-term asymptotic expressions (ASY IT); the relative errors (R.E.)
of the last two sets of data with respect to the first are recorded in the last two columns.

p  NUM ASY (I) ASY (II) R.E.I (%) R.E.II (%)

400.0 0.213362 0.205769  0.212336 3.5588 0.4809
200.0 0.238152 0.221965  0.235099 6.7969 1.2819
80.0  0.300362 0.254101  0.286936 15.4015 4.4697
60.0 0.333067 0.267628  0.311407 19.6475 6.5030
40.0 0.399122 0.290318  0.355988 27.2608 10.8073
10.0  1.226536 0.413969  0.676648 66.2489 44.8326

Table 3.2: Same data as in Table 3.1, but for the annular plate discussed in [41, 47] (with
the corrected term A} as given in our §3.4). Here the ratio of the two radii of the annulus
(n) is equal to 0.1.

[ NUM  ASY(I) ASY(II) R.E.I(%) R.E.II (%)
1200.0 0.197795 0.177290 0.195899  10.3668 0.9583
800.0 0.229288 0.197506 0.225421  13.8611 1.6867
400.0  0.311650 0.243140 0.298969  21.9830 4.0691
200.0  0.454089 0.307676 0.419334  32.2432 7.6538

80.0  0.854713 0.435724 0.714869  49.0210 16.3616
60.0 1.081105 0.489620 0.861813  54.7111 20.2841
400  1.556522 0.580031 1.138320  62.7354 26.8677
10.0  7.743505 1.072726 3.305881  86.1468 57.3077

It must be clear from this data that the asymptotic formulae perform admirably well for the
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range they were intended to, but as p decreases their reliability deteriorates fast. This trend is
more pronounced in the case of the annular plate, so the question arises: can those results be
improved?

As pointed out in [47], typical values of the non-dimensional parameter p for annular thin
films are in the vicinity of 300.0 or larger, but smaller numbers are also relevant to practical
applications. Thus, extending the results in the aforementioned works to a broader range of
values for the stiffness parameter pu would be desirable. Furthermore, from a strictly mathe-
matical point of view the limit 1 — 0 is also of interest, although this case does not have an
immediate physical connotation.

The route we choose to pursue the answer to the question posed above is related to the
so-called Hybrid Galerkin Method discussed at length by Geer and Andersen in a number of
interesting papers [4, 5, 6] (the idea of using boundary-layer type functions in conjunction with
Galerkin methods can be traced back to much earlier studies like that of Di Prima [52], for
example). Their method is based on replacing the asymptotic gauges with arbitrary constants in
known asymptotic expansions, that are subsequently determined by following the same pattern
as in the classical version of the Galerkin scheme. We shall make the ideas more precise in §3.2,
but here we confine ourselves to reviewing some related efforts.

Gristchack et al. [63] have used the classical WK B method in conjunction with the theory
developed in [4, 5, 6] to determine the state of stress in an orthotropic elastic conical shell
subjected to axial loading, while in [64] they dealt with the problem of dynamic loading for a
piezoelectric sandwich plate. Whiting [126] modified existing multiple-scale results for buckling
of a long strut on a nonlinear Winkler foundation, and used them as a starting point for his
Galerkin procedure. That study was later extended by Wadee et al. [124] for the stability
of single-hump localised solutions in the same particular context. The very good accuracy
obtained in all of these works is indicative of the high efficiency and reliability of the hybrid
approximation methods.

This chapter is organised as follows. We start by setting the stage in the next section,
where the main ingredients of the energy method for elastic plates are briefly recalled. In §3.3
we discuss the details of the modification we introduce for the case of the rectangular plate
studied in [29, 44]. It is shown that the results obtained with the current strategy do improve
upon the previous studies, especially for p ~ 20.0 to 300.0, but difficulties are still encountered
for 4 < 7.0. Partly motivated by this occurrence, we discuss the regular perturbation case
u — 0 and establish that the relative errors of the new approximations are within 5% for
0 < p < 2.0; while the work in §3.3.2 is pursued from a purely mathematical perspective, it is
particularly gratifying that its range of validity extends well beyond its theoretical limitations.
The more difficult problem of the stretched annular plate investigated in [41, 47] is tackled in
§3.4 by using the same hybrid energy method. Again, comparisons with the earlier results and

direct numerical simulations of the original equation show a marked improvement.
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3.2 The Hybrid Energy Method

In this section, we outline the strategy of the hybrid energy method, which is clarified by
comparisons with the Rayleigh—Ritz and Galerkin methods.

In the current hybrid energy method, we need to make use of the weak form of the bifurcation
equation. For example, in the problems to be discussed in this chapter, we recall (2.38) as

formulated in Chapter 2
S2E(\u1) = 2D/ {(V2w1)2 —(1- u)[wl,wl]} dA+ 2/ N : (Vw, ® V) dA=0.
Q Q

Here the expression 02€(\, u1) represents §2&(11)[u1, u1] as in (2.38), since 4 = u()\) is deter-
mined by the external loading parameter A by solving the pre-buckling problem. (Notice that
the pre-buckling stress tensor N depends on 4 and therefore on A.) The determination of the

neutrally stable buckling configurations is obtained from the well-known Trefftz criterion,
s {6*€(\,u1)} [duq] =0, (3.2)

that must be satisfied by all Ju; = dv; + (dw;)n compatible with the geometrical boundary
conditions; this variational problem defines the critical eigenvalue, A = A\, and the infinitesimal
buckling mode, u; = ui¢.

Now we recall some fundamental ideas of Rayleigh—-Ritz method. The equation (3.2) forms
the basis of the classical Rayleigh—Ritz method. By expanding the unknown transverse eigendis-
placement in the form

k
wewy =Y Cidy,
j=1
where C; € R (j = 1,2,...,k) are undetermined constants, and the test functions {¢,} are
a priori known and assumed to satisfy the kinematic boundary conditions for the problem at

hand, the Trefftz criterion (3.2) translates into the criticality conditions

%[526@,1“)] =0, i=1,2,..., k. (3.3)

This typically represents a generalised matrix eigenvalue problem of the form A = AB, for some
known square matrices A and B, which can be solved without difficulty.

The strategy we propose in this work differs in several respects from the classical method.
For example, to allow convergence in the L?(€)-norm of the sequence of approximations in this
classical approach one would have to require that the shape functions {¢;} form a complete set
in ; the agreement with the actual solution usually improves by increasing k € N. Our choice
of basis functions does not fulfil such requirements as it is informed by the asymptotic analysis
developed in [41, 44]. Also, the kinematic boundary conditions are satisfied only approximately,

unlike in the classical case.
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For the sake of completeness, next we give a short overview of the Hybrid Galerkin Method

of Geer and Andersen [4, 5]. The strategy is applicable to general equations of the form
L(u;e) =0, (3.4)

where L is a differential operator and ¢ € R is some parameter. The operator involved in
the above equation may depend on several other parameters (which here are not mentioned
explicitly), but it is just the behaviour of € around some specific values €; (j = 1,2,..., ¢) which
is of interest. In most cases e; = 0 and €2 = 400, although in principle ¢ > 3 does not pose
any sort of complications. When applied to problems such as (3.4), which do not necessarily
have a variational structure, the technique is essentially a modification of the classical Galerkin
method. Our interest is, however, in conservative elastic stability problems, so we shall adapt
the theory of [4, 5, 6] to the Rayleigh-Ritz (energy) approach. It is well known [79] that the
two classical versions are in fact equivalent to each other for such problems. Hence there is no
loss of generality in our exposition.

The first step consists of generating asymptotic expansions for ¢ — ¢; for each j =
1,2,..., g, which we can formally write

n.;fl

u=ug+ Z w8 () + O(6n,(e))
s=1

where ug is the leading order expansion and the gauge functions {59 (5)} (s=1,2,...,n;—1)
are specific to the problem at hand.

In the second step we have two alternative treatment schemes.

One is taking the above asymptotic expansion for u to a certain order, using this as an
ansatz. Then we plug this ansatz directly into the weak form 62&(N\)[uic,u1c] = 0, which
ends up with an equation in terms of A and other parameters (not explicit). By solving this
equation we could obtain A as a function of other parameters. Notice in this treatment, we
did not use the idea of Rayleigh—Ritz (3.3). Instead, we just assume that this variational effect
(3.3) is already (asymptotically) embedded in the asymptotics u1c ~ u, which were obtained
from the bifurcation equation (strong form together with the boundary conditions).

Alternatively, we can follow a Rayleigh—Ritz strategy by discarding the gauge functions and

selecting a subset of {ugi)}, with s =1,2,...,n;, —1land ¢ =1, 2, ..., q, to construct the
ansatz
Q
u = ug + Z Csug, (3.5)
s=1

with @ < 22‘21 n;. The unknowns C; are determined exactly as in the classical energy method
by applying both the weak form for bifurcation §2€(\)[u1,u1] = 0 and the stationarity condi-
tions (3.3).
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Obviously, the results obtained from the latter treatment are expected to be more accurate,
because we have introduced freedom to the ansatz, and the eigenfunction u can be approximated
better. However, this procedure is much more expensive from a computational point of view,
and can easily cause convergence problem in numerical calculations. In contrast, the former
treatment is more straightforward and computationally economic, and is later proven to be an
accurate and efficient strategy. So in this work we choose the former strategy.

In the Galerkin and Rayleigh—-Ritz methods increasing the number of test functions does
not pose any serious difficulties because of the conditions in (3.3) end up with linear algebra
system. Unfortunately, this is not the case with the hybrid methods and that is why it is
important to keep the terms of expansion for u small.

Depending on the nature of the features studied with this method, it is important to allow
for variations from the above strategy. For example, in the post-buckling analyses discussed by
Wadee et al. [124] and Whitting [126] for compressed beams on nonlinear Winkler foundations
it was found helpful to introduce some extra degrees of freedom that made the ansatz (3.5)
nonlinear (in the sense that some of the C’s entered in the expression of the gauge functions as

well — see equation (16) in [124]).

3.3 Rectangular plate

A detailed numerical and asymptotic analysis for the edge-buckling of a stretched elastic plate
subjected to in-plane bending was carried out in [29, 44]. For the sake of completeness here we
include an outline of the model and a summary of some of the main results.

The rectangular thin elastic plate of length 2a, width b, and thickness h (h/b < 1) corre-

sponds to the situation illustrated in Figure 3-1; it is assumed to occupy the domain
QE{(x,y)€R2| —anSa,OgySb}.

The plate is stretched by normal stresses oy in the y-direction, while on the two lateral edges
it is subjected to the loads P at the midpoints. Further in-plane bending moments M act
simultaneously, as indicated in the aforementioned figure. Under the combined action of these
loads the plate develops a region of compressive stresses adjacent to one of the long edges,
leading eventually to a regular wrinkling pattern in the x—direction (for a certain critical value
of the ratio M/P). With the short sides taken as simply supported, the linearised Féppl-von
Karman buckling equation used for describing the bifurcations of this plate is reduced to an

ODE by expressing the transverse displacement in the form

w(z,y) = W(y) sin(A,z) .
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Figure 3-1: Stretched thin film under in-plane bending.

Eventually, it transpires that

W (y) 4+ Pr(p, A)W" (y) + Paly; p, Am)W(y) =0,  0<y<T1, (3.6)
where
Pi(p, Am) = —(1® + 247,)
Paly; 1 Am) = A, {Afn +64° [2)\9 - ()\ - é)} } :
and
1= % Am 1= % A= %,

p2 =121 — 1?) (U_EO) (%)2 :

differentiation with respect to y is indicated by a dash (-)’. The mode number m € N is
uniquely determined by identifying the global minimum of the curve A = A(A,,). We shall use
the appellative ‘critical’ in relation to these values.

The same normal-mode solution transforms the boundary conditions along the long edges

into relatively simple expressions. In the case of clamped edges they take the form
W=W' =0 at y=0,1, (3.7)
while for the free-edge case we have

W —vA2 W =0 at y=0,1, (3.8a)

W — [MQ + (2 o Z/)A?n] W =0 at y=0,1. (3.8b)
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Finally, the work in [44] provides the asymptotic expansion for the critical buckling load A¢
and the corresponding critical buckling mode number (proportional to AS below) in the form
W =Wo(Y) +p PWi(Y) + 57 Wa(Y) + 2 PWa(Y) +O(u™?), YV i=pu'y, (3.9a)
Ao =X+ N V24 N+ O(uT?), for i=1,2, (3.9b)
(AS)2 = Mg + M+ O(ut/?), for i=1,2, (3.9¢)
where the extra subscript ‘1’ is used to indicate the values for the free-edge case, and ‘2’ applies
to the clamped-edge approximation. The coefficients that appear in (3.9) are recorded below
and are identified through a sequence of lengthy matched asymptotic calculations,
Ao = 1/6, Mg, = 1.17306, M, = 0.62912,
Aly = 0.78204, A3, =2.62679, M, =0.79737,
N =0.41941, A3, = 0.65966 — 0.111112%, M}, = 0.39579 — 0.666661° .
Details on the W;—terms in the expansion of the eigenfunctions are given in the next section
(as adapted to our immediate purposes). The comparison between these asymptotic results
and numerics showed good agreement for both the two- and three-term approximations when

1> 1; the question here is whether or not this assumption can be relaxed without affecting

the accuracy.

3.3.1 Hybrid energy method

We start by noticing that setting w3 — ui¢ in (3.2) gives
PEN)[uic, i) =0; (3.10)
in the case of our rectangular plate this equation assumes the form
1
|72+ 02 4 24200720 + Pl AW W] dy =0, 1)
0

Alternatively, the energy integral (3.11) can be also obtained by multiplying equation (3.6)
by W = W(y) and then integrating the resulting expression over [0, 1] with the help of the
corresponding boundary conditions and the integration by parts formula.

As already pointed out, since our main interest lies with the approximation of the envelope
of the neutral stability curves, we are essentially looking for eigenvalues satisfying OA/9A,,, = 0.

On applying
0 {52E()\)[’U,10, ulc] }
9(A%,)

=0, (3.12)
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we derive an extra integral constraint applicable to the case in which the long edges are clamped,

/01 {W’Q(y) + [Afn + 3M2<2>\y - (A - %))} WQ(y)}dy ~0. (3.13)

An different route for arriving at equation (3.13) was taken by Coman and Bassom in [44], and
it relies on the use of the Fredholm solvability condition for a certain inhomogeneous fourth-
order ODFE. In the next chapter we shall extend their approach to the case of a bi-annular
plate which involves a set of interfacial conditions.

The counterpart of (3.13) for the case when the long edges of the plate are ‘free’ rather than
‘clamped’ is obtained similarly, with the only difference that this time we need to make use of

the boundary conditions (3.8). The final result reads

/01 { — VW ()W (y) + (1 — )W’ 2(y) + [Afn + 32 (2)\y— ()\f %))} W2(y)}dy —0. (3.14)

A possible candidate for the ansatz of our hybrid energy method is

Ao =Xo+ A e, (AS)? = Mea, (3.15a)
W(y) =Wo(y) + Wi(y)es + ..., (3.15b)

where
Wo(y) = Ai (wu”Qy + <0j) ;o wi= (2Mg)YR. (3.16)

Here, Wy(Y) in (3.9a) is expressed in terms of y, (o; denotes the first zero of the equation
Ai(j)(g“) =0 (j =1,2): for the free-edge case we take (p1 ~ —1.01879, while for clamped edges,
Co2 ~ —2.3381. The expression of Wi(y) is not given here because of its high complexity, but
it can be found in [44] (see equations (16) and (17) in that reference).

The above approximation is obtained from (3.9) in which the powers of i have been replaced
by the arbitrary constants ¢; (i = 1, ..., n); for notational simplicity we let ¢ := [c1, o, ..., ¢n].
Note that (3.15a) do not require more terms as in (3.9b) or (3.9¢) — it is just the expansion
(3.15b) that could potentially improve the accuracy of our numerical strategy.

If we confine ourselves to the case when just Wy(y) is used in (3.15b) we essentially end up
with two unknowns for which we need only two equations. Substituting (3.15) into the integral
constraint (3.11) yields a first nonlinear equation in the ¢;’s, which we shall identify by the
notation fi(¢) = 0. A second equation is obtained by plugging the same ansatz into either
(3.13) or (3.14); this will generically be referred to as fa(c) = 0. Thus, we get two nonlinear
equations in two unknowns. Here, we provide some details and possible simplifications in the

calculations that lead to these equations for the case of a clamped-edge plate.
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To start, we rewrite the energy integral in (3.11) in the form

/O [W”Q(y)—Pl(u;Am)W’2(y)+R1(u;Am,A)W2(y)+Rz(u;Am,A)yW2(y)} dy =0, (3.17)

where

1
Ri(; A, A) = A2, [Afn — 6 (A - g)] :

Ro(1; Ay N) = 122 A2 X
As mentioned earlier, we choose an ansatz based on the leading-order asymptotic predictions
W(y) = Ai(ky + Co2) ,

where ‘Ai’ is the usual Airy function of the first kind, k := pu'/%w = p/2(2M)"/3, and Mg, is
a constant that has already been mentioned in §3.3. To simplify the notation we introduce the

variable Z := ky + (o2, so that now W(y) = Ai(Z), and notice that

a"() d"()
= k" 1
3" 1z (3.18)
Z‘y:O = (o2 =t a; and Z’yzl =k+{y=:a2; (3.19)

the reason for re-labelling the first zero of the Airy function is to provide a more uniform
notation in the subsequent calculations.
By using the change of variable indicated above, the integrals in (3.17) can be recast as

follows

Lrazw(y)1? @ d2w(2)]° 1 a2
= — = —dz=k | Z°W*2)dZ
[ /{k iz | pz=n [ rwaar,

ai

[ 25 = [ 8 o (250

1 1

1 1 az
[ W= [ w2z,
0 ay

1 1 as (11 az
/0 yW?(y)dy = = ZW?3(2)dZ — = / W?(2)dZ .
ail al

Therefore, equation (3.17) can be reformulated further as

Ra (s Am, A Ro (5 Am, A Ro (3 Ay, A
E*Ty — kP (p; Ay )To + [ 1(p5 ) a1Ra(p )] yon Q(MkQ )

p s T, =0, (3.20)
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where

a [qw2(7)]? = [W(2)]?
Tl./al [TZQ ] az, TQ./GI [ v } az,

Ty ;:/ W2(2)dz, Ty ::/ ZW(Z)dZ .

ay

Reference [2] provides us with a set of interesting formulae that facillitate the simplification of
integrals of products of Airy functions. That strategy will be applied in the context of (3.20)

as indicated below

Ty = /a2 Z2A2(7)dZ = é [2 {ZAi(Z)Ai’(Z) - %AiQ(Z)} ~Z2AVA(Z) + ZBAiQ(Z)} -
(3.21a)
2 1 . ) 2 - a2
Ty = / AP (2)dZ = 5 {2A1(Z)Az’(Z) + ZAV?(Z) — Z2Ai (Z)L : (3.21D)
Ty = /a2 Ai2(2)dZ = [ZAP(Z) A2 (2) : (3.21¢)
Ty = /a2 ZAR(Z)dZ = % [Ai(Z)Ai’(Z) — ZA(Z) + Z2A12(Z))} - (3.21d)

where [¢]22 = 1p(az) — 1 (a1). As mentioned earlier, the integration limits a1, as depend only

on the parameter . Therefore, with given p, the quantities T; = T;(u) (for ¢ = 1,2,3,4) can
be calculated once and for all. On substituting (3.21) into (3.20) we then end up with the first
equation fi(Am,,\) =0.

Additionally, we have derived the integral constraint (3.13) which enforces the criticality

condition OA/JA,, = 0. For the clamped-edge rectangular plate this assumes the expression

/01 {W'Q(y) + [Ra(; Ams A) + Ra(p; M)y WQ(y)} dy =0, (3.22)
where
Ra(; Am, A) := A7, — pi° <3/\ - l) :
Ra(p; A) = 6p° A

Carrying out the same transformation on variables as for (3.17), we eventually get

7€/3 (:ua Ama )‘) i G1R4 (:U/7 )‘)
k 2

Ra(p; N)

KT + 2

Ty + T, =0, (3.23)

where, Ty, T3, T4 were introduced earlier in (3.20). If we plug (3.21) into (3.23), we then obtain
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the second equation fo(A;,,\) = 0.

To summarise, in (3.20) and (3.23) we have formulated two nonlinear equations fi, fo in
two unknows A,,, A\. Since A,, and A depend only on ¢; and ¢y, according to (3.15), we
essentially have two equations for these two unknowns. To complete the solution, the multi-
dimensional root finding problem is transformed into a minimisation problem by considering
I(c) := fi(c) + fi(c), which is expected to be zero when ¢ € R? corresponds to our actual
solution. Cast in this form the problem is then solved by using Powell’s method (e.g., see [98]
for details). The situation we are confronted with is not trivial because the functional that
needs to be minimised is highly nonlinear. We have checked that the minima of I(c) lead to
values of the functional that are virtually indistinguishable from zero; this indicates that our
approximate solution satisfies the neutral stability condition (3.11) and guarantees that the
most dangerous mode has been captured. A final observation worth stating is that, owing to
the non-quadratic nature of the functional to be minimised, providing an initial guess requires
additional care. We employed a numerical continuation strategy in which the original guess
was supplied by various powers of p > 1, as hinted by (3.9), with u then being decreased
progressively until it reached O(1)—values. In manipulating integrals involving Airy functions
a certain degree of simplification can be achieved by using the formulae in [2].

Results of this method are recorded in Figures 3-2 and 3-4 for clamped and, respectively, free-
edge boundary conditions, which are followed by the corresponding relative errors with respect
to the direct numerical simulations as in Figures 3-3 and 3-5. In Figures 3-2 and 3-4, the direct
numerical simulations are shown with a continuous line, while the new approximations are
represented by the white markers. To put things in perspective, we have also included the two-
and three-term asymptotic approximations from [44] (the dot-dashed/dashed lines). It is quite
remarkable that the simple-minded ansatz (3.16) informed by the leading-order asymptotic
analysis of equation (3.6) outperforms by a long shot the two-term asymptotic approximation
obtained through a very laborious analysis [44]. In Figure 3-3 the relative errors between
the hybrid energy results and numerics tend to deteriorate, for instance, from R.E. ~ 5.14%
(u =11.0) R.E. ~ 9.96% (1 = 10.0), although for p 2 60.0 we have R.E. < 2.73%. Similar
conclusions can be drawn in relation to Figure 3-4 and 3-5.

A caveat needs to be raised about our choice of test function (3.16). In the case of a
clamped plate, for relatively largish values of p (typically, greater than 10.0), this function and
its derivative display exponential decay for y ~ 1.0, so the constraints W (1) = W'(1) = 0 are
satisfied asymptotically. Note that by definition W (0) = 0 (exactly), but W'(0) # 0. It was
shown in [44] that satisfaction of the condition W’(0) = 0 demanded the introduction of an
O(u~1) layer that had to be matched to the solution described by equations (3.9). Here we
have disregarded this effect because the results obtained with the apparently crude choice of
(3.16) already lead to values that improve considerably upon the earlier studies. In §3.6 we shall

reconsider this point and look more closely at what happens if the test function is replaced by
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the O(u~1) composite asymptotic approximation that partially satisfies the derivative boundary
condition at y = 0. It is also important to keep in mind that higher-order asymptotic results

are not easily available for the annulus problem discussed in §3.4.

(a) 0281 W

0.261

S 0.24¢

0.221

0 20 40 60 80 100 02 100 200 300 400
H K

Figure 3-2: Comparisons between two- (dot-dashed line) and three-term (dashed line) asymptotic

approximations of the critical eigenvalue, the hybrid energy method (small circles) and the cor-

responding direct numerical simulations (continuous line) for the clamped-edge rectangular plate.

Both (a) and (b) are the comparisons of A¢, but for different ranges of p.

700
Bl ASYI
[0 ASYII
60 1 HEM.
50
X
8 40}
=
€3]
230
=
e
20
10F H , :
10 20 40 80 200 400
7

Figure 3-3: Relative errors with respect to the direct numerical simulations shown in in Fig. 3-2
for the three approximations recorded there: the two- (ASYT) & three- (ASYII) term asymptotic
results for the critical eigenvalue, together with the hybrid energy method (H. E. M.) for the
clamped-edge rectangular plate.

It might be tempting to try and improve the results already obtained, especially since
Wi(y) in (3.15Db) is available [44]. In this case we have three unknowns, so a change of tack is
imperative. The criticality conditions (3.13) or (3.14) will remain unchanged, but two further

equations are obtained with the help of (3.2) in which dw — Wpy(y)sin(4,z) and dw —
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Figure 3-4: Same as per Fig. 3-2, but for the free-edge rectangular plate.
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Figure 3-5: Same as per Fig. 3-3, corresponding to the results in Fig. 3-4 for the free-edge rectan-
gular plate.

Wi (y) sin(A,,x), respectively. Doing this, however, does not lead to any noteworthy headway
since the kinematic boundary condition W’(0) = 0 is still violated (and will continue to be so

as long as we do not take into consideration the O(u~1) layer mentioned above).

3.3.2 The limiting case y© — 0

As already pointed out in the Introduction, for wrinkling it is the limit p > 1 that is the most
interesting. However, from a mathematical point of view it would be important to understand
the asymptotic structure of the opposite limit © — 0 as well. This scenario is also relevant to
the important case o,, — 0, and it does present us with an interesting regular perturbation

situation. We also anticipate that the range of validity for these new asymptotic results would
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extend beyond their immediate limit of applicability, so they could be useful (at least in prin-
ciple) as numerical guesses for the optimisation routines used in the hybrid energy method.
Another motivation for the work in this section comes from the related papers of Geer and
Andersen [4, 5, 6] mentioned in §3.2, although it will eventually transpire that we cannot follow

their strategy very closely.

Clamped-edge boundary conditions

For a rectangular plate with clamped edges AS = O(1) as u — 0. At the same time, the

critical eigenvalue A¢ displays a tendency to blow up, which was verified by the direct numerical

simulations. This limiting behaviour is captured by the following ansatz

W (y) = Woly) + Wily)u® + ..., (3.24a)
A=Xop 2 M A dap? (3.24b)
(Am)? = Mo+ Mypi® + ..., (3.24¢)

where Wy, Ao, and M satisfy the simplified differential equation
WY — 2MEWY + Mo [Mo + 6X0(2y — 1)] Wy =0, (3.25)
that is to be solved subject to the boundary conditions
Woy) =Ws(y) =0, at  y=0,1.

Here and in the next section we shall employ some of the labels used previously for expanding
A, A, and W oin order to avoid overdoing the notation; no confusion should arise as these
derivations are independent of each other.

Note that this reduced problem depends only on the parameters Ao and My, so we can
integrate it numerically once and for all to identify the values for which the curve A\g = \g(Mp)
has a global minimum. It is found that the critical values are (A\§, M{) = (65.0663, 6.6399).

Some comparisons with direct numerical simulations are included in Figure 3-6. It can be
clearly seen that the asymptotic solution for 0 < p < 1 is applicable even for 0 < p < 2.0,
since its relative error is within 5% for this range of . Unfortunately, the asymptotic analysis
can be executed only to the leading order — similar limitations were encountered in a couple of

recent works [34, 42].
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Figure 3-6: Plot (a) shows the comparison between the asymptotic approximation Ao ~ A\§/u’
(circle-dashed) and its counterpart obtained by direct numerical simulations (continuous line) in
the case of a clamped-edge rectangular plate. Plot (b) gives an idea about a similar comparison of
AS involving the corresponding mode numbers.

Free edges

For the free-edge case, informed by numerical simulations, we expect the critical A,, to approach
zero as 4 — 0 and A¢ is found to display a similar blow-up behaviour as seen previously.
However, the asymptotic structure of the limiting case is somewhat different (the asymptotic
analysis from Eq. (3.26) to (3.35) was obtained by the first author of [50]. For the sake of
self-consistency, they are recorded here with acknowledgement). It turns out that this time we

need an ansatz of the form

W(y) = Woly) + Wily)p + Waly)u® + ..., (3.262)
M=o PN Fdop ., (3.26b)
(Ap)? = Mop® + Myp® + ... . (3.26¢)

Substituting (3.26) into the bifurcation equation (3.6) and setting to zero the coefficients of

successive powers of p we obtain

o)y: w{"=o, 3.27a
0
O(p): W/ =0, (3.27b)
O(p?): WY — (1 +2M)W) =0, 3.27¢c
0
Oy W — (14 2Mg)W, —2M WY + 6My(2y — 1)A\oWy = 0. (3.27d)
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Similarly, plugging (3.26) into the boundary conditions (3.8), we derive the constraints that W;
(for j =1,2,...) must satisfy at y = 0,1

Wy =0, Wy =0, (3.28a)
W =0, Wi =0, (3.28b)
WY — vMoWy =0, WY — 14 (2 —v)My| W, =0, (3.28¢)
WY — vMoWy — vMyWy =0, W — 1+ (2 — v)Mo)| W] — (2= v)MyW{ = 0. (3.28d)

Finally, the critical buckling mode condition (3.14) can be expanded in powers of x and results

in the following additional constraints

1
o0(1) : / [WWoWy — (1 — )W dy =0, (3.29a)
0
1
() : / WWoW/ —2(1 — v)W{W{| + vW{W; +T'1] dy =0, (3.29b)
0
1
O(u?) / [WWoWS —2(1 — v)W W5 + vWWa +Ts] dy =0, (3.29¢)
0

where

Iy :=—32y — DAWE,

1
Dy =W W, — (1 — )W{? —6(2y — DAWoW; — | Mo +3(2y — 1)\ — 5 We.

The leading order equation (3.27a) together with the boundary conditions (3.28a) leads to the
general solution Wy (y) = y1y + y2 in which 71, v2 € R are constants that will be fixed as we go
along. On substituting this Wy into (3.29a) results in 41 = 0, and hence Wy (y) = 72; without
any loss of generality we can assume 7, = 1.

Next, considering the equation (3.27b) subject to the end constraints (3.28b) yields

Wi(y) = v3y + a4,

where v3, 74 € R are constants. Note that v, can be taken to be zero because of the homogeneous
nature of the problem and, as we have Wy (y) already, it is only 73 that needs to be determined.
To this end, we carry on with solving the next order problem, consisting of (3.27c¢) in conjunction

with (3.28c); some simple algebra eventually leads to
1 2
Wa(y) = SvMoney”.

We mention in passing that the criticality constraint (3.29b) is identically satisfied with the
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information we have thus far, so we need to look at (3.29¢). It transpires that

1
(1= )73 + Aoy + {(1 — %)My + 5] 7 =0, (3.31)

an equation that will be used shortly to identify A\g. After some further manipulations, the

solution of (3.27d) and (3.28d) is found to be

y3

2
Wi (y) = —6Mp (? - %) Aov2 + 59 + V6 (3.32)

with

¥ == (V3 — Aoye) Mo, Y6 :=vMiy2;
in the course of reaching equation (3.32) it also emerges that

_ | Moro
BT T20— 0y

On substituting this value of v3 into (3.31) we arrive at

Mo(1—v%) + 35

N 2
O WMy —wi MZ

(3.33)

where
1—v q 1
w =— an Wy = ——— .
[1+201—v)° 1+2(1—v)
As we aim for the lowest critical load, this expression must be minimised with respect to M,
i.e. ON3/OMp = 0. The result is a quadratic algebraic equation for My, whose unique positive

root will give the critical value

—14+V7+2v— 412

M = 34
0 2(1 . VQ) (3 3 )

The corresponding critical value of Ao is obtained by substituting (3.34) into (3.33), i.e.
A5 = Ao (3.35)

Mo=M{

To assess the relevance and usefulness of these last two formulae, a representative sample of

comparisons between them and direct numerical simulations is summarised in Figure 3-7.
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Figure 3-7: Free-edge rectangular plate: plot (a) includes the comparison between the asymptotic
approximation ¢ ~ \g/p (small circles) given by (3.35) and direct numerical simulations. The
accuracy of (3.26c) and (3.34) on AS, can be appreciated by inspecting plot (b).

The remarks made in the previous section vis-4-vis the range of applicability of the results
derived for the free-edge case remain valid. Relative errors between asymptotics and numerics
are roughly 5% for 0 < p < 2.0. Further work, not discussed here, has shown that the term \; in
the asymptotic ansatz (3.26b) is negative. Once obtained, that term does improve the accuracy
of the approximation as u gets closer and closer to zero, but within the range 1.0 < p < 2.0

the results become worse.

3.4 Annular plate

Full details of this model and a comprehensive asymptotic analysis can be found in [41, 47];
only the most important aspects are highlighted below. We consider an annular plate with
inner radius Ry, outer radius Rp, and thickness h (h < Rz2) — as shown in Figure 3-8. This
configuration is stretched by applying uniform radial displacement fields U; and Us on the inner
and outer rims respectively. The Lamé solution for the corresponding plane stress problem
reveals the presence of compressive stresses near the inner rim. Coupled with the same Foppl—-
von Kédrman buckling equation as in §3.3, the bifurcation problem that results is reduced to an

ODE by using the separable variables solution
w(r,8) = W(r)cosnb ,

where n € N is the mode number (equal to half the number of identical wrinkles in the azimuthal

direction). The final result reads

W+ Ps(p)W" + Pa(p)W" + Ps(p)W' + Ps(p)W =0, n<p<l, (3.36)
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Ry

Ry

Figure 3-8: An annular plate subject to uniform displacement fields on its boundaries. For a
sufficiently large ratio Uy /Us, localised buckling emerges near the central hole.

where

ni= pP= 75,

Ry’ Ry
and the rescaled W is denoted by the same letter to avoid overloading the notation. The

coefficients of (3.36) are defined by

N

p p
with
1+ An n* 4+ A
U, 9 12U Ro
A= — = . 3.37b
o, M 2 (3.37b)

For the sake of brevity only clamped boundary conditions are considered. In terms of the

amplitude W(p) these are

W(p)=W'(p)=0 at p=0,1. (3.38)

In [41, 45], Coman and Bassom provided a detailed asymptotic investigation of the aforemen-

tioned model. They showed that the neutral stability envelope can be obtained by various
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expansions in suitable powers of p > 1,

W(Y)=Wo(Y)+Wi(Y)p 2 +0(u™),  YV:i=p"(p—n) (3.39a)
(no)? = Ngp*? + 0(w) (3.39D)
Ao = Xo + AT 2 AT+ O(u?), (3.39¢)
where,
9 \ 3/4
Ng = (540772/10) ; (3.40a)
2
Ao = l , (3.40b)

Cl—v—n2(1+v)

N = ANGG (3.40¢)

s = 20°G

N 1 An)1/2
4§O(N0*)2/3 (GA1 + _) + ( O)

: 3.40d
212 w2 |’ (3.40d)

(—Co) ~ —2.3381 represents the first zero of the Airy function Ai, and we have introduced the

notations

~ 14+v)(1+ A ~ 1+v
B D0 g (e

3.41
1 _ 772 ) 1 _ 77 ( a’)

177]2

TR T

(3.41b)

Note that in the expansion of (nc)?, only the critical value N§ is available — as pointed out in
[41] the effort required to find N7 is significant. Thus, improving on these results is far from
being a lightweight undertaking.

The hybrid energy method for the annular plate proceeds along the same route as in §3.3.1;

the ansatz that we use is given by
A Ao =X+ Afer, n?=(ne)® = Ngea, W(p)=Wolp) + Wilp)es+...,  (3.42)

where

(No*l/Buyz

Wo(p) = Ai (0 =) +G). (3.43)

Since in this case Wi (p) is not easily available, our approximation will have only two degrees
of freedom (c; and cz). These constants are found from (3.10), which for an annular plate
becomes

/[mWWm+mWWm+mW%ﬂ@:m (3.44)
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Figure 3-9: Comparisons of the various approximations of the critical eigenvalue Ac = Ac(u): two-
(dot-dashed line) & three-term (dashed line) asymptotic results, the hybrid energy method (small
circles), and the direct numerical results (continuous line) for the stretched annular plate. Here
n=0.21in (a), (b) and n = 0.4 in (c), (d).

with
2n% + 1 A+
I3 :=p, Iy = —A1(1+)\n)p—A2ua
p p
n?(n? —4) n? JAD)
II5 := —a 7<A1F) (An+1),
and
(1 2(1-
A =0ty oY)
1—n? 1—n?

An additional equation is obtained from the criticality condition in (3.12) by replacing A2, by

n?, namely,

/ (1372 (p) + W0 (o)W () + T1sW () dp = 0., (3.45)
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Figure 3-10: Relative errors with respect to the corresponding direct numerical solution for the
three approximations seen in Fig. 3-9: two- (ASYT) and three-term (ASYII) asymptotic approxi-
mations of the critical eigenvalue A\c = Ac (), together with the hybrid energy method (H. E. M.)
for a stretched annulus with 7 = 0.2 in (a) and n = 0.4 in (b).

where

2 2 u? B 2(n? —2)
HG::?v H75:*F, Hg:F<A?>+T’

and the expressions of A and B were defined in (3.37). These equations will be used in the
numerical strategy described in §3.3.1 and already employed in the previous section, so we omit
the details.

In contrast to the rectangular plate, we now have an extra parameter, 0 < n < 1, so our
comparisons between asymptotic and numerics will have to reflect this new addition. Figure 3-
9 shows a first set of comparisons for n = 0.2 and, respectively, = 0.4, complemented by
the corresponding relative errors plots in Figure 3-10. The results of the hybrid energy method
based on the one-term ansatz (3.43) appear to perform better than both the two- and three-term
asymptotic approximations derived in [41]. More specifically, when n = 0.2 as in Figure 3-10
(a), the relative errors between the values computed with the former approach and direct
numerical simulations lie between 1.06% and 1.66% for u in the range [20.0, 350.0], but they
tend to deteriorate quickly as pu ~ 10.0 because the boundary condition W (1) = 0 starts to be
violated in that instance. The situation is more evident when 1 = 0.4 as in Figure 3-10 (b),
the relative errors of the current energy method is below 6.25% to for p € [14.0,350.0], but
deteriorate sharply when p ~ 10.0 (R.E. ~ 92.16% in that case). Given our previous experience
from §3.3.1 this is not unexpected.

A different set of comparisons is presented in Figures 3-11 and 3-13, which contain the
neutral stability envelopes for the stretched annulus. It is known that the individual curves
A= A(n;m) for m = 2,3,... satisty lim, .o A(n;m) = 400, and therefore the envelope of this
family of curves is expected to have the same characteristic. However, the asymptotic analysis

proposed in [41] was conducted under the assumption that 7 = Og(1), so the approximations of
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40¢

Figure 3-11: Dependence on 7 of the two- (dot-dashed line) & three-term (dashed line) asymptotic
results, the hybrid energy method (small circles), and the direct numerical results (continuous line)
for the stretched annular plate: p = 10.0 (a) and g = 20.0 (b).
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Figure 3-12: Relative errors with respect to the direct numerical solutions for two- (ASYT) and
three-term (ASYII) asymptotic approximations of the critical eigenvalue A¢ = A¢(n) and the
hybrid energy method (H. E. M.); the data corresponds to the information shown in Fig. 3-11 Here,
w=10.0 (a) and p = 20.0 (b).

the envelope derived there, and reproduced here as the dot-dashed/dashed lines for convenience,
cannot be expected to be a faithful description of what happens for n ~ 0. This statement
does not contradict the results obtained by Coman and Bassom in [41] since for p > 1 the
range of 7 for which their formula is not accurate is extremely small; in fact, it can be argued
that to the level of accuracy of visual inspection their formulae perform very well for the entire
range of realistic values of 1. Indeed, (3.39¢) plays the role of some sort of outer approximation
for |n — 1| < 1 that can be complemented by a similar expression for 7 — 0. Interestingly
enough, the hybrid energy approximation is free of such shortcomings and it appears to follow

the numerical envelope quite closely. The relative errors in Figure 3-11(a) are admittedly large
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because p = 10.0, but they decrease quickly as this parameter increases. For example, in
Figure 3-13(a) (u = 40.0) they are within 5.20% for n € [0.01, 0.5], while in Figure 3-13(d)
(1 = 350.0) the maximum relative error is 1.5% for 0.05 < 1 < 0.5. We also want to point out
that the blow-up of A (both the numerical solution and our current approximations) is present
in all four plots in Figure 3-13, but it is not emphasised since the n—region over which this
behaviour occurs is awkward to represent graphically; furthermore, this regime has very little

relevance from a practical point of view.
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Figure 3-13: Same as per Fig. 3-11, except that g = 40.0 in (a), p = 60.0 in (b), p = 100.0 in (c¢),
and g = 350.0 in (d).

3.4.1 The small-x limit for the annular plate

By analogy with the clamped-edge rectangular plate, since the annular plate is also subjected to
the same type of boundary constraints, we anticipate that A\c = O(u~2) and ne = O(1) when

1 — 0; this expectation was also confirmed by the direct numerical simulations. Therefore, we
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Figure 3-14: Same as per Fig. 3-12, except that p

and p = 350.0 in (d), which corresponds to the (a), (b), (¢), (d) in Fig. 3-13.

adopt the ansatz
W(p) = Wo(p) + Wilp)u® + ...,
A=Xop 2+ N+ Aop® ...,

7’L2=N0+N1u2+....

0 0
0.05 01 0.2 03 04 05 0.05 0.1 0.2 03 04 05

40.0 in (a), p = 60.0 in (b), p = 100.0 in (c),
)

(3.46a)
(3.46b)

(3.46¢)

Substituting the above formulae into the original bifurcation equation (3.36) and collecting the

leading order terms, yields the simplified differential equation as
W5 + Cs(p)Wy" + Ca(p)Wy' + Cr(p)Wy + Co(p)Wo = 0,

where

9Ny + By + 1
= /)20 )

RSN
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1 2Nog+ Bg + 1 N No— By —4
i (s BB N ( Nott)
p p p p
and
A = (1+V))\077’ By = (1—V))\077;
1—n? 1—n?

the boundary conditions (3.38) remain the same.

It is obvious that, when p — 0 (the limiting situation when the rescaled bending stiffness of
the plate becomes infinite), u does not appear in both the simplified differential equation and the
boundary conditions (3.38), therefore, the solutions of the simplified problem are independent
of u. However, the additional parameter 7 is involved here compared with the clamped-edge
rectangular plate. Solving the above simplified problem, the eigenvalue Ao = A\o(n, Ny). For a

given 7, we have a global minimum for A\§ with respect to the critical Nj, which are shown in

Figure 3-15.
2000 120
100}
1600 f
80t
*S 1200} = 607
40t
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20t
400 ‘ ‘ ‘ ' 0 '
0 0.1 0.2 0.3 0.4 0.4

n

Figure 3-15: The critical eigenvalues \j(n) with respect to the mode-number parameter Ny when
solving the reduced problem equation (3.47). The right window shows the corresponding critical
Ng (n). Notice that, there is a minimum in the left window (n ~ 0.08, A\ ~ 468.1059).

It is found from Figure 3-15 that, as n ranges from 0 to 0.4, \§ shows a parabola-like
tendency; moreover, A§(n) has a minimum at n ~ 0.08. It is therefore apparent that the
curve of A\c(n) with Ao = Aop™2 also possesses a minimum near 7 =~ 0.08 (for example, when
u = 40,60,100 as in Figure 3-13 (a), (b), (¢). In addition, the validity of this asymptotic
approximation can also be checked by comparing its predictions with the direct numerical

simulations in Figure 3-16 when p = 2.0.
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Figure 3-16: Comparison between the asymptotic approximation Ac ~ A\/u? (continuous line)
and its counterpart obtained by direct numerical simulations (small circles) for an annular plate
with clamped edges and g = 2.0. In the right bar chart we show the relative errors with respect to
the direct numerical results, which are within 4% for the entire range of 7.

It can be observed that the relative errors of asymptotic approximations for 0 < p < 1 is
even applicable for = 2.0 (R.E. < 4%). Similar with the clamped-edge rectangular case, only
the leading order of the asymptotic analysis is worth conducting, otherwise more sophisticated

numerical work is involved.

3.5 A more refined ansatz
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Figure 3-17: Comparison between the relative errors of several approximations on the critical
eigenvalues with respect to the direct numerical simulations for the clamped-edge rectangular plate,

—~

the values of ASYII, Wy, W shown here are the same as Tab. 3.3.

It was mentioned in §3.3.1 that a more suitable ansatz for the problems discussed in this work
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Table 3.3: Comparisons between various approximations of the critical eigenvalues and direct
numerical simulations (NUM) for the edge-buckling of a clamped rectangular plate. The
following conventions are used: ASYIT represents the asymptotic result Ao := Ao + AN~ 1/2 +
Asp~t from the paper [44]; Wy denotes the values of A obtained via the hybrid energy method
with the simplest ansatz W = Wy; finally, W is used to identify the approximate eigenvalues
obtained with the test function (3.48). The relative errors with respect to the corresponding
direct numerical results are recorded in the last three columns.

[ NUM  ASY(II) W, W R.E.ASY(II) REW, REW
(%) (%) (%)

10.0  1.226536 0.676648 1.348720 1.329550 44.8326 9.9617  8.3988
20.0 0.620428 0.472876 0.593808 0.617041 23.7824 42906  0.5460
30.0 0.468225 0.397007 0.448233 0.464508 15.2103 42696  0.7939
400 0.399122 0.355988 0.384502 0.396310 10.8073 3.6630  0.7045
50.0 0.359254 0.329800 0.347982 0.357133 8.1988 3.1377  0.5904
100.0  0.280448 0.271139  0.275470 0.279756 3.3196 17751 0.2470
200.0 0.238152 0.235099 0.235919 0.237944 1.2819 0.9377  0.0873
300.0 0.222183 0.220574 0.220768 0.222085 0.7244 0.6367  0.0443
400.0 0.213362 0.212336  0.212333  0.213306 0.4809 04821  0.0263

would be one which incorporates the effect of the O(u~!) bending layer. Prompted by that

observation we shall now consider replacing W in (3.16) by
(1) = A(2) + i BAT(Z) + AT (2) + AV Gulexo(p) . (34)

where Z := wu'/?y + (o2 and B; (j = 1,2) are the complicated expressions defined in equation
(17) of [44]. Comparisons with various other results obtained previously are recorded in Ta-
ble 3.3 and the corresponding relative errors in Figure 3-17. The data included there indicates a
significant improvement over both the asymptotic results reported in [41] and the earlier results
from our hybrid energy method. It can be shown that the free-edge case for the rectangular
plate is amenable to a similar treatment by following the analysis available in [44], although
things are considerably more involved for the annular plate. That is partly due to the fact that
one has to take the asymptotic analysis of [41] to the next order.

Refining the ansatz (3.16) or (3.43) as indicated above can only provide a sensible improve-
ment as long as p does not get too small, typically x4 2 10.0. Indeed, the analysis of Geer and
Andersen in [4, 5, 6] suggests that for lower p-values one would have to augment the Rayleigh—
Ritz ansatz by terms coming from the asymptotic analysis in which 0 < p < 1. Unfortunately,
as we have already seen in §3.3.2 for the clamped plate, the expression of the corresponding
eigenmodes is not immediately available in closed form. While in principle we can construct
the refined ansatz and use numerical methods to carry out the programme outlined in §3.3.1,

there is little scope in pursuing it as this would defeat the whole purpose of using the hybrid
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energy method in the first place.

3.6 Discussion and conclusions

Motivated by recent work on the bending instabilities of thin elastic plates in tension (e.g.,
[41, 44]), a hybrid energy method has been proposed to improve upon those earlier results.
With the help of a special ansatz informed by the asymptotic structure of the problems at
hand, we have shown that the new strategy is capable of producing approximations for both
the critical edge-buckling loads and the number of wrinkles that are valid for moderate values
of the stiffness parameter . It is remarkable that the accuracy achieved is very good despite
the simplicity of the ansatz employed. This leads us to believe that leading-order asymptotic
approximations in other contexts (such as the two-dimensional problems in [90], for instance)
could form the basis for similar energy strategies, thus circumventing the need of complicated
numerical work.

In the context of asymmetric buckling problems our hybrid energy method is particularly
versatile since it is able to capture the neutral stability envelope with minimum effort. Indeed,
this is done by simply adding an extra integral constraint as demanded by the criticality of
the eigenvalue with respect to the mode number. It is interesting to note that while the
general asymptotic approach in [44] and [41] for rectangular and annular plates, respectively,
was identical, its accuracy was problem-dependent. The hybrid energy method seems to be free
of such shortcomings and is quite robust.

Finally, the analysis described in this chapter reinforces the duality between numerics and
asymptotics. By using the techniques of asymptotic analysis one is naturally led to a correct
estimate of the ansatz that needs to be used in approximate methods such as the Rayleigh—Ritz

technique.
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Chapter 4

The localised instabilities of a
stretched bi-annular plate and

the wrinkling-resistance analysis

4.1 Introduction

In the last chapter, we introduced a new energy method by taking advantage of the asymp-
totic feature (the instabilities are localised) and the minimal potential energy strategy. One
of the examples discussed in that chapter was the localised instabilities of a stretched annular
plate. The localised features therein were introduced by the stress concentration which was
caused by the geometrical discontinuities of the central hole under stretching. But how will
material discontinuity affect localised instabilities in a similar annular geometry? In this chap-
ter, we will discuss a stretched bi-annular plate with piecewise-constant mechanical properties.
More specifically, this bi-annular plate is composed of two fully bonded annuli, which are made
of different materials with different Young’s moduli and Poisson ratios.

Indeed, this can be regarded as a composite structure. A question with practical engineering
application is: how do the mechanical and geometrical properties of each annulus contributes
to the resistance to wrinkling? Can we have some general rules for designing thin structures
when considering their abilities to resist buckling, in order to make the composite structure
more efficient than any of the constituent ingredients?

The motivation of the present work originates partly from the work of Simitses and Frostig
[55, 56, 114]. In [55], the authors formulated the classical buckling problem of a multi-annular
plate subject to axisymmetric radial compressive loading on the boundaries or the common
joints, which was followed by a numerical study of a uniformly compressed bi-annular plate

using a power series method. Later, this study was expanded for a ring-stiffened annular

70



4.1. INTRODUCTION

plate under compression, to discuss the effect of boundary conditions and its rigidities on its
buckling [56, 114]. In the compressed situations, the authors discussed mainly the buckling
forces of either when the mode number n = 0 (axisymmetric mode) or n = 1 (asymmetric
mode). However, in light of the localised wrinkling problem in [41, 47], the wrinkling mode
number in the current problem is supposed to be n > 1. In this case, the critical wrinkling
mode number becomes a pivotal extra parameter for the critical wrinkling loads. Moreover,
bi-annular plates experience global buckling under uniformly compressive stresses as in Simitses
et.al.’s work [55, 56, 114], where all the mechanical properties of both annuli make contributions
to the global buckling. In other words, there is no dominant effect introduced by the mechanical
parameters of either sub-annular region. In the present problem, the buckling is expected to
be localised in the case of the stretched single annular plate. It is interesting to see if only the
mechanical properties of the localised region play the dominant role compared with the flatter

region.

Us Us .
Figure 4-1: Two different an-

nular models under the same uni-
form stretching displacement fields
U1,Us. The left sketch shows a sin-
gle annular plate with uniform ma-
terial, while the right illustrates a
Ey, vy bi-annular plate composed of two

E
2 V2 mechanically different annuli.

EQ, 1]

Also, comparing with the stretched single-annular plate by Coman et al. [41, 47], the
discontinuities between the materials of the two annuli (see Fig. 4.1) raise a couple of other
interesting questions:

If we recall the work done by S. Roccabiance et. al. [106, 107], rather than considering
the homogeneous thick plate, the authors investigated the plane strain bifurcations of elastic
layered structures subject to finite bending. Their analysis reveals that a multilayered structure
can behave completely differently for both the basic state and the bifurcation state compared
with its homogenous counterpart. For instance, a homogeneous block under bending can only
possibly have one neutral axis (where the stress components are zero), and experiences surface
instabilities on the compressed side when it buckles. However, a multilayered block might
have several neutral axes [107]. They then pointed out that, for example, the presence of two-
neutral axes might lead to long-wavelength buckling modes [106]. Returning to the stretched
thin annular plate geometry, we know that in a single-annular case (in [47]), the wrinkling
mode is localised near the inner rim. Then what will the wrinkling mode of a stretched layered-
annular plate look like? Would it be a completely different wrinkling mode, just like the

contrast between the homogeneous and multi-layered block under bending? Is it possible that
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the wrinkling is still triggered near the inner boundary or the interface, or that we have two
localised wrinkles on both annuli?

If we look from an alternative aspect: how do the discontinuities affect the bifurcation
behaviour of a layered structure? If we get a complete understanding of this problem, it could
provide us with the general rules for how the physical discontinuities influence the capabilities
of anti-buckling of thin structures. It will therefore contribute to the anti-buckling design of
general thin structures.

Moreover, in the single-annular case, the critical stretching load (for buckling) increases
monotonically with the aspect ratio (ratio between the inner and outer radii of the annulus), the
associated critical wrinkle number shows a similar trend with respect to aspect ratio. Whereas,
for the stretched bi-annular plate, we might find that these monotonic relations would no longer
be true in some cases.

To answer the above questions, we organise the chapter as follows. In § 4.2, we introduce
the problem and record the formulation for both basic and bifurcation states within such a
bi-annular geometry. For thin plates, the analysis of the pre-buckling stress distribution can
always provide a fruitful indication for the wrinkling problem, which is explained in § 4.3. Af-
ter appropriate rescalings, we conduct extensive numerical explorations following the numerical
strategies presented in §4.4. Here, both a collocation-based solver and the compound matrix
method are adopted for the eigenvalue problem (bifurcation problem) of this multi-layer struc-
ture. The response curves are shown in § 4.5.1, followed by the critical wrinkling load and
the corresponding critical wrinkling modes in § 4.5.2. In these sections, we fully answer the
questions raised earlier: the neutral stability envelopes NSFE can be classified into two different
types, kink and monotonic types. Critical wrinkling modes are not the same as for the stretched
single-annular case: there are four types of wrinkling modes rather than only one: the wrinkling
can be localised solely in the inner or outer annulus, or both, or localised right at the inter-
face. Also, we present a detailed analysis to show the close connections linking the basic state,
the neutral stability and the wrinkling modes, which are affected by the physical discontinuity
introduced by the interface. The role played by the physical discontinuity on the prebuckling
and NSFE is presented in §4.6.2. Finally, motivated by the W K B analysis proposed by Coman
and Haughton [47], we take advantage of the presence of a large parameter (related to the large
initial stretching and small thickness, analogous to u in last chapter) and the large value of the
critical mode number, to extend that strategy to a multi-layer structure by reducing the origi-
nal fourth-order eigenvalue problem into a second-order problem. For a bi-annular plate, there
are four boundary conditions and four continuity conditions. We simplify the eight conditions
into four by order analysis using the Laplacian expansion on an eighth-order determinant. The
asymptotic results show excellent agreement with the results of the full problem. This chapter

concludes with some remarks in §4.9.
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4.2 Problem formulation

Let us consider a simple plane-stress situation that generalises the Lamé problem for an annular
domain subject to radial stresses or displacements on its inner and outer boundaries. Rather
than having uniform elastic properties, the annulus, Q (say), is assumed to consist of two

perfectly bonded concentric annular regions,

Qr:={(r,0)eR*| Ry <r<R,, 0<60<2m},

Qrr:={(r,0) eR* | Ry, <r <Ry, 0<0<27},

that have different mechanical properties, i.e. Q = Qy U Qs (details of the geometry that we
have in mind can be seen in Fig. 4-2). For the sake of simplicity it will be assumed that the
thicknesses of the two annuli are identical and equal to A > 0. The inner and outer rims of ()
are given by the curves r = R; and r = Rs, respectively, while r = R,,, indicates the location of
the interface between the two concentric regions. The inner annulus (€2;) consists of a linearly
elastic isotropic material characterised by the Young’s modulus F; and Poisson’s ratio vq; the
outer region (£277) is similar, but its material is described by the elastic constants Eo and vs.
Moreover, the inner and outer rims are assumed to subject to displacement field U; (inward)

and Uy (outward) respectively.

Figure 4-2: A bi-annular plate stretched by applied uniform displacements on both its inner and outer
edges. The two constituent parts 2; and €277 are assumed to be perfectly bonded together.

Now we will apply the linearised F'vK equations obtained in §2 to the present problem. As

usual, with this kind of problem, we adopt a cylindrical system of coordinates with origin at
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the centre of 2 and the z— axis perpendicular to it. Therefore, the operators are defined as

0 10 8? 1 02 10
Vr-*a, V&-*;%, Vrr-—ﬁ, Vre-—;mfﬁ%,
1 1 2 vr V’I‘T vr@
Vg 1= % ﬁ%, VQS:VTTJrVee, V= , VeV .= )
Vg Ve Vs

(4.1)

For notational convenience, we use the labels j = I or I to indicate the variables in the two
regions: Q,Qrr, and use Cq,Cs and C), to represent the circular boundaries at r = R;, Ro
and R,, respectively. By recalling (2.34), the equilibrium of the basic state of the bi-annular
plate requires

5 (i) 1] =2 /

(N7 (§0")] -n ds +2 / (N1 (69'T)] - niT s

Ci+Cm Co+Ch,
72/ (V~J\°71)~51°;IdA72/ (V-N'T)y.s6dA=0. (4.2)
Qr Qrr

In addition, the forced boundary conditions are prescribed as
ol = (=U,0), d0vf=0 onCy, ol = (Uy,0), o1 =0 on Oy,

where Uy, Uy > 0 are given. Notice that (4.2) should be valid for any variation §9() that
satisfies the above forced boundary conditions, so we have the strong form for equilibrium in

basic state

V-NUT=0 in Qppr, (4.3)

which leads to the classical Lamé solution if we assume axial symmetry. Assuming , = ,(r,0)
and ug = tg(r,0) denote the radial and the azimuthal displacements respectively, this reduces

to the equivalent conditions
tuy = U(r) and g =0,

where the function U(r) fully characterises the displacements undergone by the points in the

annulus. By using the definitions of the linear elastic strains in polar coordinates,

. o, 1 ( 8&9) . 1 (%T BT )
Err = 3> Err = — | Up + A 3 Erg = — + T—— — Ug ,
T 2r

or or
it is immediately found that

U
EOTT = U/(T), 5099 = ir)a ér@ = 0; (44)
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where the dash indicates differentiation with respect to the radial coordinate Ry < r < Rs.

We shall use these expressions in Hooke’s law for plane-stress elasticity

E E
Opp = m(érr + VEOGG) ) Oog = 1_ .2 (5099 + VEDTT) s (45)
where
E in Qp, v in Qp,
gl I L7 I
E2 in Q]], Vo in Q]].

Based on the above assumptions, the linear equilibrium equation of the annular plate takes the
form
d

- Nrr N :Oa
dr( )+ Nog

in which the resultant membrane forces can be expressed as NTT = ho,r and ]%9 = hogy.
Since the thickness i has been assumed to be the same all over the two annuli, the equilibrium
equation for the pre-buckling state is in fact (rd,,), + 6gs = 0. Substituting (4.4) and (4.5)

into this last equation leads to
r2U"(r) +rU'(r) =U(r) =0, (4.6)

with the general solution

Ur) = br + ; : (4.7)

where the constants b, ¢ € R are arbitrary. This expression is valid for both the inner and the
outer regions of €2, but with different constants. We shall use the notations (j) to represent

quantities relevant to either Q; or Q;;, and take the corresponding two solutions

I
U'(r) =b'r + =, 7€ [Ri,Rul, (4.82)
T

11

UM =bTr+ v € (R Ral, (4.8b)

that are valid in Q; and Qp7, respectively. The four arbitrary constants b, ¢() are to be
determined by imposing the boundary constraints on the inner and outer rims of 2, together
with the continuity conditions along the interface r = R,,. Assuming that uniform radial

displacements are applied on r = R; and r = Rsg, the boundary conditions are
Ul(R))=-U;, and UM (Ry)=U>, (4.9)

where Uy, Uy > 0 are given. Moreover, the continuity of displacement at r = R,, indicates that

ol = oM, 5§07 = 6011 and n! = —n'! = e, + Oey along the interface r = R,,, the rest of the
) g ?
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terms in (4.2) read

Q/Cm (]\QTI—]\QTH) -n' - (697)dS =0.

Taking into account the constant thickness of the two sub-annular regions, the continuity con-

dition at » = R, for the basic state can be written as
U'(Ry,) =U"(R,,) and  &..(Rn) =06 (R,). (4.10)
We introduce the non-dimensional variables
A= 2L == (4.11)

and then substitute the general expressions (4.8) into (4.9) and (4.10). The result is a linear

system of four equations for the four constants b, ¢,

I !
b'R — = -\U.
1+R1 2,
. e
bR — =U
2+R2 2
I II
c c
V¥R, + — =b"'R,, + —,
m+Rm m+Rm
II
c c
kbl — ko—— = kbl — ky—
1 QR?n 3 4R'r2n
where
% 0% 1 1
K1 := Ko 1= K3 1= K4 1= .
! 1—1/1, 2 1—}—1/1, 3 1—1/2, 4 1+V2

After lengthy calculations we find that b"// are given as the product between certain non-
dimensional factors and Us/ Rz, while in ¢ the dimensionless factors are multiplied by Us Ra.

We can further rescale our variables by introducing

T M — ftm 4.12
14 R2 ) m R2 ) T2 RQ ) ( a’)
= U = Uz
Uy = — Ug = — 4.12b
1 R2 ) 2 RQ ) ( )

so that 2 is now defined by 11 < p < 1 and the interface has equation p = 72; henceforth, the
bars on the dimensionless U; and Us will be omitted for the sake of simplicity. In terms of

these new variables the expressions of the coefficients in the basic state are

1
bl = Z{ (k3 + K2) 12 — K2 + Ka] mA + (k4 + K3) 7722} ) (4.13a)
1
= _Z{ [(k3 — K1) 13 + (K1 + K1) MA + (K4 + K3) 7712}775 ) (4.13b)
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1
bt = A [ (k2 + K1) A + (k2 — Ka) nf + (K1 + Ka) 775} ; (4.13¢)
1
= N { (k2 + K1) MA + (K3 + K2) 777 + (K1 — K3) 77%}77? (4.13d)
where
A= [HQ — kg — (K3 + K2) ng} 77% + [(Iig — K1) 77% + K1+ /-@4} 77% . (4.14)

Since A = A(n1,72) defined by (4.14) appears as a denominator in the expression of the
coefficients that enter in the basic state (4.8), we need to investigate whether this quantity can

ever be equal to zero. By introducing & := 72 /m > 1, it is a routine exercise to show that

né? = (k4 + w313) (€2 = 1) + (k2 + w163 (1 = 13)
1

which is evidently strictly positive.

We are now going to couple the basic state of the previous section with the linearised
bifurcation equation. Owing to the presence of two different regions in the annulus, this equation
will have to be written separately in each of them. Letting w! and w!! be the out-of-plane
displacements experienced by the two annular parts as a result of wrinkling, (2.40a) leads to

the below bifurcation equations (strong form for bifurcation) due to the arbitrariness of w()
D Viw - NO (Ve vw?)=0 n Qy, (4.15)

which is applicable to the inner and outer sub-annular regions by taking j = I and I respec-

tively, namely,

. 82 I i 1 a I 182 I .
DIt h [a_w F by (ai n %)] —0 m o, (4.164)
92w!! 1 /0wl 182w!!
T o | R Tt
where
Dl Eih , DIl . Esh ,
12(1 — 2) 12(1 — 12)

denote the (different) bending stiffnesses in Q; and Q;;, respectively, while

o (O 10 109%\
V= ()= (gt )

stands for the usual bi-Laplacian operator in polar coordinates.
The bifurcation equations can be rescaled by using the dimensionless variables already

introduced in (4.11) and (4.12). Some further substitutions are required to complete the process,
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and we state these explicitly for the sake of completeness

) (4) h2

G ¥ Doy s 02 4.17
v h O 7 R, M (4.17)
(Although in switching from the independent variable ‘r’ to ‘p’ it would have been possible to
re-label the radial stresses as ,,, we keep the original notation as that seems more intuitive.)

The rescaled pre-bifurcation stress can be expressed in terms of the non-dimensional con-

stants found in (4.13) as recorded below

. 1—u, _
&) vy = @D {0
- . je{lIl}. (4.18)
) 11—y .
A o e | |w

We can write the rescaled versions of (4.15) in the compact form

(4.19)

. S 92w 31 owd) 192wl
—2v4,,() _ p | 50) =(4) 2 Z —
\Y h =0,
7 w ok 00 + 044 ; ( o + > 00 )}

2 is usually a very small parameter (0 < p~! < 1) for plates that are very thin or

where p~
highly stretched (within the limits of the theory employed in our investigations).
The solution strategy for solving these equations mirrors closely the related approach taken

by Coman et al. in [41, 47]). By looking for solutions with separable variables we consider
wP(p,0) = W (p)cos(nd), j € {I,11}, (4.20)

where n € N represents the mode number (equal to half the number of regular wrinkles in
the azimuthal direction), and the unknown amplitudes W1/ will be found by solving some
simpler ordinary differential equations. We mention in passing that the mode number n must
be the same in both €7 and Q;;, otherwise there would be certain discontinuities between the
wrinkled configurations of these two regions (which would contradict the perfect bond initially
assumed to exist between these parts).

On substituting the ansatz (4.20) into (4.19), after eliminating the multiplicative common
term cosnf, we are left with solving two ordinary differential equations

dAw @) N BWO S PwWW S dw ) , ,
o 5 (p) e CS”(p>W+c§J><p>7+céJ><p>w<ﬂ>:o, peNy, (4.21)

where

‘ 2 ‘ M1,
&) =2, ¢p) =~ | sl
p p
: 1[2n%+1 L : n? [n?—4 -G
i’ (p) =T o5 ()| C§(p) = p—z{ e Uéje)(p)] :
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where 57 = I or II is adopted, respectively, to describe the buckling equations of the inner
and outer sub-regions. These two equations must be supplemented with appropriate boundary
conditions. Using the rescaling introduced and the normal mode approach introduced earlier

on, the clamped boundary conditions on p =, 1 are

dwt

WI(Ul) = dp

=0 and W!H(Q)=

=M

=0. (4.22)

The continuity conditions along the interface are slightly more demanding. For example, the

kinematic continuity on the interface requires that
wl =w', Vw' =Vuw!l at r=R,,. (4.23)

The same rule goes for its variation, so dw! = dw!l, V(sw!) = V(dw!!) on the interface.
In §2.4 we have derived the boundary conditions for isotropic plates under in-plane loading.
However, when we pursue the interfacial conditions, we need to be more careful — we should
start from the integrals in (2.29b) which include the full information of the unit normal n
or unit shear s. Following a similar process as in (4.2), we can have one of the continuity
conditions by applying (2.29b) along the interface (the subscript ‘1’ has been dropped for

notational convenience and the inextensible midplane assumption has been taken)

3 / { [NO .l —D(,)i(V e Ve vu)] -n®
Cm

Jj=I,11

-V [D(j) (Ve Ve onl) @ s(j))} : s<i>}(5w<i>) dS =0, (4.24)

where j = I defines the variables in €2; on the interface, while, II denotes those in ;5 on

the interface, but in opposite direction, namely, n! = —n’! = e,, s’ = —s’! = eg. Therefore,

n! ® sl = n!! @ s'! and (4.24) becomes
/ {[—]DIE(V®V®Vw1)+]DHE(V®V®Vw”ﬂ~n1
Cm
+V[-D/i(VeaVw ean'®@s")+ Dy (Ve Ve en' @s')] -SI}(éwI)dSEO.

Specialising the bending stiffness tensor D to the St. Venant—Kirchhoff material case (as in

§2.3), the arbitrariness of w! = Jw!! leads to the following continuity constraint on C,,
—Dr [V (V") +(1=11)Ve(V,Vow")| = =D [V, (V20 ) + (1-12)Ve(V,Vew'")] , (4.25)

in which we have already made use of the simplification N!.vuw! = NIT. vl along C),
that follows from (4.10) and (4.23). We observe that (4.25) is the equilibrium of the vertical

shear force resultants on the interface.
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We can conduct similar operations on (2.42a) along the interface C,,, which leads to

3 / DV & Vo'l & nd @ n) [V((gw(j)) n]ds=0.

j=1,117Cm

According to the arbitrariness of V (§w(?))-n9) along C,,, we eventually have another continuity
condition

Di(Vypw! + 11 Vgow!) = Drp(Vew! + 15Vgew!?) | (4.26)

which states the equilibrium of the bending moments on the interface.
To summarise, at the interface r = R,, we have the kinematic and mechanical continuity

conditions recorded below,

I I ow’! B ow!!
w (Rm) =w (Rm); or o = or —n s (427&)
M"(Ry) = M"™(Ry),  Q'(Rm) = Q" (Rn). (4.27D)

The quantities that appear in (4.27b) are defined by

| Pul vy (o0 10200
M := Dy [W‘L_( or 7 o6 )]

r

0

ar

‘ N -y 8 /10w > ‘
Q) .= _D(j){ (v2w<a>)+ V() (_ w )} L ROV,

r Ordd\r 00

and represent the bending moment and the vertical shear force, respectively, where the terms
Nr(i) Vnw(j) in Q(j) are cancelled out in (4.27b) as mentioned earlier. Here we take the chance
to point out that the continuity conditions Eq. (10) in [55] and Eq. (9) in [56] are problematic,

which make the mistakes

Q' (Rpm) = —Q'(Ry)

where

—

QW = —Dy;)

D (oo ). L=vy 8 (10w NP ow?)
o (V) + = 5 (5 "D, o

Comparing the expression for Q) we obtained in (4.27b), there are three discrepancies. First,
the terms 65(7) on either side of their equation are of opposite sign, thus the terms N,Eﬁ) (Rm)
are not cancelled out for equilibrium, which does not make sense from a physical point of view.
The second difference presents in the derivative order of w(?) (with respect to variables r and 6)
in the two underlined terms, obviously, the first term is of third-order while the latter is second-
order, which is mathematically problematic. Moreover, we can observe that D(;) multiplies the
bracket, but is in the denominator of the last term, which raises a dimensional mistake. As will

be pointed out in §4.8, the continuity conditions (4.27b) are not the leading order condition

compared with the forced interfacial conditions (4.27a). Therefore, it will not affect the final
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results significantly (especially for the compressed bi-annular cases in [55, 56]), but it caused
some singularity problems in numerical calculations when we tried their formulation in our
stretched bi-annular case.

The above derivation leads us to believe that the tensorial formulation based on the min-
imum energy principle can help us avoid mistakes in derivation especially for comparatively
complex constraints.

After using the rescalings introduced earlier on, and employing the normal-mode approach
(4.20), the kinematic continuity conditions (4.23) and the natural continuity conditions in

(4.25), (4.26) lead to the rescaled continuity conditions at p =

wl=w, (4.28a)
dwlt  dawit
PP (4.28b)

+ —
dp? " mx dp 13

P I 9 21a7 11 11 2
5 AW v dW vin wi) =3, "W v2 AW VQZ wi) | (4.28¢)
dp? ne dp 3

3 {d?’WI 1 2wl <1 +(2- ul)n2> dw! N (3 —v1)n?
L _

+ = w! ]
dp®  mp dp? s dp 5

dBwit 1 2wt 1+(2— 2\ aw'! 3— 2
ﬂz[ ——— ( aalt 2”2)") L ?)” W”}, (4.28d)
dp ne dp 5 dp 75
where
0 1
,31 = ﬁ and /82 = 1_—1/22 .

4.3 Basic state

Next, we are going to study the existence of azimuthal compressive stresses in ) as in
Eq. (4.18) and classify all the possible situations. Hereafter, we will refer to the analysis for
prebuckling azimuthal stresses as PBAS analysis for clarity.

As mentioned in § 1, the compressive component(s) in the prebuckling stress N is a key
term in the bifurcation equation to determine the critical bucking state for the thin (slender)
elastic structures. Because from a mathematical point of view, in the bifurcation equation
Eq. (4.21), the rescaled prebuckling stresses [’75]}), [’7(%) are multiplied by a large parameter 2,
which characterises the slenderness of the stretched bi-annular plate. It introduces a singular-
perturbation feature into this eigenproblem. As p — oo, the original fourth-order differential
equation collapse to a second-order equation, in which, the point where dg9(p) = 0 acts as the
turning point of the reduced problem. For the sake of classifying convenience, here we introduce
a terminology ‘Nodal Hoop Point’ (N H P), which denotes the point of 5 where 69¢(p) = 0.

For a stretched bi-annular plate, the PBAS are complicated compared with the model
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Table 4.1: Classifications of prebuckling azimuthal stresses (PBAS) Ggg(p) in the stretched
bi-annular elastic plate. I, p, I1, 5 are the quantities defined in (4.29). The black bullets on the
dashed lines in each sketches identify the location of the nodal hoop points (NHP) m <p <1
for which 6¢g(p) = 0. The coloured blocks following the notations such as B, § indicate the
background types of the pre-bifurcation hoop stresses to be used later on, e.g., Figs. 4-3 to 4-9.

Shift-down style Shift-up style

Bl, / ‘327

INHP in Qg ; INHP in Qg
I, <0<, / _____ I, <0< I,
I1,,I1, >0, I1,,II, >0,
and I, < 11, and I, < 11,

R7 / j{a

2NHP in Qpr || —~ - = ONHP

I, <0< I and / I, < I, < 0and

11, <0< 1 O0< I, <II
S, || T~~~ / 92,

INHP in Q[[ ; INHP in Q[[

I, I, < 0 and / II, <0< I,

I, <0< Il and I, < I, <0
Y,

INHP in Q[[

I, I, >0 and

II, <0< Il

discussed in [41, 47] with only one NHP. When S. Roccabiance et. al. [107] considered the
plane strain bifurcation of a layered thick block, they pointed out that the stress distribution
in the basic state is complex and is in itself interesting, and it may have more than one neutral
axis (counterpart of the NH P in our problem). Similarly, we expect that the curves of PBAS
of the stretched bi-annular plate might have more than one NH P, and there are a variety
of situations in terms of the combinations of the positive and negative PBAS regions which
are separated by the NVH P’s. Since the NHP is of great importance for the further possible
W K B analysis, it is therefore critical to classify the different situations of PBAS in advance,
in order to gain a clearer understanding of the buckling problem, and also indicate the possible
application of further WK B approximations. We have employed numerical simulations on
the orthoradial stress with respect to 71, A. Figs. 4-3 to 4-5 include the most representative
behaviours of the PBAS with the background coloured as defined in Table 4.1. For the sake
of notational convenience, we denote the PBAS on the boundaries and interface as

(0)1 (0)1

Iy := o0y, (m), Ip:= Ogg (n2) (4.29a)

I, =0 (o), Iy =0 (1). (4.29b)

There are seven possible cases when we consider the PBAS with respect to the location of
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v=0.5,m72 =0.2 v=0.5,m2=0.5 v=0.5,72=0.8
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\ \
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'\
0.5 \ 0.5 / 1
0 0 0
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Figure 4-3: The coloured background in each subplot show different types of pre-buckling azimuthal
stress (PBAS) 69o(p) corresponding to the notation defined in Table 4.1. The parameters are taken

as 11 = 0.1, = 0.3; 7,72 take the values as in the title of each subplot. The thick lines (either

blue or red in later plots) in each subplots are the curves for Mow

NHP as illustrated in Table 4.1. These seven possible cases can be classified mainly into two
categories: shift-down type (I > I1,) at the interface and shift-up type (I, < I1,).

Shift-down type In Table 4.1, the types By (light blue), R (red), G; (light green) and Y
(yellow) fall into the shift-down type. All the four sketches are of similar tendency except for the
relative locations of the dash line (6499(p) = 0) with respect to the points I, and II, ;. More
specifically, by moving the sketch curves (thick solid lines) in the type R (with two NH P’s)
up or down with respect to the dashed line, it will transits to the types By (with one NHP in
Qr) and G; (one NHP in ), respectively. The transition from R to Y (with one NHP) is a
matter of moving up the left section (the 6gg(p) in 1) of the curve until Ggg is positive over the
whole region ;. Such relations are also embodied in the Ggg(n1; A) plots. As we can see from
the subplots in the first row of Fig. 4-4 and all those in Fig. 4-5 (when ~ is relatively small or
v1 /s is relatively large), the R background regions always border the Bq, G; and Y regions. To
put it another way, by changing the values of A\ and 7; within the A — 7; plane, the situations
shown in one colour may switch to the situations indicated by its border background.

Shift-up type On the other hand, By (light blue), X (black) and G2 (light green) belong
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v=0.5,m2=0.2 v =0.5,172 =0.5 v =0.5,1m72 =0.8
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Figure 4-4: As per Fig. 4-3 except: v1 = 0.3,v2 = 0.3.

to the shift-up type. With the dash line 649(p) = 0 crossing different sections of the curve,
there is one NHP in Q; for the Bs type, no NHP in X, and one N HP located in Q;; in the
Go type. If we refer to all the subplots in Fig. 4-3 and those in the last row of Fig. 4-4 (when ~
is relatively large or v; < 1), we may find that the X background region always share borders
with By and G, regions.

However, in Figs. 4-3 to 4-5, those background regions of different colours are separated by
the boundaries between them. So we will keep our focus on the occurrences of those bound-
aries and their properties. Since the backgrounds are based on the I, and I1,;, we would
expect that the boundaries can be obtained by letting those values equal zero. Due to the large
number of free parameters in this problem, the boundaries should also depend on some of the
parameters, which motivates the following analytical investigations. We take 0 < n; <o <1,
~v:=FE1/Ey >0 and v, € [0,0.5] according to general physical sense, which will be used by

default as the valid ranges for the parameters in the analysis on those boundaries hereafter.
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Figure 4-5: As per Fig. 4-3 except: v1 = 0.3,v2 = 0.1.

1° Boundary B; (I, =0)
If we let I,(m1,7m2; A) = 0, then with fixed 72, we obtain an expression

AB1 — dyvimns
(1= )1 = v3) {k1 [k2 — ka — (K2 + K3)03] N} + Ko [k1 + Ka — (k1 — K3)03] M3 }

)

which apparently passes the origin (0,0) in A — n; plane and is monotonically increasing with
1y for entire valid ranges of other parameters (12,1, v2,7). However, the latter statement is
not as straightforward as the former and requires some explanations as follows. For the sake of

clarity, the APt can be expressed in the form

11771
AP = - 4.30
lon? + 133’ (4.30)

by introducing

4’71/177% 2 2
lhi=——m——, Ily:= 1— —
L (1—02)(1-12)" 2=k [“2( 1) (H4+Ii3772)] ’

I3 := ko [m(l — ng) + (ka + ngng)} .
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The monotonicity of ABt(n;) is predicted by the sign of its first derivative with respect to 7;

8)\B1 7 ll . 211[277% o 11(1377% — lg’f]%)
om bt +lany (leng +13n3)? (lanf +13m3)?

(4.31)

where I; and (Ion? + I3n3)? are positive except at a singular point where the latter equals zero
(referred to in subsequent discussions). If we agree to use the standard signum function ‘sgn’

in the following discussions, it follows immediately

ONB1
sgn( 5 ) = sgu(lsn; — loni) -
m
As1—n2 >0, kg + k3n2 > 0, and obviously I3 > 0, so

I3 rkalri(L=n3)+ (ka+k3n3)] Ko ri(l—mn3)

Iy _ ki [re(l—m3) = (kat rgms)] _ ok ma(l—m3) _ - (@)2

therefore, we always have I3n3 — lon? > 0, which leads to dAB1/dn; > 0. To put it another
way, AB1(n;) is an increasing function for any valid parameters ranges in our problem. As 7
increases from zero, the denominator of AB! in (4.30) is always positive (since I3 > 0), before it
possibly changes sign from positive to negative (provided Iy < 0). More specifically, AB* — oo

at

; :n\/(1—1/2)[1—V1+7(1+V2)]+(1+V2)[1—V1—7(1—V2)]77§
TPV O v (U w)] + (L) [T+ o+ (1 —v2)] 3

The occurrence of such a singular point requires that the coefficient of 7 falls between 0 and

1, which leads to the restriction

S 1—vp\ y(d+wve) -
G 1+va) (1 +wva)+uy 2

Actually, the expression for AP! represents, in Fig. 4-3 to 4-5, the blue solid bounds between

the bottom-side white region and the blue regions B; 5 in all sub-plots, also the blue dot-dash
bounds between the red region R and the yellow region Y in the some of the sub-plots.

If the bi-annular problem degenerates into a simple-annular case described by p € [n,1], 6 €
[0,27), by letting 1 = ne = 1,7 = 1.0,v1 = vo = v, in this case, the condition for such a
singular point reads n > 72 := /(1 — v)/(1 + v), which matches the previous work in [47].

2° Boundary By (I, = 0)
Similarly, if we let I1,(n1,n2; A\) = 0, we have

\B2 _ (1 - V12) A+m)A = A re)ns — A —v)(A + 1 — yr)ni
1—v3 1 [L—ve — (14 v2)n3] -
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For the sake of notational convenience, we can rewrite the above expression as

772
)\BQ = l4 <l5—2 - 167]1> 5 (432)
m

where

1—v? 1
ly = 5 ) C s = (1 + )1 =1 + 1),
) (1—V§> Py r g v R R G N S L)

log:=1—v1)(14+v1 —19).
It is easily shown that for all parameters within their valid ranges,
m m
15— — 16771 =m <l5—2 — 16> > 771(15 — lG) = 2’}/1/27]1 > 0,
m UA
then, the validity condition AB? > 0 requires I4 > 0, namely,
1-— 1]
D VIitvs
Moreover, the monotonicity of the curves of AB2(n;) can be indicated by
)~ ()
sgn =sgn|—ls—5 —lg | . (4.33)
( om i

Keeping in mind that l5 > 0 and 72/ < 1, then

2
fls% —lg < —l5—lg = —2(1 — 1/12) — 291119 < 0.
1

Consequently, we can conclude that AB2(n;) is a monotonically decreasing function of 7;.
Returning to the background plots for the Ggg(n1; \) in Fig. 4-3 to 4-5, the curves of AB2(n;)
are represented by the red lines (both solid and dot-dashed), which appear naturally between

the red region R and the blue region B;, or between the yellow region Y and the white region

below, such boundaries only occur under the condition 7o < /(1 — v2)/(1 + v2).

3° Boundary B3 (I, = 0)
Following a similar strategy to 1° and 2°, another boundary B3 can be found by assuming

Iy(ni,m2;A) =0
\Ba _ (k3 + Ka)(—Kam + K193 /m1)
261k2(1 —n3) + (K4 + k3n3) (k2 — K1)’

which can be rewritten in the simpler form as

772
ABs =1, (m—Q - mm) : (4.34)
m
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by introducing
K3 + K4

 2k1k2(1 —m3) + (ko — k1) (K4 + K3n3)

l7 -

We notice that

2 2

0 0 2yvim
H1—27I€2771:7]1 (Hl—gHQ) >7]1(Ii17l€2):—2>0,

m Un 1 -

therefore, the existence of such a boundary requires I7 > 0, that is

V1 V177§ ) >

sgn(l7) = sgn (261k2(1 = 13) + (Ka + Kan3) (k2 — k1)) = sgn (7(1 —13) = 1 " T4,

After some direct analysis, the above statement leads to 72 < 72 (7l was introduced in 1° for

the singularity point of By(n1)), provided that v > v1 /(1 4 v»2). As for the monotonicity of the

o (52) -
18 = n{—Ki1—  — K .
& om & b

boundary AP3, we have

In fact,

which suggests that AB3(1;) is a monotonically decreasing function of 7; once it exists. The
curves AB2(n;) in Figs. 4-3 to 4-5 are shown by the green dot-dashed lines either between
the black region X and the light blue region B, or between the red region R and the green
region G;. It is interesting to point out that the boundary APt (1) always intersects AB2 (1) at
71 = 12 when the former curve is not singular for the whole range of 11 (12 is one root of the
equation \B1 = AB3). Of course, the conditions for the existence of such an intersecting point

are v > 11 /(1 4 o) and 73 < 7.
4° Boundary By(I, = I1,)
If we let I, = I1,, we have

k(K2 — ka)m + ka(ks — K1)05 /m

ABs =
Ko(k1 — 53)773 + k1(ka — K2)

Before dwelling on the analysis of its behaviours, we introduce some auxiliary notations

PO::ﬂ PJF::V1Jr1 7'71/171
1/2, V2+1, V2—1,

Q+::7_P+a Q_::’Y_P_a

where P°, Pt and P~, depending on v; and v, are obviously positive, whereas the relationship

among these three terms is not immediately apparent, and whether the values of Q~ and QT

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 88



4.3. BASIC STATE

are positive or negative depend further on the relationship between 7,11 and v,. Therefore,

sgn(PT — P%) = sgn 71/21/1)5111/1/ )
g ( ) g (Vg(l VQ) g ( 2 1)
_ V2 — 11
P —P% = e | = —
sgn( ) sgn<y2(1_y2)> sgn(ve — 1),
Vo — 11

S ) S

2
1—v3
va — 11
1+I/2

vy — 11

sgn(l — P*) =sgn ( =sgn(vy — 1),

sgn(P~ — 1) = sgn < > = sgn(vs — 1),

1—V1

and for further reference, we record the results below

P'<PT<1<P < 1<, (4.35a)

P <1< PY< P’ <= v >y, (4.35b)

here ‘ <>’ stands for if and only if. After certain direct simplifications with the help of the

previously introduced notation and results, we can rewrite AP+ as

—mP~ Q" +n3/mPTQ~  Nume

AP = =
QT —n3Q™) Deno ’

(4.36)

with Nume and Deno denoting the numerator and denominator of this fraction. If we take the

first derivative of the above expression with respect to 71, we have

NP+ PTQT +ni/niPtQ
om QT —mQ-)

(4.37)

to be used for the discussion of the monotonicity of the boundary curve By. The validity of
its expression in Eq. (4.36) requires AB4(1;) > 0. From (4.36), AB4(1;) > 0 leads to two cases:
the denominator Deno > 0 and the numerator Nume > 0 in the fraction therein; or Deno < 0
and Nume < 0. Moreover, after some direct analysis in terms of the values of Q1 and Q~, we

have two situations below

QT, Q" >0 <= y>P" P < y>max(P",P), (4.38a)

QT,Q" <0 <= y<PH P~ < ~v<min(P",P7), (4.38b)

while, other two situations Q* > 0,Q~ < 0 and QT < 0,Q~ > 0, both yield AB4(n;) < 0, are

therefore dropped.
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Case 1 Deno > 0 and Nume >0

In this case, we have
QT >n2Q™ >0, and n2/mPTQ™ >mP QT, (4.39)

under such conditions, we shall consider the two sub-cases as listed in (4.38). Before doing so,

we can rewrite the statement for the convenience of further analysis

Qt ~y—pPt P —Ppt

o P g — (4.40a)
PrQ- _Pr(y-P7) . APT-P7)

ot Par g (4.40Db)

which holds irrespective of the value ranges of the parameters.

Case 1la If QT > 0,Q~ > 0 as in (4.38a), then (4.39) gives

2 <VeRY/Q, (4.41a)

WP
m P-Q+’

(4.41Db)

There are still two situations regarding vy and vo. When vy < vy, we have QT/Q~ > 1 and
(PtQ7)/(P~QT) < 1. Hence, (4.41a) holds by default, while (4.41Db), together with (4.38a)

and m < 19, lead to

P+Q_ 1—1n
< ——— <, > >1, <. 4.42
771_772\/P,Q+_n2 V1, 2 v S vp (4.42)

On the other hand, if v1 < vy, then QT/Q~ <1 and PTQ~/P~Q" > 1, similarly, (4.41b) is

satisfied automatically, and we can draw the conclusion

|Q+ 1
na < %gL 7>11Z1Z1, v >y, (4.43)
2

It remains a routine exercise to verify in both situations (4.42) and (4.43), we always have
8>\B4/8771 < 0.
Case 1b As in the case (4.38b), QT < 0,Q~ < 0, when (4.39) results in

> Vet/Q, (4.44a)

(4.44D)

It is manifest that in this case the assumption 1 < v will lead to the invalid conclusion
N2 > /Q1T/Q~ > 1, therefore this argument is not true. If we assume v; > 1o, from (4.44b)

we will have 77 /n3 > 1, which again conflicts with the valid parameter range of ;. Thus, the
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situation Case 1b does not exist.

Case 2 Deno < 0 and Nume <0

On this assumption, we get

2
QY <mQ~, and PTQ < Ap-Qt, (4.45)
2

which can be considered in two sub-cases just like Case 1.

Case 2a Assuming QT > 0,Q~ > 0, (4.45) yields

2 >/QT/Q, (4.46a)
n _ PTQ”
B~ PQf

. (4.46b)

Y

However, in both situations when vy < 1o and v; > vo, we arrive at the conclusions 1? /13

VPTQ—/P~QT > 1 and 12 > /Q1/Q~ > 1, respectively, which both conflict with 0 <n; <

72 < 1, which means that the situation Case 2a is not valid.

A

Case 2b On the other hand, if take the assumption QT < 0,Q~ < 0, then

2 <VeRt/Q, (4.47a)

(4.47b)

When vy < v, then Q1/Q~ < 1 and (PTQ7)/(P~Q") > 1; hence (4.47b) is correct for all
parameters in their valid ranges, while (4.47a), with the conditions in (4.38b), gives rise to the
conclusion

Mo < Q—+<1, 'y<1+y1<

e

However, once vy > vo, we will have Q¥ /Q~ > 1 and PTQ~/(P~Q™) < 1, which makes the

V1 S Uy . (448)

— 3

1+V2

inequality (4.46b) to be always satisfied. In addition, we can have

P+Q7 171/1
<y e <ma, < <1, m>uv, 4.49
m<i oy Sy V< o<1 mzn (4.49)

In both cases of (4.48) and (4.49), we will always have OAB* /9, < 0 according to (4.37).

To conclude, the existence conditions for the boundary B, in the A — 7, plane are

‘ O
T

y< Pt <1 and 7y < R <1, (4.50a)
As v < va,
_ PtQ~
y>P >1 and 1 < 1 O+ <, (4.50b)
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or

v>P">1 and e < 4| =— <1, (4.51a)

P~ <1 and <y [ET9” 4.51b
y<PT<1 an mEmy|pooF ST (4.51D)

Let us return to Figs. 4-3 to 4-5. The boundaries of By are represented by the cyan dot-line

when v > vy,

curves. Actually, this is the boundary which separates the shift-up and shift-down types. The
conditions in (4.50a) apply for all the subplots in first row of both Figs. 4-3 and 4-4, where
v1 < vg,y < PT < 1; with the conditions (4.50b), B4 appears in the last row subplots in
Figs. 4-3 and 4-4. While, (4.51a) and (4.51b) imply the existence of the cyan curves By in,
respectively, the last row and the first row subplots in Figs. 4-4 and 4-5 when v > vy, All

the curves of By appear to be monotonically decreasing with 7; just as we obtained earlier

8/\B4/8771 < 0.

Lower bound of )\ for the occurrence of compressive stresses

After discussing the boundaries of different backgrounds, we draw attention to the fact that,
from the point of view of a pure membrane (= 00), it is their lower parts that are immediately
relevant. In other words, as A is progressively being increased from zero, the onset of compressive
stresses coincides with the temporal quality when the value of this parameter first reaches
the coloured background. We can think of the horizontal boundary separating the coloured
background region from the white region as a mapping 11 — Al°%(1;). With this convention in
mind the observations just made above say that wrinkling occurs in the bi-annular membrane
as soon as A = A°%: for a plate, the counterpart of this statement is A > Al°¥ i.e.. we only have
a lower bound in this case.

It can be seen from Fig. 4-3 to 4-5 that, there are two types of the lower bounds (shown in
blue and red thick lines): one kind of lower bound is of ‘rectangular-hyperbola’ shape, which is
actually the boundary B; (I, = 0, blue thick line) alone, and it coexists with the shift-up type
sketches of Ggg(p), namely, those denoted by Bo, K and Ga; the other kind is of cusp shape, which
is actually the lower intersecting parts of both boundaries By (I, = 0, blue thick line) and By
(I, = 0, red thick line). This case always agrees with the concurrence of the aforementioned
shift-down type dgg(p) sketches, corresponding to the By, R, 51 and Y background subplots.
The cusp (intersecting point of By and Bs) can be understood mathematically as the point
I, = II, = 0 in the first quadrant of the A — n; plane. By solving AB1(n;) = AB2(»;) and

dropping the invalid roots of 7;, we are left with the root

77cusp:77 177/1 + Y2
L 2 14+v) — s

thus, the possibility of the cusp is guaranteed by forcing the intersecting point 7"’ to be
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within (0,72), which requires 0 < v < v1/v2. On the contrary, once v > v /s, the ™™ falls
outside (0,72), )\IOW(m) appears to be ‘rectangular-hyperbola’ shape. In conclusion,

0<~vy<w1/ve, cusp-shape AoV

(4.52)
v > /va, rectangular-hyperbola-shape AoV .

4.4 Remarks on the numerical solutions

In this section, we discuss various strategies for the numerical investigation of the bifurcation
equations (4.21) to (4.28) derived in the previous section. The differential equations can be
written in linear system form,

dy¥)

in which the vectors y¥) are defined by

_—_- AW 2w Bwot

() .—
y * dp ) dp2 Y dp3 )

and the matrices A (p) are represented by

0 1 0 0
_ 0 0 1 0
A (p) =
0 0 0 1
¢ (o) ¢ (o) € () (o))

The boundary conditions on the inner and outer rims, (4.22), can be cast in vector form,

Bly'(m)=0 and B'y'(1)=0, (4.54)
where
1000
BU) .—
01 0 0

In addition the continuity conditions (4.28) are also amenable to a similar transformation,
Gy'(n2) — Hy'! (1) = 0. (4.55)
The non-zero elements of the matrices G and H are

Gi1i=Gxp=1, Hj=Hyp=1,
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2
n-v 1%
Gs1=—Pi—g, Ga=p—, Gs=0,
Up 2
TL2V2 1%}
H3 = —Po—5=, Hsx=p2—, Hs3=p2,
U 2

G41:ﬁ_;(3—V1)n2a G42:—ﬁ—;[1+(2—y1)n2], G43:&’ Gaa =P,
Up) Up) 2

Hy = ﬁ—§(3 —wvo)n®, Hy = —ﬁ—i [14+(2—w2)n®], Hiz= &, Hyy = B2,
Up) Up 2

The numerical solution of the eigensystem formed with (4.53) to (4.55) can be pursued by using
several different strategies. One of the non-trivial features in this problem is the presence of the
interface requiring the solutions of (4.53) to be matched via the equations (4.55). In standard
terminology, we are dealing with a three-point boundary-value problem. The MATLAB software
provides built-in functions that allow us to deal with such problems very easily, without the
need to do any preliminary work (e.g., see the comprehensive overview given in [110] for the
‘bvp4c’ solver). Both the eigenvalues and the corresponding eigenmodes are available by using
this software.

Other alternatives are the boundary-value solver ‘sbvp’ (see [9, 10, 11]) and a version of
the compound matrix method described by Lindsay in [80]. The disadvantage of the latter
consists in the fact that only the eigenvalues are available by following that route; to get the
eigenmodes one must turn to standard boundary-value solvers like the ones mentioned above.
We have used all three approaches to check the accuracy of our results. A further check was
done by letting v = 1.0, 1 = v» with various choices for 77,72, and then comparing the results

with those obtained in the case of a simple annular plate with uniform material in [47].

4.4.1 Observations regarding the collocation solver ‘sbvp’

Here, for the sake of completeness, we review a few preliminary steps that are needed for using
the MATLAB-based collocation boundary-value solver ‘sbvp’ [9, 11]. This is particularly effective
in dealing with problems involving singularities, nonlinearities or any other complicated situ-
ations; in certain respects this software copes better than ‘bvp4c’ with unexpected difficulties
that are usually encountered in problems with large numbers of parameters (where a vast range
of solution behaviours is possible). Basically, we have to reformulate our governing equations
as a two-point boundary-value problem — this is a standard technique whose pros and cons are
reviewed in detail in [7].
By using the change of variables
_ P~
22—

T or p=m+(m2—m)x, 0<z<1, (4.56)

the differential equations (4.21 when j = I) are written over the fixed range 71 < p < n2. To
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accomplish this, let W(p) = Wl(n + x(na —m1)) =: Ui(z) and, similarly,

WI dQWI dBWI
i (m4z(nz—m)) =: Uz(z), d—pg(mﬂﬁ(ﬁrm)) =: Us(z), R

With these notations, the differential equation (4.21) within €; becomes

U, —

- _U

dZE 2

dUs —

_:U

dl’ 3

dUs —

2 _U

dZE 4,

dU I — I — I — I —
% = 0V C T, —63C Uy — 62CyTUs — 6,Cy U,

where 61 := 12 — 1. The coefficients C, ,i = 0,1, 2, 3 are obtained from the original bifurcation
equations (4.21) by expressing p in terms of z via (4.56).
Equation (4.21) when j = II is amenable to similar treatment by introducing the new

dependent variables U; (i = 5,6,7,8) and the change of variable

y::i':zz or p=m+1-ny, 0<y<l,
so that

Lo -1,

e,

Y,

dd—UyS T T - 8T Ty — 28 T — 6,0 T,

where 05 := 1 — 15. Also, with the help of the new variables introduced above, the boundary

conditions (4.54) and continuity conditions (4.55) can be recast as
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> [GuTi1) + A Uia(0)] =0,

i=1

where @j and Fij are obtained from their counterparts G;; and H;;, and by taking into account

the obvious rules

d L d
— = _ -1 i QO
dp (2 — M) dr mSer,
d d
—=0-n)"t'— in Q.
dp ( n2) dy m II

The upshot of re-writing the equations in this new form is the simplification from a three-point
to a two-point boundary value problem. Although there is an increase in order of the new
system that needs to be solved, this is a minor impediment since originally we had to solve two
fourth-order equations, see equations (4.53). Any boundary-value solver can be used to tackle
the new problem. Here, the previously introduced variables x and y are independent variables
defined in Q7 (Uji~y) and Q77 (Usg) respectively. Yet, in this coupled eighth-order boundary
value problem, both variables are of the same integral interval [0,1]. From a computational
point of view, both can be replaced by a unique variable (say z) .

To determine the eigenvalue A by using the eighth-order boundary-value problem with the
help of ‘sbvp’, we should introduce two auxiliary functions, Ug(z) := A and Uj¢(z) to be defined

shortly. We regard A as a function of z, so that
Uy(z) = N(2) =0.
Furthermore, we still need to choose a normalisation for the eigenfunction; here we adopt
_ z P J— 2
Uao(z) = [ 0 + [Tste) .
0

By using the condition Uj(1) = 1, the uniqueness of the eigenmodes is ensured. Differentiation

with respect to z of the above expression yields
- / - 2 - 2
Uio (2) == [Ur(2)]" + [Us(2)] ",
which is then supplemented with two obvious boundary conditions

Uip(0) =0, Ujp(l)=1.

This completes the set-up process for using ‘sbvp’; for further details, such as formulating the

Jacobian matrices, we refer to [9, 10, 11].
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4.4.2 Compound matrix method

The compound matrix method (C'M M) is a natural candidate for finding eigenvalues of boundary-
value problems that have turning points. Unlike the classical determinantal method, which fails
in this situation because of the presence of turning point, CM M is very robust and requires
solving only an initial-value problem for an auxiliary system of differential equations (e.g.,
[66, 81]); in a certain sense CM M is just a variation of the classical shooting technique, and
thus its numerical implementation is fairly straightforward.

With the exception of [80], most applications of this method to Solid Mechanics have been
centred around two-point boundary-value problems. As already pointed out in §4.4.1, the
presence of the interface introduces non-trivial complications; trying to tackle these directly, by
using the eighth-order system formulated above leads to no sensible progress since the associated
CM M system will contain 70 differential equations. A different strategy, proposed by Lindsay
in [80], eliminates the need to go through the reformulation of the previous section and handle
the interface directly (without any unwanted increase in dimension). The precise details of how
this is accomplished for the present problem have been relegated to Appendixz B to preserve the

flow of the chapter.

4.5 Numerical study of the wrinkling problem

Using the numerical strategies recorded in last section, we can solve the eigenvalue problem
formulated in (4.53) to (4.55). Then, the eigenvalue A can be treated as a function of parameters
indicating the geometrical and mechanical properties as defined earlier in (4.11), (4.12) and

(4.17), i.e.

A= Ap, 1,2, 7, v1,02), nEN, (4.57)

that provide the vital information for understanding the neutral stability envelope of this prob-
lem. With the discussions in §4.3, we will explore the dependence on the parameters in (4.57)
on the eigenvalue .

As in §4.3, 7 is regarded as the main variable in this function, i.e., A(r1), while keeping
all the other parameters fixed. However, we have an additional parameter (mode number
n € N), which was introduced to the problem through the separable-variable solution (4.20), so
eventually we need to identify those values which lead to the smallest eigenvalue. It is for this
reason that we need to plot the individual response curves for a whole range of mode numbers as
in §4.5.1, and then move on to the smallest eigenvalues, namely, the neutral stability envelope

(NSE) as introduced in §1.
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4.5.1 Response curves

Recalling the annular plates (both single-annular and multi-annular) under compression
(e.g., [55, 56, 85]), the buckling mode normally appears to be either axisymmetric n = 0 or
asymmetric with n = 1. It is also pointed out by Yamaki [127] that under certain boundary
conditions the axisymmetric mode does not have the lowest critical load, higher modes must
be taken into consideration for compressed annular plates. However, when an annular plate is
under tensile stretching (e.g., [28, 41, 47]), the wrinkling modes with n = 0,1 are irrelevant
because the original eigenproblem has no solutions, and localised instabilities normally develops

fine buckling structures (wrinkling) with mode number n > 1.

0.4

T

Figure 4-6: Dependence of the eigenvalue A on the parameter n; for u = 400.0,v1 = 0.1,v5 =
0.3,v := Ei/E> = 0.3. The locations of the interface (vertical dashed lines) in (a) — (d) are
n2 = 0.6,0.5,0.4,0.3, respectively. The values of the mode number for the red curves are n =
6,8,10,12,14 in all subplots; n = 20, 30, 40, 50, 60, 70 for the families of blue curves in (a) and (b),
while, n = 20, 25, 30, 35, 40, 45 for those blue curves in (¢) and (d). The red and blue arrows indicate
the direction of increase for the mode number n. The coloured background show the prebuckling

)\lOW

azimuthal stress types defined in §4.3, the thick black lines in the bottom indicate as for

Fig. 4-3.
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The relevant numerical results are recorded in Fig. 4-6 to 4-9. We follow the same structure
as §4.3 in selecting the range of E; and v; (j = 0,1) for the response curves, to cover all
significant variations between the cases v = E1/FEs < 1, v1/va < 1 and their complements. For
the purpose of understanding the effect of the interface location on eigenvalue A, a range values
of 15 have been considered subject to the requirement that they are not too close to either the
inner or the outer rims of the annular domain. Hence we chose 75 € {0.6,0.5,0.4,0.3} (shown
in each figure as (a), (b), (¢) and (d)) and ensure that the starting value of 7, is never below 0.1.
Also, 1 > 1 will be tacitly assumed in all of our examples. In the response curves in Figs. 4-6
to 4-9, we adopt a moderately large value: p = 400.0.

The response curves will be denoted by C(™ | where the dependence on n € N is indicated
explicitly. In each set of plots there are two families of curves C(™ shown in different colours.
The red ones are obtained by using n < u'/2, and they correspond (roughly) to the membrane-
like regime identified by Coman and Haughton in [47]. This group of curves contributes nothing
to the neutral stability envelope. Similarly with the response curves of a stretched single-annular
plate as shown in Fig. 1-7, it is still true that C") is always above C("*1) for the entire range
of relevant values 0 < n; < 72 < 1 (as indicated by the red arrows showing the increasing
direction of the mode number n), and that is why we use the same terminology. The other
set of curves, shown in ‘blue’ and for which p'/? < n < p, are basically the building blocks
of the neutral stability envelope (NSE as mentioned in §1.3). In the language of [47] this will
form the plate-like regime, in which, the response curves intersect each other, thus forming the
NSE.

However, unlike the work in [47] (in Fig. 1-7), the dependence A vs. 7; is not always mono-
tonically increasing in both red and blue sets of response curves. For a better understanding of
the novel features and seeking clearer linkages between the prebuckling and the buckling state,
in Figs. 4-6 to 4-9, the response curves are superimposed with the background indicating the
N H P styles proposed in §4.3. Actually, the existence of these features can be indicated by the

basic state. For a moderately large p (11 = 400.0), the response curves appear with a kink-like

)\low Alow

shape as soon as the lower bound is cusp type, and are of monotonic shape when the
is of rectangular-hyperbola type, which is in line with our earlier expectations. Now we will

discuss this two types in detail.

1° kink-type response curves

In Figs. 4-6 (b) — (d) and 4-7 (a) — (d), the response curves appear to be ‘kinked’, the value
of X increases when 17 is far away from 72, then arrives at a peak at a larger value of 7; be-
fore decreasing with 7, as 7; approaches 72. (Notice that here we use the terminology ‘kink’
to represent the non-monotonic feature in the response curves and later the neutral stability
envelopes, in order to distinguish with the previously introduced ‘cusp’ in the analysis of the
lower bound A°V in PBAS plots.) The sharpness of the kink is dependent on several factors

including the mechanical parameters v, 1y and v, the value of large parameter p and the mode
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Figure 4-7: Similar to Fig. 4-6, the parameters are taken as: p = 400.0,v1 = 0.3,v2 = 0.1,y :=
E1/E> = 0.3. The values of the mode numbers n and the interface locations 72 in (a) — (d) are the
same as the corresponding subplots Fig. 4-6.

number n.

From Figs. 4-6 and 4-7, the smaller the ratio between v : (v1/v2) (which means that v <
v1/v2), the more pronounced will be the ‘kink’ in the response curves of the same mode number,
for instance, comparing the ‘kinked’ feature in the subplots of Fig. 4-7 (as v : (v1/1v2) = 0.1)
and Fig. 4-6 (when v : (v1/va) = 0.9);

Furthermore, in each set of response curves where a kink is present, the kink-like feature is
sharper for larger mode number n than that with smaller n. Also, The ‘kinks’ become more
pronounced as y increases because A — AW in the limit 1 — 0o, which will be shown in NSE
analysis in the coming sections.

As n1 — mg, all the ‘kinks’ of the response curves occur within R or §; background regions,
after the response curves enter from By (with compressive stresses only in ;) to R and G,
(there are compressive hoop stresses in both Q; and ;). That is, from a physical point of

view, as 11 — 72, the resistance of the wrinkling of a bi-annular plate deteriorates after both
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Figure 4-8: Similar to Fig. 4-6; here, the parameters are u = 400.0,~ := E1/FE; = 10.0, v1 = 0.1,
vo = 0.3. The red curves correspond to the mode numbers n = 5,6,7,8,9, 10, while those in blue
are obtained for n = 20, 30, 40, 50, 60, 70. The location of the interface is 2 = 0.6 in (a), 72 = 0.5
in (b), while, n2 = 0.4 in (¢), and 72 = 0.3 in (d).

regions experience compressive hoop stresses. The latter statement is a necessary condition for
reducing the anti-wrinkling capability of the bi-annular structure. We can also notice that for

smaller 7, (i.e. (d) in Figs. 4-6 and 4-7), the kinks of the response curves occur for a smaller
-

2° monotonic response curves
When 7 > (v1/v), the response curves corresponding to the rectangular-hyperbola A% as in
Figs. 4-8 and 4-9 also present different characteristics compared with the singular-annular case.
It can be observed from these two figures that the response curves are not always convex but
can be composed of both convex and concave sections (e.g., see the red curves therein). Even
thought the envelope formed by the family of blue curves is monotonically increasing with 7,
it just increase modestly first, then experiences a blow-up like trend when 7, approaches 7.
Both the above novel features will be discussed more thoroughly in the context of Neutral

Stability Envelop (NSE) in next section.
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Figure 4-9: Similar to Fig. 4-6; the parameters used are: p = 400.0, v := E1/FE> = 10.0, v1 = 0.3,
v = 0.1. The red curves for all subplots correspond to the mode numbers n = 5,6, 7,8,9, 10, while
the blue ones in (a) and (b) are obtained for n = 20, 30, 40, 50, 60, 70 , and n = 18, 20, 25, 30, 35, 40, 45
for the mode number of blue curves in (¢) and (d). The interface locations are the same as per
Fig. 4-6.

4.5.2 Neutral stability envelope

Now we are in position to investigate the role played by the mechanical parameters v, 1,
and v5 on the neutral stability (characterised by A¢, ne) of the stretched annular plate. In light
of the response curves reported in last section, it is these sets of blue curves forming the NSE,
like the stretched single-annular case, A = A(n) for our current problem is also a U-shape curve
with a global minimum. Hence, the so-called NSE can be cast as Ac (1) = mingen A(n;m1),
corresponding to the critical wrinkling mode number nc. So for certain values of 71, we can
solve the eigenproblem numerically [7, 9, 10, 11, 80] by using an optimal strategy with respect
to the mode number n.

Firstly, we found that higher elasticity modulus ratio v := E; /Es will decrease the wrinkling
resistant capability (in terms of the rescaled stretching parameter A := Uy /Us) of a stretched

bi-annular plate. We have conducted numerical simulations on the neutral stability curves for
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Figure 4-10: Dependence of the neutral stability envelope A¢ and the corresponding critical mode
number n¢c on the ratio of Young’s modulus of inner and outer annuli v := E1/Es, other parameters
are: u = 400.0,v1 =v2 = 0.3 and 72 = 0.5.

a range values of v when other parameters are fixed. For clarity, Fig. 4-10 only includes three
values: v = 0.5,1.0 and 2.0 (other values of v indicate similar tendency) all with fixed Poisson
ratio p = 400.0,v1 = v2 = 0.3 and 72 = 0.5. It is easily seen that the three curves range in a
diminishing sequence with increase of ~ for all range of n;. It means that with Poisson ratios
fixed, A\¢ is inversely proportional to «y, which is true for the entire range of 71 € (0,72) (this
is also to be shown in § 4.6.3, e.g., in Fig. 4-23); as 11 — 12, whatever the value of ~ is, all
the curves of Ao coincide to a limit point (the same happens for those of n¢). At this point,
the inner annulus disappears as the bi-annular shrinks to a single annulus with inner radius
72 and Poisson ratio vo, where the two curves of bi-annular plates with v = 0.5 and 2 match
the results of the single-annular case in [41, 47] (shown in red continuous line). We have also
conducted numerical simulations systematically for other fixed Poisson ratio contrasts of these
two annuli, the results are consistent with the above conclusions.

Secondly, once 7 is fixed, v; plays a dominant role on the the occurrence of wrinkling when
71 is far away from 79; whereas, as 1 — 72, v2 becomes to be of controlling effect on A¢ and
nc. Fig. 4-11 shows the effect of Poisson ratios of the two annuli on the tensile instability of
bi-annular plate with other parameters given in the caption. It is interesting to notice that
in Fig. 4-11(a), the yellow dots (v;1 = 0.3, = 0.1) closely follows the red continuous line
(1 = v = 0.3) when 71 < 0.4 or so. Similarly, the curves of black circles (v, = 0.1, = 0.3)
and its counterpart blue continuous line (1 = vo = 0.1) approach each other for the same regime
of m;. This feature also applies for the associated curves of ne in Fig. 4-11(b). Moreover, we
found that with fixed ~, both the curves of A\¢ and n¢ approach limit points at n; = 1y if the
value of vy is unique (the red continuous line and black circles, the blue continuous line and
the yellow dots), which matches closely with the conclusions in last paragraph.

Interestingly enough, our extensive numerical simulations also suggest two representative
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Figure 4-11: Dependence of the neutral stability envelope A¢ and the corresponding critical
mode number nc on the Poisson ratio of two annuli vy, v2; the other parameters are taken as
w=400.0,v := E1/E> = 1.0 and 12 = 0.5.

types of neutral stability envelopes (NSE) for Ac, namely, the kink-type (yellow dots in Fig. 4-
10(a) and 4-11(a)) and the monotonic-type (black circles therein), which are both different from
the curves of the stretched single-annular plate (continuous lines). For the kink-type NSE,
with increasing 771, A¢ increases first up to the a kink, then descends monotonically until 7;
approaches 1. While, in the monotonic-type NSE, although the curves remain monotonically
increasing for the whole range of 71, A¢ increases modestly with 7; when 7; and 7, are far

apart, but increase rapidly as n; — 1.

4.6 Critical wrinkling modes and morphological changes

In §4.3 and §4.5.2, we discussed thoroughly the prebuckling azimuthal stresses (indicated by
PBAS analysis) and the neutral stability envelope (NSFE) on the discontinuities that are
present in the two-layer structures. Nevertheless, it is important to have a preliminary assess-
ment of how the information in §4.3 and §4.5.2 is reflected in the possible behaviours of the
critical eigenfunctions generated by solving the boundary-value problem (4.21) to (4.28). For
this we consider a number of representative critical eigenmodes together with their correspond-
ing pre-buckling azimuthal stress-distributions, followed by the morphological changes in the

wrinkling modes for the novel kink-type and monotonic-type NSE.

4.6.1 Examples of critical eigenmodes

The results of critical eigenmodes and the related PBAS distribution are summarised in Figs. 4-
12 and 4-13 with the parameters recorded in Table 4.2. We shall denote by A¢c and n¢ the
critical values of the eigenvalue and the mode number, respectively. For each case the eigen-

modes are represented by a continuous black line, while the azimuthal stresses appear in green.
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Table 4.2: The parameters used in Fig. 4-12.

subplot ~ 21 Vs m N2 ne Ao

B1-@ 0.5 0.3 0.3 0.350 0.500 76.06 2.201548
Ba-@ 1.0 0.1 0.3 0.200 0.400 32.78 0.318883
R-@ 0.3 0.3 0.1 0.264 0.400 69.20 2.322499
R-© 0.5 0.3 0.1 0.332 0.400 46.15 1.030182
R-Ba 0.5 0.3 0.1 0.280 0.400 45.11 1.575215
R-@b 0.5 0.3 0.3 0.400 0.500 101.25 3.937109
X-@ 2.0 0.1 0.3 0.400 0.500 56.16 0.265950
G1-@ 2.0 0.3 0.1 0.425 0.500 54.31 0.474511
G61-@ 0.5 0.1 0.3 0.490 0.500 102.54 1.869891
G- 0.5 0.1 0.3 0.470 0.500 129.61 1.639835
G2-@ 2.0 0.3 0.1 0.475 0.500 75.63 0.520341
Go-@ 2.0 0.1 0.3 0.490 0.500 162.45 1.482214
Y-©@ 0.3 0.3 0.1 0.340 0.400 47.35 1.252496

The orange vertical dashed lines mark the positions of the interface (p = 12). One of the select-
ing criteria for picking up these particular eigenmodes was to cover all possible distinct cases
when solving the original eigenproblem with respect to the seven types of PBAS as classified in
Table 4.1, in order to establish the connections between the PBAS analysis and the wrinkling
problem. From an extensive set of numerical simulations we chose only the ones that were the
most representative. Loosely speaking, depending on pu, one encounters three general classes
of eigenmodes. For p = O(1) the solutions are not necessarily localised, so there is a wide
range of behaviours; these were not seriously taken into account because we are interested in
the situation p > 1. If this parameter falls (roughly) within the range 200.0 ~ 700.0 then p
can be regarded as moderately large, and we noticed that the solutions experienced pronounced
localised effects. This is the situation that we illustrate in our plots. A third class of eigenmodes
would be that corresponding to extremely large values of 1 (much greater than 700.0). This is
the true asymptotic range in which the critical eigenmodes will reveal significantly less diverse
behaviours. The reason for this is that A¢ gets smaller and smaller as p grows; in the limit
1 — 0o, the neutral stability curve will be almost indistinguishable from the boundary between
the white region and the coloured markers in the lower part of the plots included in Figs. 4-3
to 4-5, the curve that was identified as MoV = )\10“’(771) in §4.3. Unfortunately, for such large
values of p obtaining the eigenvalues for a whole range of mode numbers becomes problematic
because of the singular-perturbation character of the problem and the large number of arbitrary
parameters. Nonetheless, it will be seen later in this chapter that our asymptotic predictions
compare well with direct numerical simulations even for modest values of the asymptotic pa-
rameter pu. The wrinkling mode of a stretched annular plate can be loosely classified into four
types: D-@. Types @ represents the wrinkling mode localised within the inner annulus next
to the inner rim; (2) stands for the case when wrinkles are located in the outer annulus; there
is another interesting wrinkling mode (3), where wrinkling is localised in both sub-regions near

the interface; and type @) describes the wrinkling mode located at the interface.
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Figure 4-12: Examples of critical eigenmodes for the classifications (a) to (n) in Fig. 4.1 (the
examples for (a), (d), (i) are not included here since the corresponding eigenmodes are observed only
when the interval [n1,732] is extremely small). Each example consists of two subplots, namely, the
eigenmodes W (p) and the corresponding hoop stresses 69o(p). The vertical dashed lines indicate
the interface separating the radial direction of Q in the two regions, [n1,n2] (for Q1) and [n2,1]
(for Q7). The horizontal dot-dashed lines identify the neutral hoop stress dgo(p) = 0. All the
eigenmodes are appropriately normalised such that their maximum amplitude is equal to one, and
the parameters adopted in each sub-plot are shown in Table 4.2.
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Figure 4-13: Continued from Fig. 4-12.
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The most prevalent situations are characterised by eigenmodes localised within the region
7, which resemble closely those seen in the stretched simple annulus (e.g., [47]), and we denote
as type (D). For example, see the subplots with the notation containing ‘-0’ in in Figs. 4-12
and 4-13. This type of wrinkling mode is generally encountered for the cases in which there is
just one NHP in Q; (when 1, and 19 are far apart), like B; — @ and Bs — @ in Fig. 4-12, and
there are disjoint regions in the inner annulus in which the hoop stresses have opposite signs
in Qy; the outer annulus is fully under tensile stresses. Extensive numerical experiments show
that for all the cases of B; and Bs, the associated critical wrinkling mode is certainly of type
@. It might be tempting to say that only this class of PBAS will lead to type @O. However,
this would be wrong: since y — oo is not true for our problem, the occurrence of the type @O
does not exclude other classes of PBAS such as R and XK.

We also have wrinkling mode localised in the €277 next to the interface, which are labelled
type ‘@’ in Figs. 4-12 and 4-13. It is again very straightforward to understand the situation
G1,5G2 and Y, this situation is typically encountered when |y — 11| is sufficiently small and
0 < v < 1. On the other hand, we can also have the wrinkling mode of type @ when the
PBAS background is of type R. The reason is the same as those of type @D.

As we change the size of the inner annulus, namely the value of 71, we would have expected
that there should be intermediate wrinkling modes which are localised near the interface. In-
deed, an interesting mode (3), as presented as R-@)a and R-@)b in Fig. 4-12, is localised in both
Qr and Qj;. However, this wrinkling mode is limited to the PBAS case when we have N H Ps
in both annular subregions (within R background and v < v /vs). For u > 1 such a case is only
noticeable for an extremely narrow window of 0 < 77 < 12 < 1, so it represents an exception,
and will be discussed again later on.

Yet another scarce occurrence, (4), is the wrinkling mode with a crest located in the vicinity
of the interface, which also happens only for a small interval of ; within the R or G5 background.
This type of wrinkle only happens for the shift-up PBAS distribution with v > v /ve, when
the azimuthal stresses are fully compressive in €27, and those of the entire or part of Qj; is
under tensile hoop stresses. For instance, see Go-(@) and K-@ in Fig. 4-13. A quick glance at
Figs. 4-10 and 4-11 suggests that this scenario is also unlikely in the asymptotic regime, a fact

that was confirmed by our extensive numerical simulations.

4.6.2 Morphological changes on critical wrinkling modes

Having seen what the critical eigenmodes look like, the next task is to understand a bit better
the novel kink- and monotonic-type NSE combined with the possible morphological changes
of the wrinkling modes undergone by these eigenmodes as 771 — 72. Both the monotonic and
kinked features can be traced back to the PBAS analysis in § 4.3, which is the case for y — oco.
For the plate scenario (0 < 1 < 00) that information is not immediately relevant, although for

very large values of p, we expect the latter situation to mirror closely the former. As we shall
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see shortly in § 4.8, for x> 1 (but finite), the role of the NHP’s is replaced by the turning
points of certain second-order differential equations. Therefore, we will try to understand by

means of the pre-buckling analysis and the corresponding critical eigenmodes.
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Figure 4-14: Morphological changes of the critical eigenmodes as 171 — 72 before and after the
‘kink’ for the kink-type neutral stability envelope. In both (a) and (b), we use different colours of
‘@’ to show the chosen critical values of Ac and nc near the kink of the kink-type NSE, namely, at
m = 0.35,0.38,0.385, 0.39, 0.45; while (c) includes the critical eigenmodes showing the morphological
changes at those points labelled by the corresponding coloured ‘@’ as in (a) and (b). In (a), the
coloured background indicates the classification of the prebuckling azimuthal stress (PBAS) which
was introduced in § 4.3. Here p = 400.0, v = 1.0, 1 = 0.3, v2 = 0.1, 2 = 0.5.

1° Kink-type neutral stability envelopes

Kink-type neutral stability envelopes (NSE) generally occur in the stretched bi-annular plates
with flexible inner annulus (when 0 < v < v/ as indicated in basic state analysis), which
follows the features of the lower bound A% as shown in Fig. 4-14 (a).

In Fig. 4-14(a) and (b), we use colour ‘@’s to label the values of Ac,n¢ for a sequence of
71, while the corresponding critical eigenmodes are shown with the same colour, in which the
largest amplitude is normalised to 1. On a closer look at the critical eigenmodes together with
the related points on the kink-shape A¢, it is clearly that, when 7 is on the left but not close
to the kink (the blue @ in (a)), the critical eigenmodes localised within region €2; near its inner
rim p = 1y, see the left-most (blue) wrinkling mode in Fig. 4-14(c), which is of type (D). While,

on the right side of the kink, when 77; — 72, the critical eigenmodes are localised within region
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Qrr next to the interface, such as the right-most (green) wrinkling mode in Fig. 4-14(c), and it
is of type (2). However, there is an interesting transition between the aforementioned two types
of eigenmodes D) and (2) corresponding to the vicinity of the kink on the kink-shape A¢ curve,
e.g., the intermediate modes between the blue (type @) and green modes (type ).

Just before 7; approaches the kink (pink wrinkling mode), when A¢ is still increasing with
71, the wrinkling mode n¢ arrives at its maximum in (¢) (pink @ in (a) and (b)), which means
that at this stage, the wrinkled bi-annular plate displays the maximum number of wrinkles.
While the wrinkling mode is mainly localised in €, a little bump develops in Q;; (pink curves
in (¢)) compared with the blue one in (c).

As 1y approaches the kink for maximum A¢ (the cyan @ in (a)), ne passed its maximum
(the cyan @ in (b)). The localised part in ; shrinks gradually, and meanwhile, the bump
in Q77 near the interface increases, the wrinkles in both subregions are of matching maximal
amplitudes (see the cyan wrinkling mode in (¢)). We can also say it is localised in both regions
near the interface. This wrinkling mode was classed as type (3 in the last section. It is
important to mention that this type of transition only occurs for the cases that have NH P’s
in both annular subregions (the PBAS being R type).

After the kink point of A¢, the NSE decreases and the corresponding n¢ continues to
decrease until it approaches it local minimum (red @ in (a) and (b)), then it increases again
(e.g., the green @’s).

As indicated above, the peak of \¢ does not coincide with that of no. A more transparent
version on the kink-transition will be shown later in Fig. 4-19(a), by superimposing the plots of
both A¢ and n¢ (Fig. 4-14(a), (b)) and zooming-in near the kink. The curve of nc has a local
maximum at 71 ~ 0.3755 and a local minimum at 7; ~ 0.3780. There is one global maximum
point of A¢ located between the two nys, at 1; ~ 0.3770.

The turning points in the curves of A¢ and n¢ are not very sharp when -y is just slightly
smaller than v /ve, and the local extremum of Ao does not coincide with those of n¢, such as
the case in Fig. 4-19(a) where v : (v1/v2) =1 : 3. Such a gentle-shift character is rooted in the
shape of response curves and the way they intersect; see more details in Fig. 4-15(a). It is of
geometrical sense that the family of round-shape curves will intersect to form a ‘round’ kink
of the NSE. Also, the corresponding nc appears to be round-shape in (b), the shift from the
local maximum (n = 70) to the local minimum (n = 57) involves a sequence of integral mode
numbers (n = 69 to 58). The turning points on the curves become sharper when v < vy /vs.
For example, when we change the v in last case to v = 0.3, the response curves are much
sharper (Fig. 4-16) than the previous case in Fig. 4-15; therefore, the turning point on the
curve NSFE is extremely sharp, and the shift point of no curves just looks like a discontinuity.
When we only consider the integral mode number n, the shift of n¢ is just a discontinuity,
reducing from n = 111 directly to n = 74 as demonstrated in Fig. 4-16(b). Also, in this case,

the peak location (in terms of 7;) for Ao seems to happen just at the peak of nc.
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Figure 4-15: The intersected response curves of round-shape kink shown in (a) which form the
non-sharp kink on neutral stability envelope NSE (we only include several curves of n for clarity,
the black dots indicate the intersecting points), and the corresponding natural critical mode number
nc is given by the nearest integer function of the real results nc designated by the staircase-like
line in (b). Here, it is the identical case shown in Figs. 4-14 and 4-19(a), where the parameters are
referred to, and v : (v1/v2) =1:3.
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Figure 4-16: The counterpart case of Fig. 4-15, for sharp-shift curves of NSE and nc. The
intersected response curves of sharp kink shown in (a) form the sharp kink on neutral stability
envelope NSE, when v : (v1/v2) = 0.3 : (0.1 : 0.3) = 1 : 10 is extremely small. While the
corresponding natural critical mode number nc shown in (b) with the presence of a discontinuity.
Other parameters are: g = 400.0 and 72 = 0.5.

We mention in passing that the kink behaviour of A¢ (or the discontinuity feature of n¢)
is more and more pronounced as p increases, see Fig. 4-17. To put it another way, the turning
points on the curves of both A¢ and n¢ become sharper with increasing p. This observation on
neutral stability envelopes originates from similar behaviours of the response curves as discussed

§4.5.1. Another piece of information can be collected from Fig. 4-17: as p increases, the NSFE

always show a parallel pattern with the A°V, and it approaches A°% as i — co. At the same

time, the corresponding n¢ increases with the value of p.
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Figure 4-17: The critical eigenvalues A¢ and the corresponding critical mode number nc with the
rescaling parameter p ranges 200.0,400.0 and 600.0. The other parameters are: v := Ei/E2 =
1.0,1 = 0.3,v2 = 0.1,772 = 0.5. The black thick arrow indicates the direction of increasing .

2° Monotonic-type neutral stability envelopes

In light of the pre-buckling azimuthal stress PBAS analysis in § 4.3, a stretched bi-annular
plate with flexible inner annulus (v := E1/E> > v1/1v2) tends to have ‘monotonic’ type neutral
stability curves (NSE). Notice that even though this type is also monotonic just as the NSE
of stretched single-annular plate, there are two differences. On the one hand, A¢ is very small
when 1 is far away from 7y (see Fig. 4-18(a)), then increases steeply as 11 approaches 7s,
displaying a blow-up like trend before arriving at its limit as 7; approaches 72. On the other
hand, the plots of n¢ are not monotonically increasing with respect to 1, (see Fig. 4-18(b)),
but firstly increase gently with n; then reach a maximum (the red @ in (b)) when 7 is near 7,
then return to a limit value at n; = 7.

These significant features can be understood further by looking at the critical eigenmodes
in subplot (c) therein. The critical eigenmodes when 7); and 7y are apart from each other or
when 7; — 72 are localised in ; (the blue @’s in (a), (b) and the blue eigenfunction in (c),
which is of type @) and Q;; (the green @’s in (a), (b) and the green curve in (c), of type @)
respectively, just similar with the case in kink-type NSE. However, this monotonic-type A¢
has completely different features for the transition between the above two. On the process of
1 going close to 72, the localised wrinkles move towards the interface, until it starts to cross
the interface as A¢ increase sharply. Then, when the wrinkle crest crosses the interface (see
the red eigenmode in (c), of type @), nc reaches its first local maximum (red @ in (b)). After
that, the critical wrinkling mode shift to the mode localised in £;; (green curve in (c) of type
@) as soon as n¢ drop rapidly to its limit point at ne. It is to be emphasised that during the
whole range of 71 (D—@—®), there is only one bump for the critical mode, distinct from the
special wrinkling mode of the kink-type NSE case.

The morphological change of the critical eigenmodes (from @) to @) occurs when the critical
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Figure 4-18: Morphological changes of the critical eigenmodes as 71 — n2 for the “monotonic”
type neutral stability envelopes (NSE). The subplots are similar with Fig. 4-14, but pu = 400.0,
v =20, 1 = 0.1, v = 0.3, n2 = 0.5. The eigenfunctions from left to right correspond to m =
0.4,0.475,0.485, 0.49, 0.495.

wrinkle number is in the vicinity of its maximum. That is to say, for this case, the maximum
wrinkles number happens when the wrinkles are localised at the interface (of type @). Finally,
we shall discuss the influence of the physical discontinuity introduced by the interface on the
novel behaviours of the A\, n¢ and the critical eigenmodes. In order to see more clearly the
new features, we superimpose the plots of A\¢ and n¢ both in Figs. 4-14 and 4-18 into the
same plot as in Fig. 4-19. It is found that both types @) (two-bump wrinkles) and @ (wrinkle
crest passes the interface) are the transition wrinkling modes between (D) and (@), and they only
occur for a very small window of 7;. Also, when the wrinkles are localised near the interface
(either type @ or types @), the plate is likely to exhibit finer wrinkles (n¢ is relatively larger).
More specifically, when the localised wrinkle transits from the more flexible region to the stiffer
region as 7); varies, the curves of nc will experience a steep increase to a local maximum at this
transition point, then decrease. See Fig. 4-19, where it is shown that when we decrease 7; in
(a) (from right to left) or increase n; in (b) (from left to right), we will have an upward-shifting

of n¢ to a local minimum then a decrease.
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Figure 4-19: The close-up plots (a) and (b) include the two superimpositions of Ac and the
corresponding nc in Fig. 4-14 and Fig. 4-18 respectively. In (a), we focus on the ‘kink’ of the
kink-type NSE as in Fig. 4-14, while (b) emphasises the abnormal behaviour of nc at m1 — 72
for the case shown in Fig. 4-18. The blue continuous lines stand for the A¢, and the green dashed
curves denote the associated nc.

4.6.3 The dependence of A\ on v = F,/F; and vy /vy

Given the large number of parameters in our boundary eigenvalue problem it seems desirable to
get a more systematic understanding of the dependence of the eigenvalue on the ratios E/Fs
and v /v, for a range of different mode numbers. Here we include a sample of results that shed

more light on these matters.
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Figure 4-20: Dependence of the non-critical eigenvalues on the ratio F1/FE2, where Fq1 and E» are
the Young’s moduli for the two annular subregions. The values of the parameters are: u = 500.0,
m = 0.3, 72 = 0.6, v1 = 0.1, v = 0.3 for both (a) and (b). The data shown here corresponds to
1< n<O0?) (n=6,10,14) in (a), while for (b) O(x'/?) < n < O(y) (n = 30,40, 50).

Fig. 4-20 deals with the individual curves A = A(y) for a range of values of mode numbers

that cover both the membrane- and plate-like regimes; here, © = 500.0 and all the other
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parameters are fixed as indicated in the caption. In both cases the aforementioned dependence
is monotonic decreasing. The difference between them consists in the fact that in the former
case the curves do not intersect. The cross-over seen in the right window occurs around 1.6,
and suggests that if Fq/Es > 1.6 (e.g., 8.0 or 10.0 in this problem) then high mode-number
eigendeformations demand larger eigenvalues than their low mode-number counterparts. For
E,/Ey < Rg (e.g., 0.1 or 0.3) the situation is reversed. In light of this information it is not

1/2

at all surprising that the p'/? < n < p response curves for v = 0.3 and v = 10.0 (shown in

Fig. 4-7 and 4-9, for instance) are so radically different.
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Figure 4-21: Dependence of the eigenvalues on the ratio v1 /v of the Poisson’s constants for the
two annular subregions. Two cases are considered: in (a) 1 < n < O(u'/?) (n = 6,10,14), while in
(b) O(p'/?) < n < O(u) (n = 30,40, 50). The values chosen for the other parameters are y = 500.0,
m = 0.3, n2 = 0.6, E1/E2 = 10, v = 0.5, with 14 ranging from 0.1 to 0.5.

0.4¢ 0.24¢

0.3} 0.2t

0.2 & n=14 0.16}

0.1 - - - ’ 0.12

V1/V2 Vl/V2

Figure 4-22: Similar to Fig. 4-21. Here, u = 500.0, 1, = 0.3, n2 = 0.6, F1/E2 = 10, v1 = 0.5, and
vo ranges from 0.1 to 0.5.
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In a similar fashion, the plots in Figs. 4-21 and 4-22 illustrate the dependence A = A(v1/va).
For the sake of completeness we dealt with v > 1 and 0 < v < 1 separately. Both sets of plots
show that for each fixed mode number the corresponding eigenvalues increase monotonically
with v71/v5. Note that in the left-hand windows n increases from top to bottom, while the
plots on the right display opposite behaviour. Of course, the information gathered so far can
be extrapolated to deduce the role of E;/Es on A¢ (the critical value of the eigenvalue). This
anticipation is indeed confirmed by the direct numerical simulations recorded in Fig. 4-23(a)
for the dependence of the critical eigenvalue A¢ on the ratio of Young’s Modulus v := E;/Es
in two cases: one is when the inner rim 7; = 0.3 is far away from the interface 72; the other
is when 7; = 0.45 is near 72 = 0.5. Here the results comprehensively verify the conclusions
made from Fig. 4-10: when other parameters are fixed, Ac decreases monotonically with v. In
Fig. 4-23(b) we also include the dependence of the mode number, ne, on the quotient of the
two Young’s moduli. However, we notice n¢ is not necessarily monotonically decreasing with

v, which also matches the findings from Fig. 4-10.

2.5¢
a b
(a) ol - (b)
A S I \
2t 1 N
m = 0.47
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Figure 4-23: Dependence of the critical eigenvalue Ac (shown in (a)) and the critical mode number
nc (shown in (b)) on v = E1/E; for two cases: m1 = 0.35 and n1 = 0.47. In which, m1 = 0.35 (blue
continuous lines) corresponds to the case when 71 is far away to n2 = 0.5, while, the red dashed
lines for m1 = 0.47 represent the case when 7, is close to n2 = 0.5. The values adopted for other
parameters are: p = 400.0,v1 = 0.3,v2 = 0.1 and 72 = 0.5.

4.7 An alternative view of the response curves

A striking feature of the bi-annular plate is the rich behaviour displayed by the response curve
A = A(n1;n) as ny is allowed to vary in (0,72). In the previous section it has been seen that,
despite this apparent complexity, one can still use the classification introduced by Coman and
Haughton in [47], and which has been reviewed in detail in Chapter 1. It was pointed out
at that point that the topology of the response curves is strongly influenced by the scalings

adopted and that, in general, some choices are better than others. Since there is no method to
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identify the best scaling a priori, the alternative is to examine at least two of them in order to
ascertain how robust the global picture is. It turns out that for the bi-annular plate there is
another natural rescaling of the problem, and we shall summarise some of its pros and cons in
this section.

The starting point is the pre-buckling solution. Instead of using the original scalings, we
notice that we can adopt

R i

d = — 4.58
ah o and = (459)

m:

while keeping everything else the same as before. With this choice the rescaled annular sub-

regions become
Qr={(p.0) ER® |mm < p<m, 0<6<27},
Q]IZ:{(T,9)€R2|n2§p§1, 0§9<27T},

so the inner rim is now given by p = m17m2 and the interface by p = ns. The eigenvalue problem
can be rewritten using (4.58), which here is omitted in the interest of brevity, but the eigenvalue

will remain the same A\ = Uy /Us.
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Figure 4-24: Dependence of the eigenvalues A\ on the aspect ratio n2=R.. /R for p = 350.0.
Other parameters are given by v = 2.0, v1 = 0.1, v = 0.3, R1/R» = 0.8. The values of the
mode number in the left-hand plots are n = 4,6, 8,10, 12, 14, 16, 18, while in the right plots, n =
20, 25, 30, 35, 40, 45, 50, 55, 60. The arrows indicate the direction in which n increases.

If we employ the same numerical and analytical analysis on PBAS as in §4.3 using this
new scaling, we notice a notable feature in all of these plots: a smooth, monotonic boundary
between the differently coloured regions identifying the distribution of N H Ps according to the
same classification as in Fig. 4.1. To a certain extent, this information seems to anticipate the
more regular behaviour of the response curves A = A(n2;n), with n; fixed. For the sake of

clarity, we only record here the response curves.
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Figure 4-25: Similar to Fig. 4-24, except for the following changes: v = 1.0, v1 = 0.1, v2 = 0.3,
Ri/R,, = 0.8, and the values of the mode number in the left plots are n = 4, 6, 8,10, 12, 14, 16, 18, 20,
while in the right plots n = 25, 30, 35, 40, 45, 50, 55, 60.
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Figure 4-27:  Similar to Fig. 4-24, except for the following changes: v = 0.5, v1 = v = 0.3,
Ri/Rm» = 0.8, and the values of the mode number in the left plots are n = 4, 6, 8,10, 12, 14, 16 while
in the right plots, n = 18,20, 25, 30, 35, 40, 45, 50, 55, 60.

Figs. 4-24 to 4-29 illustrate the new response curves and their behaviour for the two cases
1 < n < pl/? and pt/? < n < pthat were identified in [47] as the membrane- and plate-like
regimes. It is very clear that the curves included in these plots are very similar to the ones
shown in Chapter 1. We have not insisted on these scalings right from the outset because of the
fact that the new response curves are somewhat misleading: when changing 7 we are actually
altering the inner rim as well. As a result the interesting features discovered in Figs. 4-6 to
4-7 for m1 — n2 (e.g., the kink’) are absent from this new scenario. Nevertheless, despite these

shortcomings, this new scaling reconfirms the relevance of the W K B route taken in [47].
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Figure 4-26: Similar to Fig. 4-24, except for the following changes: v = 0.5, v1 = 0.1,
v = 0.3, Ri/Rm = 0.8, and the values of the mode number in the left plots are n =
4,6,8,10,12, 14, 16, 18, 20, 25, 30, 35, while in the right plots n = 40, 45, 50, 55, 60.
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Figure 4-29: Similar to Fig. 4-24, except for the following changes: v = 0.5, v1 = 0.3, v2 = 0.1,
Ri/Rm» = 0.8, and the values of the mode number in the left plots are n = 4,6,8,10, 12,14, 16,
while in the right plots n = 18,20, 25, 30, 35, 40, 45, 50, 55, 60.

4.8 Asymptotic limits

As seen in the plots of the response curves discussed in §4.5.1, the situation encountered in
the bi-annular plate problem shares several common features with the analogous situation of
a simple annulus discussed in references [29, 47]. Here, we take advantage of this analogy and
go one step further to derive a simplified three-point boundary-value problem that turns out
to be capable of reproducing many of the qualitative behaviours of the original one. The next
two sections represent a direct generalisation of the work in the references just mentioned but

is much more involved.
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Figure 4-28: Similar to Fig. 4-24, except for the following changes: v = 0.5, v1 = v = 0.3,
Ri/R,, = 0.2, and the values of the mode number in the left plots are n = 4,6, 8,10, 12, 14, while
in the right plots n = 16, 18, 20, 25, 30, 35, 40, 45, 50, 55, 60.

4.8.1 The reduction of the bifurcation equations

When 1 <« pand 1 < n (in this stage we left the question whether n < p or n ~ p to be open)

the original equations (4.21) can be reduced to the compact form

o777(d) o (4) 5 540)) 2 2 s (7) .
1% 1 4% 1 —
d + [099 (p)] : ; l(n) 2 5 o (p> W(]):Oa .76{[’[[})
peo

2 o 6P| o 2 \n Do) ()

(4.59)

by using the arguments of reference [47], which will not be repeated here. The two equations in

Q5 or Qg are obtained by keeping either the label I or I1, for all of the coefficients in (4.59).

We shall also adopt an informal style of notation and do not insist on re-labelling W in these
equation as was done in §1 in relation to (1.17).

Numerical evidence indicates that, augmented by appropriate boundary and interfacial con-

ditions, these two equations can reproduce the plate-like behaviour of the stretched bi-annular

plate. If n < p'/? then equation (4.59) reduces to

27 5 () W 254
w1 [000 (p)] W (E) O gy o jenny. (4.60)

b K O

Again, when solved in conjunction with the boundary and interfacial conditions mentioned
above, these two equations capture the membrane-like behaviour. Interestingly enough, we
discovered that one can disregard (4.60) completely because equation (4.59) reproduces the
membrane-like behaviour for n < p'/2.

In obtaining (4.59) or (4.60) certain exponential solutions controlled by the size of the
asymptotic parameter p > 1 were omitted. The reduction process is rather standard and is

related to the (asymptotic) regular degeneracy of the original problem, a situation frequently
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encountered in the hydrodynamic literature or in shell theory.

Since the order of our three-point boundary-value problem has decreased from 4 to 2, we
are left with the task of identifying the reduced versions of the boundary constraints (4.22) and
the interfacial conditions (4.27). Intuitively, it is the higher-order derivatives in both of them

that will have to be ignored, and we notice that this will leave us with
Wliim)=0 and W' (1)=0, (4.61)

together with the continuity conditions,

dw! dWwil

I _ II _
Wi(n2) = W (n2) and dp (m2) = dp

(12) - (4.62)

Incidentally, this is the right number of constraints required to solve either (4.59) or (4.60).
However, this non-rigorous argument still needs to be placed on a firmer footing, and this is

what we do next.

4.8.2 The reduction of the boundary and continuity conditions

Since the order of our three-point boundary-value problem has decreased from 4 to 2, we are left
with the task of identifying the reductions of the boundary constraints (4.61) and the interfacial
conditions (4.62). Because the differential equations in both ; and Q;; are of fourth-order,

each can be represented as a linear combination of four linearly independent solutions, i.e.

4
W (p) =3 /W), je{lII}, (4.63)

i=1
where CZ-(j )eR (i =1,...,4) are eight constants that are to be determined by the four bound-
ary constraints (4.22) together with the the four continuity conditions (4.28). Following this
strategy we end up with a homogeneous eighth-order linear algebraic system for C’Z-(j ) whose non-
trivial solvability requires that the determinant of the coefficient matrix, D(A; p, v1, Va2, N1, M2, )

(say), vanishes. More specifically,

Wim) Wim) Wslm) Wim) 0 0 0 0
Wi'n) W) Wh () Win) 0 0 0 0

®31 ®32 933 ®34 ®35 936 937 938

D41 D42 D43 D44 D45 D46 D47 D48 _ 0,
®51 ®52 953 ®54 ®55 956 957 958

®61 ®62 963 ®64 ®65 966 967 968

0 0 0 0o W) Wi Wi Wi

0 0 0 o wi'ay wi'w) Wi Wi

(4.64)
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where the following notation has been introduced,

Dy =W/l (p),i=1,2,3,4  Ds;:= —W/!,(n2),i=5,6,7,8.
Dy =W (m2),i=1,2,3,4 Dy =W, (n2),i=5,6,7,8,

4 4
k—1 . k—1 .
®5i = E G3kWiI( )(772)57’ = 17253745 ®5i = E HBkWiIfél( )(772)57’ = 57657785
k=1

k=1

4 4
k-1 , k-1 ,
De; = E G4kWiI( )(772),@ =1,2,3,4, Dg; = — E H4kWi_I4( )(772),@ =5,6,7,8,
k=1 k=1

where the notations (o)(k_l) denotes the (k — 1)th order derivative of (e) with respect to p.

The main idea is to take advantage of the presence of the large parameter 1 > 1 and simplify
the above equation asymptotically. To this end, we need to use the WK B approximation in
1> 1 and n > 1. In principle this is a routine task for small-dimensional problems, but it can
become quite a tedious undertaking for the above 8 x 8 determinant. This will be accomplished
by reviewing in some detail the WK B structure of the linearly independent solutions that
feature in (4.63).

We start by making the observation that the differential equations in the annular subregions
of O are the same except for the range of the independent variable and the coefficients [’Tﬁ), &%).
In the interest of brevity, here we shall present the calculations for W (p) only. The derivations
for W (p) are just a matter of changing the labels from I to I1, and the corresponding range
for the independent variable must be amended to 72 < p < 1.

The differential equation (4.21) in Q;)(j € {I,I1}) are amenable to asymptotic integration

by adopting the ansatz

W (p) := {aéj)(p) + %aﬁj)(p) +.. -}eXp {u[ HY)(¢) dC} , PENG,  (46D)

where the intervals A(;) were defined in § 4.2 as Ay := [n1,n2], Ar; = [n2,1]. If (4.65) is
substituted into the bifurcation equation (4.16) applicable in €;), and like powers of u are

collected, at leading order we get the characteristic equation for H),
X2 (X2 =50 (p)] =0,  peng. (4.66)

The coeflicients agj )(p) (i = 1,2,...) are fixed by solving sequentially the so-called transport
equations that result from setting to zero the coefficients of the other terms in the above
expansion of (4.21). These will not be needed as all of our derivations rely only on leading-

order approximations. Equation (4.66) has two distinct solutions corresponding to the linearly

independent functions

W (p) = PO (0)EP (p), i€ {1,2} (nosum over i), (4.67)
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in which

) ) ) 3 s —3/4
PP (p) = PP (p) = PD(p) 1= o712 [ 69 ()]

)

If 1> 1 then W{(n2) and W{I(1) are exponentially large, whereas W{ (n2) and W{!(1) will
be exponentially small (hence negligible). Next, we shall use the assumption 1 < n < p to
identify the orders of Wl(JQ) .

From equation (4.67) we deduce

W{o(m) ~ P'(m),

diwl - 7 .
dpi’Q(m)NPI(m){im/JL(m)} +.o, 1=1,2,3,

where the dots stand for lower-order contributions compared with the dominant terms. Simi-

larly,

awi

I
2
dp?

Wi (n2) ~ P (na), (n2) EP”(nz){u &ﬁ(nz)} +..., i=1,23.

In conclusion,

a'wi, () d'wi

Wialm), Wis(m) ~0(1), —= 4 M)~ O, i=123.  (468)

1)

We must also establish analogous order of magnitude estimates for the remaining values of

Wll ,211' To this end, let us introduce the auxiliary quantities

2 1
el = exp (iﬂ / &#(C)dc) and €40 = exp (iﬂ / &££(<>d<);
n

1 72

III III

it should be clear that €,"" are exponentially large, while £°" will be exponentially small.

From (4.67) we then have

diw[ [
Wi, (n2) ~ P (1) €L, dng (n2) ~ P (1) (iu\/&#(m)) ei+..., =123,
and
II II II delIé 11 3 ‘ II .
W) = PPOEL =222 ~ PP) (#m/foli)) e+ =123,
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These results are summarised below for easy reference,

AWl ) d'wi )

dpf (m) ~ O(u'), dpf (12) ~ O('€Y), 1=0,1,2,3, (4.69a)
diw[[ ) diw[[ )

G, 1)~ 00, R~ Oiel), i=01,23, (4.69D)

where

£ = exp {iu /A NE <<>d<} .
(4)

It remains to obtain information in a similar vein regarding Wéj ) and W4(j ). As in the related
work [41], it turns out that the remaining functions Wéj ) and W4(j ) in (4.63) can be approx-
imated by the solutions of the reduced equations (4.59); which can be indicated below, to
distinguish between the two sets of functions we shall keep the same notations, but will use
the ‘overbar’ for the approximations. Equation (4.59) can be recast in a more convenient form

with the help of a standard Liouville-Green transformation

R (p) = p69(p), YD (p) := /RO (p) W (p),

so that our original equation becomes

/4 . .
YO (p) =n?QW ()Y D (p) =0, peAgy), (4.70)

where the dash indicates differentiation with respect to p,

: . 1 .
QY (p) = QY (p) + 505 (v)

AN N/
G L (8 gy G ._ 1) (BY d (RY _
QY = RO (p2 +R . Q5= 1 70 +2dp 70 , d:=n/p<kl.
)

The general solution of (4.59) is a linear combination of Wéil, which is generically written as

W(p) = dsWs(p) +daWalp),  je{l, 11},

where ds3, dy € R are arbitrary constants. At this stage, we aim to identify the leading-order
behaviour of W3,4 as p = pp, where pp denotes one of the values in the set {1, n2,1}.

If QU)(pg) < 0 then

|7 sin(mc@ (o)

W5 (p) = [R9% () 1Q9(p)|
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}—1/4

Wflj)(p) ~ [R(j)Q(p) |Q(j)(p)| cos(nx(j) ()

which are both O(1) quantities (with respect to n > 1); here, x(p) := [/ 1/|Q(¢)| d¢. By taking
into consideration that the derivatives of R(p) and Q(p) are O(1), this WK B result (valid for
1 < n < p) produces

() ATy -
W3i(ps) ~O(1) and dpi7 (p5) ~ O(n'), i=1,2,3 (4.71)

On the other hand, if now Q) (pp) > 0 then

T () = [RO* 0@V ()] exp(mx® (o). (4.72a)
Wi (o) = [R9(p)|Q7 () " expem (). (4.72b)

Thus, we have the following simple estimates that follow directly from (4.71) and (4.72)

it (9) it (9)
d'w X dw )
dpf (p) ~ O(n'F ), dp;‘ (p) ~O(M'F-), i=0,1,2,3. (4.73)

In relation to this last approximation, let us introduce some further notation,

0(1), when  Q(pp) <0,
Fi =

exp(xnx(pp)) when Q(pg)>0.

It is clear, irrespective of whether Q(pp) < 0 or Q(pp) > 0, we get 83?) < 5"53) and £Y) > g
once 1 € n < p is assumed to hold.

At last, we are in position to expand the 8 x 8 determinant in (4.64) by using the Laplace
expansion theorem. This can be done in a number of different ways, but here we choose to

carry out this procedure by using the first and the last two rows. Thus,

SD()\;,U/,Z/l,Z/Q,Th,T]Q,TL)

= Z (71)18+p1+p2+p3+p4D(1527758|p17p27p37p4) D(3547556|q17q?5q37Q4)5
1<p1<p2<p3<ps<8
1<q1<q2<q3<q4 <8
(4.74)

where p;, # g; for any 4,5 € {1,2,3,4}, and D(i1,%2,1%3,%4 | j1, jo2, j3, ja) represents the minor

formed with the elements situated at the intersections between the rows i1, is, i3, i4 and the

columns ji, j2, j3, ja. If we keep only the exponentially large terms in 853) and neglect all the

terms containing 8(_j), there should be one 5 and no 1, 2 among p; ~ p4, and one 1 and no 2,5

among q1 ~ q4. Eventually, only four leading terms are left, namely,
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SD()‘;IU/aVIaVQanlanQan) = _¢1 +¢2 +¢3 _¢4 + - :0’ (475)

where

¢1 = D(la 27758|253755 7) D(253745 5|1745658)7 ¢2 = D(la 27758|254755 7) D(253745 5|1535678)7

b3 = D(1,2,7,8]2,3,5,8) D(2,3,4,51,4,6,7), ¢4:=D(1,2,7,8(2,4,5,8) D(2,3,4,5/1,3,6,7).

and the dots stand for lower-order terms that we suspect will play a secondary role.

The following results are immediately obvious and require no further justification,

Dai = W), i=1,2,3,4, Dz =-WH, (), i=5,6,7,8,

Dy =W/ (), i=1,2,3,4, Dy =W, (), i =5,6,7,8.

However, the simplifications for Ds;, Dg; (i = 1, ..., 8) are more complex, and we will pay closer

attention to them. According to the notation introduced immediately after (4.64),
D1 = GatW{ () + Gaa Wi (1) + Gas Wi (12), (4.76)
and the definitions of the Gy; in (4.55) indicate that
Gz ~0O(n?) and Gsp,G33 ~ 0O(1).
Taken together with (4.69), these results yield

G W] (1) ~ O(n?el),
I

GaaWi () ~ O(uel),

GasWi (n2) ~ O(uelL).
If we recall the initial assumption 1 < n < u then

"
D5y ~ B (n2) ~ O(u?EL ),
being the leading-order term on the right-hand side of (4.76). The same procedure can be
J— — /)

applied to D53 = G31Wé (n2) + G32W§ (n2) + GggWé (n2), taking account of (4.73), resulting

in

—T
Ga1Wy(n2) ~ O(n*F%),
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— 7/
G32Wy (n2) ~ O(nFh),

"

GssWy (1) ~ O(nFL).

Hence the leading-order contribution coming from these three terms is the first and last one,

n2v —I —I
D5z~ P1 |~ n21W3(772) + W5 (2)| ~O(n*FL).
2

From (4.55) we have
G41, G42 ~ O(TLQ) and G43, G44 ~ O(l),

and the components of Dg; are

GuWi (n2) ~ O(n®€4),
GaaW () ~ O(n2pey)
GasWi (12) ~ (1284,

G44W1]”/(772) ~OuEL),

so that

II/I

De1 ~ LW (n2) ~ O(u*EL)

represents the leading-order term.
Similarly, a number of other estimates are derived below with the assumption 1 < n < p,

in preparation for the simplification of the ¢; (i = 1,2,3,4) in equation (4.75).

Dy = BT (o) ~ O(u2EL), Dy ~ By WS (1) ~ O(p?EL), (4.77a)
Ds3 ~ B {%Wéﬁh) JrW;”(T]z)} ~ 0(n*FL), (4.77b)
Dau = i | ”n ) + 7 ()] ~ 00023, (4.770)
D5 = —Ba Wi (12) ~ O(u2EXT),  Dsg = —B2 W3 (12) ~ O(u2E™), (4.77d)
Ds7 =~ —f [ %W?@m + Wé’"mz)} ~ 0?5, (4.77¢)
Dsg ~ —f [ n;?WiI(?h) + Wf//(m)} ~ O(RQST{I) ) (4-77f)
De1 = W (12) ~ O(WEL), Dz =~ By W3 (n2) ~ O(uPEL), (4.77g)
Das = i [~ CINT )+ )| ~ 005, (4.77h)
2
Dan = o [~EEE IO ) 4 W7 )| ~ 0005, (4771
2
Dz =~ —Bo Wi (ms) ~ O(UPELT),  Des = —BaWi" (ms) ~ O(uPe™T) (4.77))
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14+ n2(2 — vg) =11’ —I1"
Der >~ —f2 [%W@ (m2) + W3 (772)} ~ 0(n*FY), (4.77k)
2
1+n%(2 —va)—1r’ 11"
Deg ~ =2 [%Vﬂ (m2) + W, (772)} ~ O(n*F), (4.771)
2

It now remains to use the information derived up to this point in order to evaluate ¢ ~ ¢q4;
this will be done by another application of the Laplace expansion theorem for determinants.

Taking ¢; as an example,

¢ = D(1,2,7,8]2,3,5,7) - D(2,3,4,5/1,4,6,8)

—I
Wi(m) Wy(m) 0 0 D31 D3y D3zg Dsg
— 71/
W' () Wy (m) 0 0 Dy1 Das Dys Das
- . . =T'11-T12-T'3,
_ i
0 0 Wi (1) Wél (1) |De1 Desa Des Des
(4.78)
where,
—I
Wi Wim| o ewh|
Tne=] . = ~ =Wy (m) - Wsa(m)+--,
Wi (m) Wi (m)| |0() OnFL)
—II
wiy Wil e owh|
[y = , TN ~ =Wyt (1) - We (1) +--,
wiry Wi | Jower) o)

by using the order analysis in (4.69) and (4.73), where the dots represent the lower order terms,

and I'j3 denotes the second determinant of ¢; in (4.78) with the order analysis as

0(el) oFh) Qe O(g1h) 0(1) o) o1) o)
Oel) omFL) oue!r) omFH) O(1) 0 0@1) 0©)
INERE = uﬁgiffiggffy .
O(p?el) Om2FL) o2e) On2*F) O(1) 0(8%) 0(1) 0(6?)
O(p3el) Om3FL) o@3el) O(n3Fr) O(1) 053 0(1) 05

where § :== n/p < 1 as 1 < n < p. If we apply the Laplacian expansion for the 4 x 4

determinant of I'13, we have

+ D(3,4]2,3) - D(1,2|1,4) — D(3,4/2,4) - D(1,2|1,3) + D(3,4]3,4) - D(1,2|1,2).
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the leading order term should be D(3,4[1,3) - D(1,2]2,4), irrespective of whether QW) (1)) is

greater or smaller than zero. Hence

—1 I
D51 Dse| |Dzs Dag W{II(UZ) WQHH(W) Wyne) —Wy (92)
Thg =~ — . = b1 " " . —I/ —II’ )
D51 Dss| |Daa Dag Wi () Wil ()| Wy (2) =W, (n2)
Therefore,

—I —I —I]
W) Wi ()| [Wa(m) 0 | [Wile) W, (1)

I’ I’
~ — W . 1) :
¢1 /81/82 2 (771) 1 ( ) o 7 —7 —1r’

Wi (n2) W2HW(772) 0 Wy (D] Wy (2) =W, (772).

Similarly, we can expand ¢ as

¢o = D(1,2,7,8[2,4,5,7) - D(2,3,4,5/1,3,6,8)

—I
Wo(m) Wa(m) 0 0 D31 D3z Dzg Dss
Y
wWi'(m) Wi(m) 0 0 | |Du Dis Dis Dus
- . . =T - T - Ias,
0 0 WiT(1) Wy (1) |Dsi Dss Dse Dss
P i
0 0 W) Wy (1)) |Da Des Dos Des
(4.79)
where
—I
Wi(m)  Wy(m) o(1) o@Fn) o .
Por:=| = ~ =Wy (m) - Walm) +--,
Wi (m) Wy (m)| |0(w) OnIL)
—II
witey Wil e owh|
FQQ = — = 27W1 (1)W3 (1)+
Wiy Wy ()| |o(uel) omgL)
D31 D3z Dzg Dss o(el) 0(Fh) o(et) o(F)
Dy1 Daz Das Dus O(pel) OmIFL) Owed) omFlr)
ITos = = .
Ds1 Dss Dss Dss O(MQSD O(”23r£r) O(u?elh) o(n*gL)
®61 ®63 ®66 'DGg O(Mggi) O(TLBS:_I’_) O(/LBSI_I) O(TLB?I_I)

The leading order of I'y3 reads

—I —II
D51 Dse| |Dzz Dag Wi () Wi ()| | Wa(n2) Wy (n2)

Tag =~ — . = b1 I I . —I/ —II’ )
D1 Des| |Daz Das Wi (n2) Wy (ma)| Wy (n2) W3 (m2)
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Therefore,

W) W ) | (W) 0| W) < ()
2 = =1 82W3 () WHT' (1)- » ool o : -
W) Wi )| |0 Wy ()] Wy ) WL ()

Following similar procedure, ¢3 leads to

¢s = D(1,2,7,8[2,3,5,8) - D(2,3,4,5|1,4,6,7) = I's; - T'gy - I's3, (4.80)
where
—1
W3 (m)  Wa(m) 0(1) 0(F})
[g1:= ) o = = =Wy (m) - Ws(m) ;
Wy(m) Wy (m)| |0(u) OnFh)
wita) wi')| |oEl) o) L
Po= L | T =@ Wi+
wir) Wi |owel) o3t
—1 —II
D51 Dse| |D3za Dar W () W ()| | WaOn) Wy (n2)
T3 = — . =—hb " " . —I/ —II’
De1 Des| |Dasa Dar W1I (12) W2H ()| Wy (m2) —Ws (n2)
Hence,
—1 —1 —I1
o Wi (m2) Wi ()| [W5(m) 0 Wylnz) =Wy (n2)
3 = —B1BaWd () W' (1). : gy oy

W) Wi )| |0 WL )| Wy () Wy (2)

¢4 is followed by similar simplifications as before

¢ = D(1,2,7,8(2,4,5,8) - D(2,3,4,5(1,3,6,7) = T4y - Tua - Tz , (4.81)
where
—I
W (771) W4(771) O(l) O(ffr{)
Py = ; —1 - = =Wy (m) - Walm) + 7
Wi (m) Wy(m)| [0() O(nIT)
1
Wlll( ) W4 (1) O(E’il) O(?i) I’ —ITI
Fyo = ) = ~ =Wt (1) Wy (1) +-
Wity W) |owel) omst)
— I —II
D51 Dse| |Dsz Dar W1I”(772) WH”( 2)| [Wa(n2) —Wj3 (n92)
Pz >~ — . =—h1p " " . —I/ —I1’ ’
D1 Des| |Daz Dar Wi (n2) W3 ()| [Ws (12) =W (m2)
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leading to
—7 —I 11
o 0 ") W () | [W4(m) 0 Wi(n2)  —Wj (n2)
012 =51 521V, (771)' 1 (1) 1 " . —II —I’ —I1’ '
Wi (n2) W3 (n2) 0 Wy ()| (W3 (1) =Ws (n2)

Finally, putting all the leading orders in ¢; ~ ¢4 together, excluding out the common coeffi-

cients, (4.75) becomes

—I —I —II —I
W(m) 0 Wylnz) =Wy (n2) W (m) 0 Wiln2) =Wy (n2)
—II —I’ —II' —II —I’ —II’
0 Wy (D] Wy () =Wy (n2) 0 s (D] (Wy2) —Ws ()
— T —T —II —7 I II
Wy(m) 0 Wam2) =Wy ()| [Wylm) 0 Wis(n2) =Wy (n2)
+ : +
—IT — — 1T — —
0 Wi (1) Wiy (772) Wy (772) 0 w, (1) Wi (772) Wy (772)
+---=0,

where the dots stand for the lower order therefore were neglected. A close inspection of the

above equation reveals that, to leading order, the original determinantal condition (4.64) is

equivalent to

Wé(m) Wi(m) 0 0

W) Watw) ~Ws'(m) —Witm)|

W) W) W ) W )|
0 0 Wy W)

which is the same with the determinantal equation for (4.59) corresponding to the boundary
constrains (4.62) together with the continuity conditions (4.62).
This completes the proof of the assertion made at the end of §4.8.1.

4.8.3 The reduced equations: comparisons with full numerical simu-

lations

In this section the reduced problems of (4.59) to (4.62) are compared with direct numerical
simulations of the original boundary-value problem (4.21), (4.22) and (4.28). We concentrate
on individual response curves with p > 1 and a range of mode numbers n. Both small and large
values of this latter parameter are considered in order to understand the range of applicability
of our work.

We solved the reduced equations (4.59) in ; and €y, subject to the simplified boundary
constraints (4.61) and the interfacial matching conditions (4.62). The interface is situated at

12 = 0.5 and the large parameter is taken to be p = 400.0 in all of our examples — from
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v=2.0,v1 =13 =0.3

[ " n n n s — i — i n L s
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6

it
v1 =03,1,=0.1,7v=1.0

Figure 4-30: Comparison between the numerical solutions of the reduced problem (4.59) comple-
mented by (4.62) (yellow circles), and the original problem (4.21) and (4.28) (black continuous lines).
In these four windows: p = 400.0, 72 = 0.5, three curves are for n = 5, 20, 50. More specifically, (a),(d)
shows the ‘kink’ type solutions, while, (b),(c) illustrates the ‘monotonic’ solutions. The values of the
parameters -, v1,v2 are specified in the titles of the subplots. The colour background indicates the
classification of the pre-bifurcation hoop stresses that was introduced in § 4.3.

an asymptotic point of view the latter value is only moderate. As our extensive numerical
experiments (not included here for the sake of brevity) have indicated, larger p’s tend to lead
to even more accurate results. The captions of the plots included above give full information
about the values of the other parameters used in our comparisons.

In all four plots of Fig. 4-30, as 1 increases from the initial value 0.1 towards the interface
(n2 = 0.5), all the four sets of curves are almost indistinguishable for all range of n; with
different values of v, v1, v5. More specifically, when p = 400.0, the W K B solution is in excellent
agreement for both the “kink” and “monotonic” type response curves, and for any classifications
of the pre-buckling hoop stress defined in Fig. 4.3. Noting that the continuity conditions
Eq. (10) in [55] and Eq. (9) in [56] are problematic, these affect the final results slightly since
the continuity conditions are not leading order conditions, and can be removed from the process
of the order analysis in § 4.8. Here, we only included the comparison for 7 = 0.5, but this

approximation has proved to be very accurate for the individual response curves A = A(n1;n)
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for the whole range 0 < 71 < 12, where 72 € (0,1). To summarise, the WK B approximation
for moderately large u and small n (n = 5) is of significance since it has been greatly reduced

and much more easily being tackled but still provides accurate solutions.

4.9 Discussion and conclusions

The problem of tensile wrinkling for a radially stretched thin annular plate [47] has been
extended to a system consisting of two (mechanically different) concentric annular plates per-
fectly bonded along a circular interface. The bi-layer structure can behave differently when
considering the prebuckling stress distribution and the wrinkling compared with the case of
homogeneous material.

The results obtained in this chapter are rather informative, here we try to conclude the
findings from both engineering and mathematical aspects.

From the engineering point of view, this work is of guiding significance in designing with re-
spect to buckling (wrinkling), as stated below. (Notice that the buckling resistance is discussed

in terms of the stretching parameter A := Uy /Us.)

e We found that a bi-annular plate with stiffer inner annulus (larger y := E7/E») is prone
to buckle under smaller stretching displacement on the inner rim, since a stiffer inner
layer will intensify the stress concentration. On the other hand, a slender-inner-layer

plate behaves in an opposite way, and can endure larger tensile displacement.

e The Poisson’s ratio of either sub-annulus exerts a global effect on the buckling resisting
capability of the bi-annular structure. Generally speaking, the smaller the Poisson’s ratio,
the lower the buckling resistance will be. Also, it is the Poisson’s ratio of the wrinkled

region that plays a dominant role on the critical stretching loading.

e The bifurcation mode exhibits a finer wrinkling structure (larger number of wrinkles)
when the wrinkles are localised near the interface. This phenomenon is somewhat similar

to the edge-buckling.

e When the inner rim is far from the interface (inner annulus is not very narrow), the
wrinkles tend to locate within the inner annulus next to the inner rim; the wrinkling
mode which is mainly localised in the outer annulus occurs when the inner annulus is
very narrow. The wrinkles might also be localised in both annuli around the interface, or

localised at the interface; however, the last two modes are rarely seen.

The above engineering conclusions were obtained from mathematical analysis on the corre-
sponding eigenvalue problem, which itself is of great interest to us and could be summarised

below.
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e The wrinkling analysis was started by thorough investigations of the stress distributions
in the basic state for a limit case y — oo, which suggests two types of lower bounds
()\10“’) for such a limit case: the cusp type and the rectangular-hyperbola type. Some
detailed numerical and analytical analysis reveals the succinct relations: the former type
corresponds to the cases when v := Ej/Fs < v1/ve; while the latter type occurs when

’7>l/1/l/2.

e Extensive numerical simulations have been carried out by using numerical strategies of
an adapted version of compound matrix method, in conjunction with a collocation solver
sbvp. The response curves and neutral stability curves are obtained with respect to
different combinations of the mechanical parameters of the two annuli. The neutral
stability envelopes (N SE) can be classified into two different types, the so called kink-type
and monotonic-type, which asymptotically correspond to the two situations for the basic
state, namely, the cusp type and the rectangular-hyperbola type prebuckling azimuthal
stress distributions. More specifically, a bi-annular plate with a more flexible inner part
E1/E> < v1/vs is typically seen as a kink-type NSE, and of higher resistance against
wrinkling under stretching (defined by A = Uy /Us), while such a plate with a stiffer inner

annulus tends to appear as a monotonic-type N.SE with lower critical external stretching.

e By further investigation in the morphological changes of critical eigenmodes when we vary
the location of the inner rim, we have gained a deeper understanding on the effects of the
discontinuities of the interface on either the critical external stretching and the wrinkling
mode. For example, the transition of the critical wrinkling modes is clearly related to
the critical mode number, as the localised wrinkling shifts from a stiffer region to a more

flexible region, the mode number n¢ increases steeply to a local maximum then decreases.

The singular-perturbation nature of this problem enables conducting further asymptotic
analysis. We have extended the earlier analysis of Coman et al. [47] into the bi-layer structure,
which is also applicable for general multilayer regime. The asymptotic approximations are quite
robust and accurate when the large parameter is moderately large (e.g., p = 400.0).

The above W K B reduction paves the way for the generalisation of the so-called double-
W K B analysis put forth by Coman and Bassom in [41]. In such a double-W K B analysis, both
asymptotic parameters p and n are taken advantage of, and the reduced second-order eigenvalue
problem obtained in this work can be further reduced and finally arrives at a transcendental
equation. Then the value of A = A(n) is obtained from this transcendental equation, without

solving eigenvalue problems. This was done by Coman in [38] and is not included here.
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Chapter 5

Tensile instability of a
thick-walled tube based on Lamé

solutions

5.1 Introduction

Elastic instabilities of bulky solids and thick-walled structural elements, such as plates and
shells, have received considerable attention for the past several decades, starting with the
works of Biot on incremental elasticity in the 1930’s, which were later collected in [15]. A more
modern treatment, together with many interesting examples, can be found in the classic text
by Ogden [95] .

While for most part there is a close parallel between the bifurcations experienced by thin-
walled bodies modelled with the help of classical plate and shell theories, on the one hand, and
those of three-dimensional elastic bodies, on the other, a number of complementary issues arise
in the latter situation. Largely speaking, these are related to the possible loss of ellipticity
in the incremental bifurcation equations and the existence of surface instabilities [14, 67]; this
last phenomenon is typical of compressed half-planes or half-spaces and has no counterpart in
the classical theories of buckling. It is precisely these two aspects, and related phenomena,
that we wish to revisit here within the scope of an approximate set of incremental bifurcation
equations described by Novozhilov in his book [94]; this model can be traced back to some early
incremental equations proposed by Biezeno and Hencky [13] as well as Biot ([15], pages 490-491).
For convenience we shall refer to this model as the simplified incremental deformation theory
(SIDT for short). To a certain extent, these incremental models are superior to the buckling
equations used in structural mechanics, since in recent years they have been the object of several

quantitative studies (e.g., [51, 72, 74, 96]). The mathematical structure of these equations in
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the case of non-homogeneous stress fields appears to be little explored and, as seen in what
follows, deserves much more consideration.

In some recent work Coman and Destrade [46] have investigated the asymptotic structure of
the instability experienced by an incompressible neo-Hookean rubber block subjected to pure
flexure (see [60] for some experimental considerations on the same problem). Based on the
exact nonlinear pre-bifurcation solution obtained by Rivlin in [105] it was found that if the
ratio of thickness to length was x then for 0 < x < oo the bent block displayed an Euler-type
instability with a well defined number of ripples on the compressed side, but in the limit kK — oo
this degenerated into a kinematic surface instability. In a later study [31] it was shown that
the turning points found in the differential equation associated with the pure bending problem
played only a passive role, in contrast to a deceivingly similar situation that crops up in relation
to the wrinkling of stretched thin films [40, 41] — where turning points did play a crucial role.

The above instability scenario was associated with one of the traction-free circular surfaces
of the bent block (the one that was in compression); the eversion of a cylindrical thick-walled
tube represents an akin situation amenable to the same type of asymptotic treatment. A
question that still remains is whether the asymptotic strategy developed in these studies can
find any applicability to the case when the bifurcation is associated with a stressed rather than
a free surface.

The problem we have in mind is that of a long hollow cylindrical body subjected to radial
tensions on both boundaries. Invoking the standard plane-strain simplifications we can confine
our attention to cross-sections situated sufficiently far away from the two ends of the cylinder.
Thus, we are essentially dealing with a two-dimensional problem and a number of further
simplifications can be called upon. For instance, if we assume that the pre-bifurcation state
is sufficiently weak, so that linear elasticity is applicable, then the expressions of the stress
and displacement fields are given by the Lamé solution for a radially loaded annulus (e.g.,
see [24]). It is a well-known fact that for tensile loads this solution predicts a typical stress
concentration around the perimeter of the inner hole, so we expect the possible bifurcations to
have a local character. However, it is not at all obvious a priori whether the inner rim will
prefer a long-wave deformation mode, as seen in the left sketch in Figure 5-1, or whether it will
have the tendency to accumulate many ripples (right sketch, same figure). Of course, a third
possibility is material failure as heralded by loss of ellipticity prior to any changes in the radially
symmetric pre-bifurcation state. All these questions will be addressed in the subsequent parts
of this chapter.

As already hinted above, the SIDT has attracted interest in recent time, particularly in
relation to buckling of thick circular cylindrical shells under hydrostatic pressure. Kardomateas
and his associates have explored such aspects extensively (e.g., [72, 74] and the references
therein). While not entirely as accurate as the incremental equations found in [15] or [95], they

represent a versatile alternative whose status is perhaps somewhere between classical plate/shell
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models and those found in the last two references just cited.

(a) (b)

Figure 5-1: Long- and short-wavelength local deformations of the annulus

This chapter is laid out as follows. In §5.2 we review the SIDT by presenting an intrinsic-
form derivation of the relevant equations; a brief glancing at the equivalent traditional-notation
calculations (“4 la Timoshenko”) that appear in [72] indicates clearly the advantages of the route
pursued here. By using the normal-mode approach, the bifurcation equations are reduced
to an eigenvalue problem for two coupled second-order ordinary differential equations with
variable coefficients. Direct numerical simulations are then employed in §5.3 to investigate
the character of the possible linear bifurcations. This aspect turns out to be sensitive to
the type of traction boundary conditions imposed on the curved boundaries of the annulus.
Two complementary cases are discussed: (i) dead loads (i.e., the outward unit normal to the
boundary remains unchanged in passing from the stressed configuration to the neutrally stable
one), and (ii) follower loads (assumed to follow the direction of the normal to the boundary). As
it happens, the outcome in both cases turns out to be somewhat similar, in the sense that the
predominant instability mode is the short-wavelength deformation pattern seen on the right-
hand side in Figure 5-1. Strictly speaking, the number of ripples along the inner rim is infinite
and the ‘bifurcation’ is linked with the failure of the Shapiro—Lopatinskij Condition (SLC') in
the corresponding incremental traction boundary-value problem — e.g., see [54] (pp. 106-108).
The recent paper [93] contains a number of interesting discussions in the context of nonlinear
elasticity problems and abstract bifurcation theory, as well as an extensive list of references.
Motivated by our numerical findings, in §5.4 we indicate how some of the quantitative aspects
of this material instability can be understood by a simple boundary-layer argument involving

the mode number as the main asymptotic parameter.

5.2 Bifurcation equations

We consider a very long cylindrical body as seen on the righthand side in Fig. 5-2. By invoking

the plane-strain approximation we shall confine our attention to a generic annular cross-section
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of inner radius R; and outer radius Ry, situated far away from the ends of the cylinder. Our
main interest in what follows is with the possible in-plane bifurcations experienced by such a

cross-section when the two curved boundaries are subjected to purely radial tensile loads.

Ri R2

:\@a

Figure 5-2: A thick cylindrical body under radial tensile loads

In this section, we will employ the Method of Adjacent Equilibrium (M AF) mentioned in
§1.2 to derive the bifurcation equations, which amounts to writing the equilibrium equations on
two neighbouring stressed configurations and taking their difference, followed by a geometrical
linearisation of the kinematics.

Without losing generality, we assume a deformable continuous body B occupying a reference
configuration B, in three-dimensional Euclidean point space, in which an arbitrary particle is
denoted by position vector X . All pre-bifurcation fields will be indicated by using “°” and the
relevant bifurcation equations are derived from the Method of Adjacent Equilibrium (M AFE).
For example, we denote the displacement field in the basic state as w. To determine the
bifurcation-point load of a structure B, adjacent-equilibrium criterion can be applied. We give a
small incremental displacement eu; (¢ is a arbitrary small parameter) to the displacement vector
u and examine the two adjacent configurations before and after increment. The perturbed
position is denoted by

u=1u+cu;, (5.1)

Then the incremental fields between these two configurations caused by cu; will be labelled as
“ (@), ", by taking the difference between these two configurations and keeping the linear terms
of e.

Then, we take deformed configuration of the body as B;, x representing the position vector
of the same particle in the deformed configuration. If we agree to use “V” to represent the
gradient operator in the reference configuration, then the deformation gradient tensor F' of the

motion is defined by

F=Veoe=I+H=T1+ugV, V)X € B,, (5.2)
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where u is the displacement vector and I is the identity tensor, H is the displacement gradient
in referential configuration: H = u® V. From mathematical point of view, H is a second-order
tensor, and can be written as the sum of a symmetric and a skew-symmetric tensor, H = e+ w,
with the first symmetric tensor describing changes in lengths (or linear strain tensor), while the
second characterises the skew-symmetric tensor describing the rotation of material line elements

(or linear rotation tensor). So, we have

o

H=u®V=¢+w, (5.3a)

H =419V =€ 4+w, (53]:))
which are applicable for pre-buckling state and neutral stability state respectively, and where
, 1 . o L .
e:§(u®V+V®u) and w:§(u®V—V®u), (5.4a)
1 1
=5 W®V+Veu) and w1=5wmeV-Vau). (5.4b)
Substituting (5.1) into (5.2) yields

F=I+H, (5.5a)

F,=H;. (5.5b)
Furthermore, the Green-Lagrange strain tensor is defined by
1 1, 7
E:§(C—I):§(F -F—I), (5.6)

where C is the right Cauchy-Green tensor, C = FTF. If we assume small deformation such

that || < 1 and |u1| < 1. Then substituting (5.5) into (5.6), we have

o 1 /. . 1
E:§(FT~F71):é+§V®V(ﬁ~ﬁ)zé, (5.7a)
1 . . 1 5 .

E, = i(HlT-F+FT~H1): §(H1+H1T+HT~H1+H1T-H)
=e +V®V(U1 ’lol,) ~ e, (57]:))
where € and e; are linear strain and the variation of linear strain respectively. Now we introduce
the symmetric second Piola—Kirchhoff stress tensor S, which is an objective Lagrangian tensor
defined on B, and unchanged under rigid-body deformation. The first Piola—Kirchhoff stress

tensor (the nominal stress tensor) is P = S - FT, and the equilibrium equation V - P = 0 leads

to

V-P=V.|S - I+H"| =0, (5.8a)
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V.-P=V.|S - H'+5-(I+H")| =0 (5.8b)

)

where the subscript“;” was dropped for notational convenience and hereafter we will keep this
convention. Here, (5.8a) is the equilibrium equation for the basic state and (5.8b) is for the
neutral stability configuration.
According to the principle of material frame-indifference, we can define a constitutive equa-
tion for hyperelastic solids as
oW

in which W, the strain energy is a function of the Green—Lagrange strain tensor. In particular,
if we assume that the material follows Hooke’s law, for general anisotropic linear materials, we
have S = C : E, where S and E are symmetric. The stiffness tensor C is a fourth-order tensor
with 21 independent components. We take the assumption that the deformation is small as in

(5.7), and we assume further that the material follows linear constitutive law in the form
S=C:E~C:é:=6, and S=C:E~C:e:=o0, (5.10)

where we have introduced the Cauchy Stress tensors in both pre-bifurcation state () and
bifurcation state (o). In this work, we only use the linear Lamé solution for the pre-bifurcation
state, and confine ourselves to the derivation of bifurcation equation (5.8b). Therefore, (5.8b)
is reduced to

Ve - I+Vei)+6- (Vou)]=0. (5.11)

Recalling the identity
V-(A-B)=(V®A): B+ A-(V-B),

which holds for any second-order tensors A, B, and considering the linear elasticity (5.10), we

have
Ci(Vee)+[C: (Vee)]: (Vau)+(C:e) (V) +(Ves) : (Vou)+a-(Vu)=0. (5.12)
Indeed, (5.11) can be rewritten as
Vo I+é—&)+6 (e—w)=0. (5.13)

According to classical linear theory of elasticity, we have O(e) ~ O(w?) and O(é) ~ O(w?) (see

[94], for example) under small deformation. Hence, we can take further assumptions

el < [loff < |[I] and [le]| < [lw],
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where ‘|| @ || is the norm of a second-order tensor, and is defined by ||A|| = (A:A)Y/2. In this

case, we have the following approximation
P~S§-S. w. (5.14)
Therefore, the bifurcation equation (5.13) is reduced to
V.- (o—-0-w)=0. (5.15)
In particular, for isotropic elastic materials, the constitutive law in (5.10) takes the form
S=C:E=M(E)+2uE (5.16)
where, C = Al ® I + 2ul.

S=p|[HT+ D) H+H - (H+D|+\(H|+|H" H|) T

~o=puH+H")+\H|T. (5.17)

Use of (5.17) will then allow us to cast the bifurcation equation (5.15) in the following invariant
form

pNV2u4+ AN+ )V (V-u)—6: (Vow)=0. (5.18)

where we have taken V- = 0 for the pre-bifurcation state. It would be of interest to undertake
a quantitative comparison between the two equations (5.18) and (5.12), and we hope to return
to this problem in the near future.

The boundary conditions associated with this equation are briefly reviewed below. Let n
be the outward unit normal to the cylindrical surface of the original unstressed body, and let
n and n be the normals to the prestressed and, respectively, the neutrally stable adjacent

configurations. Thus, the traction boundary conditions can be written as
PT . fi=t(@w) and (P+P) -n=twu+u), (5.19)

where t represents the given traction vector — possibly depending on the displacement field in
the case of follower loads. In this situation t(u) = o;n, with o, € R representing the magnitude
of the applied radial stresses on r = R; (j = 1,2): 0; < 0 for compressive loads, while o; > 0
in the tensile case.

Since we are interested in the case of small pre-buckling deformations, we can introduce the
approximation 72 ~ n and then, with the help of (5.14), the difference of the two relations in
(5.19) leads to

(S+w-8)-n=0;(n-n). (5.20)
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On the other hand, Nanson’s formula with J = det F' ~ 1 gives nda = F~T - ndéa, which on

squaring out both sides produces

(da)> = n-F ' FT.ada)?=n-[(I+H)"" - I+H) " n](da)?
~ (1-2n-(H- n))(da)?,
and hence
n~F T.a(l+n (H n).

When used in conjunction with (5.20) this last equation yields
oin—n)~ —o;H' -n~ojw-n,

where in deriving the last result we have assumed that ||e| < [|w||. In conclusion, the con-

straints on the two curved boundaries of the annulus are
(S+w-8) n=ow-n for r=R, (j=1,2). (5.21)

The term on the right-hand side of (5.21) has its origin in the changes of the applied forces
with the current configuration, so this term will be absent in the case of dead loading.

Our next task will be to write the invariant-form equations (5.18) and (5.21) in component
form in order to make them amenable to numerical calculations in the next sections. To this
end, let {g1,92,93} and {91,92,93} be a pair of reciprocal bases associated to the problem
at hand; expressed in the latter base, the contravariant components of the identity tensor are

g =g’ - g’. A simple calculation then reveals that

&:(V@w):%&:[V®(u®V)—V®(V®u)]

1 ..
= 5&” (Vivj'uk — Vivku]')gk y

where Vypu, = ug,p — I'jju, denotes the covariant derivative of u, with respect to the g,-
coordinate and I'), = g" - g, 4 are the well-known Christoffel symbols. Since in addition to
this,

V(V -u)=(¢"VVu;) g* and  Viu=(¢"V,Vu)g",

the desired component form of equation (5.18) assumes the expression
i Laij ij Loij
ng* + 59 ViVjur + (A + p1)g? Vi Viu; — 59 ViViu; =0. (5.22)

In cylindrical polar coordinates we find two coupled second-order partial differential equations
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for the components of the in-plane displacement field w(r, 0) = u,.(r, 0)e, + ug(r, 0)eq,

9%u, 0%uyg 9%u, ou, Oug
A A A A A Agu, =0, 2
n55 -+ 12505, T A5 T A" -+ Al 59 T A =0 (5.23a)
0%ug 0%, 0?uy Oug ou,
Ay —=+ A A A A A 0, 5.23b
2155 + 22 505" + Aas 902 + Aog—— or o+ 550 L+ Asgug = ( )
where
1,
A11 :)\+2,u, A21 :,U,+ §O’TT,
1 1. 1 1,
Aio :—<)\+u—099) , Aoy :—()\Jru—ow) ,
r 2 r 2
1 1. A+ 2u
Ag = 2 <H+ 5099) ; Aoz = R
A+ 2 1 1,
Ay = a ) Aoy = — (,U + —Urr) ;
r r 2
1 1, 1 1,
A15 = 771—2 <)\+ 3M+ 50’99) R A25 = ﬁ (}\+3,LL+ §O—rr> R
A+2u 1 1.
A16 = — 2 , A26 = 774—2 <u+ 5(7”) .

Note that due to plane-strain assumption the other equation obtained from (5.22) is automat-
ically satisfied.

These equations are solved subject to the following boundary conditions at r = R; (j = 1, 2),

ou, Oug
Bi1— or + Bio— 90 + Bysu, =0, (524&)
B Our " +B Ous 4+ B 0, (5.24b)
21 3, 20 224 or 23Up = .

where the coefficients that appear above are given by

1 .
Bll = )\+2,u, Bgl = Z [2”— (Urr —O'j)] 5

3>

1 .
By :=—, By := B 21+ (Grr — 0)]

Blg =

3>

1 .
; By := > (=21 + (G — )] -

The solution of the rather complicated system (5.23)—(5.24) is sought by using functions with
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separable variables, i.e.

up(r,0) = Uy (r) cosnd and ug(r,0) = Usz(r)sinnd , (5.25)

where the arbitrary integer n > 0 will be determined from the usual minimisation strategy
employed in similar contexts (see, for instance, [40, 41] for details on related problems). The
amplitudes U; and Us turn out to satisfy two coupled second-order ordinary differential equa-
tions whose explicit expression we find next.

In the case of an elastic annulus loaded by radial tractions on both circular boundaries, the

pre-buckling stress field has the well known expression (e.g., see [24])

B B
00-7"7"20’2(14'*’_2)’ 00'99:0'2(14——2),
p p
with
2_A 2(A—1
A::n2 s B:n( ),
n?—1 n?—1
and
T R2 01
= — = — A:—
P R’ n R’ .

It can be shown that the hoop stresses will vanish along the circumference of the circle p =P,
1/2
S (-
: Y ;

292 1 )
Alowzma Aup:§(1+77)a

furthermore, by letting

we infer that if Ajow < A < Ayp then the region 1 < p < p experiences azimuthal compression,
while the remaining part of the annulus, p < p < 7, is in tension. Thus, we expect the possible
bifurcations present in this problem to have a local character and to be confined near the inner
rim of the annulus. In this respect the situation appears to be entirely analogous to that
involving the plane-stress problems discussed in [40, 41] but, as we shall see shortly, this is
where the analogy stops.

After substituting the assumed form of solution (5.25) into the original equations (5.23)—
(5.24), the resulting boundary-value problem for the U;’s (j = 1, 2) can be non-dimensionalised
by introducing

72 5, .= U b, .= 2

= — U = = .
« E ) 1 R2 ) 2 RQ

Dropping the “hats” for notational convenience and denoting by a dash differentiation with

respect to p, we record below the final form of the bifurcation equations that hold for 1 < p < n
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ZHU{/ + ZlgUé + (Zlg +216)U1 +214U{ +215U2 =0, (526&)
ZglUél + ZQQU{ + (Zzg +ZQS)U2 +ZQ4U§ +225U1 =0, (526b)
where

_ — 1
An =Ky, A21:§[K3+a(14+—2)},
_ n B — n B
o ea(o 8] Tanluea(eB)]
— n2 B — n2K1
Aqs =37 [K3+04<A—2>} ; Aoz = — 2
_ K — 1
Ay = —, Aoy = — |Kst+alA+—= ]|,

p 2p
— n — n B
el (s B gl )]
_ K, _
ety e (o2

and
1—v 1
Ki=——1 Ko—e —  —
T O -2 T+ -—2)’
1 3 —4v
T 1100 T A —w)’ 5T V2

The relatively small parameter « that enters in these equations will be regarded as fixed in the
numerical simulations of the next section.

The rescaled boundary conditions can be written in condensed form as

By UL+ BRU + B UL =0, (5.27a)
=@y, 50 =)y L
B21 U2 + B22 UQ + 323 U1 = 0, (j = 17 2) 5 (527b)

where the case j = 1 corresponds to the inner rim (p = 1), and j = 2 applies to the outer
boundary (p = n). The expressions of the above coefficients take on different forms in the case

of dead and follower loads, but can be written compactly as

1
2
1
2

By =Ki. By =5 [Ks+a(A+B)-q],

Bl =nKs, By =5 [-Ks+a(A+B)-q],
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BY = K, BY = fg [Ks—a(A+B) +a] ,
and
1 B

By = K1, Bg)z—[K3+a(A+;)—a:)‘}a
(2)_nK5 @ _ 1 B
By = —, B3, —2_77|:_K3+CY(A+F —CY:)\ s
2 _ K @ _ n B
B g ea(oe )]

with the caveat that the underlined terms do not appear in the case of dead loading, whereas
for follower loads all the a—terms in the square brackets must be omitted (see also the remarks
made after equation (5.21)). We mention in passing that the equations set up in this section

are equivalent to the ones in [72] — cf. (27) and (28) featuring in that reference.

5.3 Numerical results

Direct numerical simulations of the boundary-value problem (5.26)-(5.27) were carried out in
the usual fashion by first rewriting the equations as a first-order four-by-four linear system,
which was then tackled with the help of the compound matrix method [40, 41]. In using
the separable variable solutions (5.25) it was tacitly assumed that the equations (5.23) were
elliptic. However, owing to the presence of variable coefficients, this statement need not be true
everywhere in the annulus and, in fact, the equations do lose ellipticity for sufficiently large
values of A. Also, since we are essentially concerned with a traction boundary-value problem,
another subtle point is the verification of the Shapiro-Lopatinskij Condition (SLC, also named
complementing or covering condition, see pp.107 in [54]). In order to understand the range of
validity for the numerical integration of the ordinary differential equations, we first examine
briefly under what conditions the loss of ellipticity becomes possible, and later we comment on
the SLC.
To this end let us observe that (5.23) can be arranged in the form

ET’I‘ [UT] + £r9 [UG] = 0; (528&)

Lorur] + Lop[ug) =0, (5.28b)

where the differential operators that appear above have the following definitions,

9? 9? 0
Ly = Allﬁ + AlBﬁ + AME + A,
9? 0
=A0o—— 4+ Ai5—
Lo 12 o0 + Ais 90"
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0? 0
= Apy—— + Aos—
Lo, 22 o0 + Asgs 90"
9? 2 0
Log = A21ﬁ +A23ﬁ + A24E + As .

The principal part of the symbol associated to the system (5.28) is defined by (see [54], for

example)

Aq1(x)€F + Ars(x)€3 Arz(z)&1é2
LP(x,ig) := — : i=v-1), (5.29)
Ao (x)6162 Agy (2)€7 + Agz(x)&3

where & = (£,&2) € R? and we have indicated explicitly the dependence of the coefficients
A;; on the independent variable @ = (r,8). The type of the partial differential system (5.28)
is classified according to the behaviour of LP, regarded as a quadratic form in & and &. In

particular, ellipticity requires that
det LP(x,i€) # 0, (V)€ € R?,

which, after setting ¢ := &/&; (§1 # 0), can be reduced to the study of the signs of the roots
for the bi-quadratic
Zs + Zot®> + Z1tt =0, (5.30)

where

Z1 = AnAon,
Zy = A11Agz + A13A21 — AxnAg2,

Z3 = A13A23.

This can be further transformed into a quadratic by making the obvious substitution s = ¢2; if
the equation in s has either negative or complex conjugate roots, then the problem is elliptic.
Loss of ellipticity will occur when one of the roots passes through zero. Note also that due to
the axial symmetry of the coefficients A;; in (5.23), the boundary curve separating the elliptic
regions of the material from the non-elliptic ones will have to be some circle p =const.

The discriminant of the quadratic in s is always positive as it turns out to be equal to

2

1 . .
Z()‘ +2u)(Grr — Goo)|

and the sum of the roots of the quadratic is just 2u — (6, + Gg9)/2. Since 3/2 < K3 < 1 and
« is a relatively small parameter, it transpires that the sum of the roots is always negative.

Thus, the condition for the loss of ellipticity will be given by Z3 = 0 (since Z; > 0, after some
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routine calculations), with the result that

P2 [ + (Ks/a)(n? —1)] +7° '

A=
PP+

(5.31)

Regarded as a function of p, while all the other parameters are being kept fixed, A = A(p) is an
increasing function — as can be checked immediately by computing the derivative A’(p). This
means that loss of ellipticity will first occur for p = 1, i.e. at the inner rim. In conclusion,

the curve that gives the loss of ellipticity in the A — n plane, say C, has a simple analytical

2n? Ks (02 -1
C): Aep = — . 5.32
©: A= a2 (T (5.32)

expression,

If 0 < A < Aep then the system (5.28) is elliptic and this is precisely the regime of interest here;
note that the first term on the right-hand side of (5.32) is just Ajow defined in the previous
section.

It can be seen that the principal part of the symbol associated to the more complicated
equation (5.12) does not coincide with (5.29) because the inhomogeneous character of the pre-
bifurcation state of stress. This makes the analysis of that new equation even more relevant
to understanding the nature of the simplifications that led to (5.18) and the potential loss of
ellipticity. While for a homogeneous basic state both (5.18) and (5.12) are justly expected to
produce very similar outcomes, it does not appear sensible to maintain these expectations in
the case dealt with here.

The first set of numerical results appears recorded in Figure 5-3 and applies to the case
of follower loads. We show the neutral stability curves corresponding to (5.26)-(5.27) for an
increasing sequence of mode numbers ranging between 2 and 1000, when o = 0.05 and v = 0.33.
Changing these parameters does alter the quantitative features of the results, but the overall
qualitative picture remains the same. Superimposed on these plots, the curve € is shown as the
thick dashed line. It can be seen that the mode number n = 2 leads to the lowest eigenvalue
for annular widths of up to n ~ 5.0. Beyond that critical value, as n increases, the neutral
stability curves move progressively into the elliptic region and seem to converge towards a
limiting curve, which hereafter will be identified as C». While not entirely obvious at this
stage, the critical values of A associated with this curve identify a form of material rather than
kinematic instability. In the next section we are going to show how an analytical approximation
of C can be obtained by invoking some basic singular-perturbation arguments. In conclusion,
when follower loads are considered the critical mode numbers are either n = 2 or n = oco; the
latter is essentially a material instability and is associated with the failure of the SLC' — hence,
the curve C, provides the boundary in the A — n plane across which this condition is violated.

When dead (or rigid) loading is considered we have included a typical scenario in Figure 5-4,
which is laid out in the same fashion as the previous Figure. Note that the loss-of-ellipticity

boundary € appears now as the envelope of the neutral stability curves as n — oco. For smallish
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Figure 5-3: Dependence of the eigenvalues A on the aspect ratio n > 1 for different mode numbers:
n=24,...,810,20,...,80,100,1000 in the case of follower loads. The thick arrow indicates the
direction of increasing n and the dashed curve represents the loss of ellipticity boundary, as given
by equation (5.32). Here o = 0.05 and v = 0.33.

values of 1 (up to approximately 2.0), all response curves are inside the elliptic region and
the lowest eigenvalue is rendered by n = 2, just as before. However, increasing the width
of the annular domain, these curves are then found above the curve €, which this time is
attained in the limit of (infinitely) large mode numbers (i.e., C ~ C, at least for largish 7’s).
We recall here the well-known fact that the loss of ellipticity is a property of the differential
equations themselves and it is independent of the type of boundary conditions employed. So
in both Figures 5-3 and 5-4 the dashed line is the same, what changes is the position and the
topology of the neutral stability curves. From this perspective the results obtained are to be
expected, although the sharp transition between the two instability modes in Figure 5-3 cannot
be anticipated right from the outset.

For the sake of completeness in Figure 5-5 we illustrate the eigenmodes for n — oo in the
case of follower loads. It is immediately clear that as n grows, i.e. the spatial oscillations in
the azimuthal direction increase, the amplitude functions Uy and Us defined in (5.25) get closer
and closer to the inner rim of the annular domain. We mention in passing that these functions

also display localisation if n is kept fixed and n — oc.
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Figure 5-4: Response curves similar to Fig. 5-3, but in the case of dead loading; all values of the
parameters are the same as before and the thick arrow shows again the direction of increasing mode
numbers.

5.4 The limit n > 1

While in principle it would be possible to carry out an asymptotic analysis of (5.26) subject to
either follower or dead loads, it is only the former case that is of some theoretical interest, and
which therefore deserves a closer scrutiny. For the sake of completeness, we shall also make
a few remarks regarding the asymptotic structure of the problem for dead loads. As it will
become clear from our asymptotic calculations, the leading-order analysis presented here is in
fact directly relevant to establishing the limits of validity for the SLC — although in keeping
with the informal style of this section we shall not stress the technical side of that aspect.
Section 5 of reference [93] contains some pertinent comments about similar situations and the
ramifications for nonlinear bifurcation problems. The results in this section were obtained by
the first author of [49], for the sake of self-consistence, they are reproduced here with permission.

The asymptotic structure in the two scenarios discussed in the previous section is different,
although this is not immediately apparent. However, in both cases there is an O(n~!) boundary
layer forming near the inner rim of the annular cross-section, and that is where we start.

To begin, in the limit n > 1 we introduce the stretched variable X = O(1) such that
p=1+ Xn~1 and look for solutions of (5.26) with

U =Uy(X) + Ui (X)

S|

o, (5.33a)
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Figure 5-5: Normalised eigenmodes of (5.26) for follower loading when a = 0.05, v = 0.33, and
n = 5.0. Both U; and Uz undergo localisation as the mode number n is progressively increased;
here, n = 50, 100, 150, 200. The independent variable 1.0 < p < 5.0 has been suitably adjusted to
a smaller range in order to enhance the clarity of the localisation process.

A
A=Ag+—=+..., (5.33b)
n
where
U, UL(X) ‘
U = , U;(X) = (j=0,1,...).
Uz Us;(X)

The quantities that appear on the right-hand sides of (5.33) can be found systematically, al-
though for our immediate purposes a leading-order analysis will suffice.
Routine algebraic manipulations indicate that if n = O(1) the boundary-layer behaviour is

described by a hierarchy of equations governed by the differential operator

d? d
—— MY — 4 MO (5.34)

— M@
Lo =MT0% dX

where the matrices M) € Max2(R) have the components recorded below

2 1
MY = Ky, My =0,
(2) ._ (1) ._ « 2 Ky
My =0, My, -*2(2_1)[/\0(77 +1) 277}+77
1
M? =0, M = —5 (K2 — alo),

1
M2 = 5 (Ka+alo), MY =0,
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MY = 2(772& 0 [Ao(n” +1) —20%] — %
MY =0,

My =0,

Myy) == — K

The leading-order terms in (5.33) satisfy

LpL[Uo] = 0; (5.35)

when dead loads are considered, this equation must be solved subject to the homogeneous

boundary conditions

dU, o
Hld—XO +HUy=0 at X=0, (5.36)
where
K, 0 ) 0 Ks
H, = and H =
0 OAA() + Kg OAAO - Kg 0

These constraints apply to follower loads as well, with the only modification that the pa-
rameter o in H and H; must be set equal to zero. In both cases a second set of constraints
must be enforced, as motivated by the numerical experiments of §3,

AUy
dXi

-0 as X — o0, (1=0,1). (5.37)

It will turn out that this naive set of conditions are not relevant to the dead loading situation
but, nevertheless, it is instructive to carry on with both cases in parallel and see how the simple
boundary-layer structure (5.33) fails in that situation.

Looking for a solution of (5.35) in the form Uy(X) = vexp(¢X), for some ¢ € C and a

column vector v € R?, it is found that the former must satisfy the characteristic equation
det [§2M<2> + MW 4 M<0>} ~0,

with the roots

(12 =%1 and (3,4 = £B(Ao,n), (5.38)

| K3 —2G

where

Guided by the fact that the requirement (5.37) must hold in the far-field, the boundary-layer
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solution must be a linear combination of two exponentials involving the negative values from
(5.38). Substituting this function in the two boundary conditions (5.36) results in the determi-

nantal equation that supplies Ag. In the case of follower loads it is found that

H3A3 + HoA2 + HiAg + Hy =0, (5.40)
where
Houn* + Hoon? + Hoo a(Hyan* + Hi2n* + Hio)
HO = - ; Hl = - ;
(> = 1)*(v + 1) (> = 1)*(v +1)?
H, — o? (Haan* + Haon? + Hy) H, = _CY3 (Hzan™ + Hzan? + Hsp)
(> =1)*(v+1) ’ (n* — 1) ’

and
Hoy :=40*(1 — %2 = 2a(1 +v) — 1, Hoz :=2[a(v+1)+1],

Hyg:=40*(1 —v*)? —4a(® +1)+1—-2v, Hyp=4[a(—* +20° + 20— 1) + 1],

Hay :=4a(l —v) — 2a0*(1 - 3v) — 1, Hap :=2[a*(v = 3) + 2v(1 —v) + 2a(1 —v) — 1] ,
Hgy:=20% — 2041, Hsp :=2(v — 1)%,
HOO = 71, H10 = 7(14’21/), HQO 2141/71, Hgo =1-2v.

The results predicted by (5.40) are compared in Figure 5-6 with the direct numerical sim-
ulations of (5.26)-(5.27) for n = 1000 (which could serve as a good approximation for C).
For the sake of brevity we show only a representative sample of calculations corresponding to
v = 0.33 and a = 0.05/0.005, because no qualitative differences are observed when changing
these parameters. It is evident that the agreement is excellent and the leading-order ansatz
(5.33b) does capture all the features of the numerical solution.

If we try to approach the dead-loading problem with the same type of ansatz, then it quickly
transpires that such a strategy would eventually be doomed for according to (5.39) as (Ag,n)
gets close to the curve € defined in (5.32), 8(Ag,n) — 0. Hence there is now only one solution
of (5.35) that falls off exponentially for X — co. In this case the determinantal equation loses
its relevance since it was obtained under the assumption that S(Ag,n) = O(1).

Figure 5-4 shows clearly that the neutral stability curves tend to accumulate on € (the
dashed curve) in the limit n > 1. Interestingly enough, this feature is anticipated by the old
expansion (5.33) although, as we have just remarked above, this leads to some spurious results
as well. Following the same strategy that led to (5.40), its counterpart in the dead loading case
is

(K3 — 2G)(E2A3 + E1Ag + Ep) =0, (5.41)
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Figure 5-6: Follower loads: comparisons between the limiting curves A = Ao(n) predicted by the
leading-order determinantal equations (dotted lines) and their counterparts obtained from direct
numerical simulations of (5.26)-(5.27) in the large-n limit (continuous curves, n = 1000). In both
windows v = 0.33, while o = 0.05 in (a), and o = 0.005 in (b).

with

402(1 — v)?
Ey = 777(21) +a2(772+1),

8an?(1 — v)?
E1 = —2(1(047’]2 —Kg) - %,

Ey = W — K3(n* —1) - 2K3an?.

Setting to zero the first bracket we get precisely the equation for the curve that marks the
loss of ellipticity boundary in the A —n plane. Alternatively, one can solve the quadratic in the
second bracket that turns out to have a unique root Ag > 0 slightly below that predicted by
the previous equation. This apparent contradiction is a consequence of using the determinantal
equation (5.41) beyond its intended range of validity. We have checked numerically for mode
numbers up to n = 5 x 10 that confirmed the accuracy of the scenario recorded in Figure 5-4
(and that the dashed curve is approached from above by the response curves).

To unravel the reason of the discrepancy generated by (5.41) we need to go back to the
differential equations (5.26). When K3 — 2G = 0 it is easily checked that Aij3(p = 1) = 0
and (5.26) admits an O(n~2/3) boundary layer governed by a rescaled Airy function, with the
eigenvalue expanding now in powers of n=2/3. The O(n~')-layer still survives and it is possible
to carry out a relatively standard analysis involving the interaction of the two layers, very much
in the spirit of [40, 41]. Since the non-elliptic regime is outwith the range of physical interest
the details of that analysis are left out.

The boundary-value problem (5.26)-(5.27) contains a couple of additional parameters be-
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sides the mode number. Several asymptotic regimes can be investigated in this respect, for
instance 0 < a < 1 or 7 > 1 or assuming that the relative order of magnitude of these param-
eters are related to each other. However, none of these appears to be relevant to our immediate
purposes, so we do not pursue matters further here.

The next-order problem is found to be described by the system of differential equations

dU, d*U,
— (00 N10OZZ0 | (202 Z0 42
Lp[Ui] Uy + IX + X2’ (5.42)
where
2
0oy  Ma (n°+1 ] 2 2
Nypo=——~ <772—1> +X{772—1 [Ao(1+2n%) — 317 Ks} :
(00) @ 2 2 Ky
Ny =— Ao(1 —2n°| — —
12 2(772_1)[0( +77) 77] 9
Ny = 5 (K1 +ako),
N = _oX K,
Nl(%O) = —Ky,
2
(10) - Aloz n + 1 X o 2 2
N12 T<772_1>+? ﬁ[AO(1+3n)*47}}+K2 )
(10) _ Ao X a 2 2
N3, 75{772_1 [Ao(1—37%) + 21°] +K2} ;
Ny =0,
Ao an?(Ao — 1)
N20) A e R0 T )
22 5 n?—1 ’
NGV~ NGO - NGV 0.
The relevant boundary conditions in this case are
H dUy + HU, = G(Wﬂ(o) + GO (5.43)
1 dxX 1 dx 05 .
where
0 0 —K; 0
G0 .= and GO .=
0 70&A1 70&A1 Kg — OZA()

and again the decay conditions at infinity (5.37) must be enforced on U;. As before, the above

formulae are also valid for follower loads by setting o = 0 in (5.43).
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5.5 Discussion and conclusions

We have considered the in-plane bifurcations of the classical plane-strain Lamé solutions for
a St. Venant—Kirchhoff elastic solid. One of the main aims of this last chapter has been
to explore the applicability of the asymptotic strategy proposed in [31, 46] to the case when
the bifurcations are associated with a stressed rather than a free surface. Within the context
of the simplified incremental deformation theory adopted here — SIDT (e.g., [13, 15, 94]),
it was shown that this is indeed possible, but the outcome is somewhat different from that
of the earlier investigations. In the scenario for the pure bending of a neo-Hookean rubber
block discussed in [46] the transition between small and large mode numbers was gradual and
depended intimately on the ratio of thickness to length. More exactly, the larger the width of
the block, the greater the number of ripples on the compressed side. In the limit of an infinitely
large block the critical principal stretch became equal to that found in the compression of a
half-plane [14]. The problem was strongly elliptic and the instabilities found had a kinematic
character. Here, perhaps because of the fact that both boundaries of the annulus are stressed,
the neutrally stable configuration has less freedom in accommodating the full spectrum of
mode numbers. Our results indicated that in the case of follower loads, for a small range of
annulus widths, 7 ~ 1 to 2 when a = 0.05 and v = 0.33 (n = Rz/R1), the predominant long-
wave deformation mode corresponds to the inner rim becoming an ellipse. For larger widths
a short-wavelength (material) instability is observed whereby the central hole of the cylinder
experiences fine warping; this wrinkling-type instability is directly linked to the failure of the
Shapiro—Lopatinskij Condition. In the case of dead loading loss of ellipticity dominates the
global picture, although there is still a narrow window of annular widths for which the long-
wave mode (n = 2) persists. (These findings were robust when changing the Poisson’s ratio
0 < v < 0.5 and the non-dimensional parameter o = 02/ F).

While from a practical point of view the immediate relevance of the specific type of loading
adopted in this study is somewhat limited, the results reported here contribute towards a further
rational understanding of the bifurcation phenomena experienced by elastic solids subjected to
tensile loads. The analysis reported in this chapter also shows that one must tread with caution
when dealing with incremental bifurcation equations involving non-homogeneous basic states
because loss of ellipticity can severely restrict the scope of mathematical investigations. Last
but not least, the work reported here reinforces the relevance of singular perturbation methods

not only to thin-walled configurations, but also to incrementally linear elastic solids.
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Chapter 6

Conclusions

6.1 Summary

The main contribution of this Thesis is the investigation of several bifurcation (eigenvalue)
problems for the elastic instability in tension, which include the thin elastic plates, rectangular
plates and thick cylindrical tubes subject to stretching loading. Then these mathematical mod-
els were discussed thoroughly by using a mixture of both numerical and asymptotic techniques.

As stated in the concluding sections in Chapter 2 to Chapter 5, we summarise the main
results here.

In Chapter 2, we first recorded a set of coordinate-free formulation for Féppl-von Kédrman
plate theory and the corresponding bifurcation equations by using Calculus of Variations. This
is first started by assuming the Love—Kirchhoff displacement field, then we apply the minimum
energy principle to the potential energy by using the Calculus of Variations. We showed the
derivation of these equations in both weak form and strong form (together with the bound-
ary conditions). This set of equations is applicable for any plate geometries made of general
anisotropic elastic material. We also showed the reduction from the above general case to the
isotropic elastic plate subject to only in-plane loading. The related weak form was then used
in Chapter 3, and the strong form together with the boundary conditions were then applied to
Chapter 4.

In Chapter 3, a hybrid energy method was proposed aiming to improve the existing asymp-
totic approximations in tensile edge-buckling (such as [41, 44]), and extend those results (valid
for large asymptotic parameter p 2 350.0) to the regime when p is small (@ ~ 10.0). This
was achieved by adding extra unknowns (freedom) to the leading order asymptotic ansatzes,
plugging them into the weak form of the bifurcation equation and the critical mode number
condition to form a multi-variable optimisation problem. Then the results for smaller-u regime
(1 < 2.0) are complemented by asymptotic analysis when p is asymptotically small. This

new approach provides approximations for both the neutral stability envelope (NSFE) and the
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corresponding critical number of wrinkles with minimum effort. The method is shown to be
robust irrespective of the geometries as we have applied it to both rectangular and annular
geometries. The accuracy achieved is fairly good despite the simplicity of the leading order
asymptotics (membrane boundary-layer) employed . Additionally, including the effects of the
bending boundary layer leads to an even better agreement with the numerics.

In Chapter 4, we have investigated the localised instabilities of a stretched bi-annular thin
plate, which is composed of two concentric annuli with different mechanical properties and
fully attached. The bi-layer structure can behave differently in terms of both the prebuckling
stress distribution and the bifurcation compared with the single-annular case with homogeneous
material. Owing to the different properties of the materials (Young’s modulus E and Poisson
ratio ) in the two annular regions, the stress distribution in the basic state was first investigated
both analytically and numerically, which is a limit case when pu — oco. It suggests two types of
limiting curves analytically that depend on the ratios of mechanical properties (Young’s moduli
and Poisson ratios) of these two annuli: the cusp type and the rectangular-hyperbola type. The
former type corresponds to the cases when v := F1/Es < v1/ve; while the latter type occurs
when v > 14 /ve. Complete parametric studies (mechanical and geometrical) were conducted
for the full bifurcation problem. The NSFE can be classified into two different types as well,
asymptotically corresponding to the previous basic state analysis. We also found that localised
instabilities (edge-buckling) can be triggered by discontinuities, not only from the boundaries
but also from interface, depending on mechanical and geometrical parameters. Then, both the
pre-bifurcation and bifurcation analyses were considered together and a deeper understanding
was gained on the effects of the discontinuities caused by the interface on both the critical
external stretching and wrinkling modes. Further asymptotic analysis has been undertaken by
extending the earlier analysis of Coman et al.(2006) into bi-layer structure. The asymptotic
approximations are quite robust and accurate when the large parameter is moderately large.
It paves the way for generalisation of the asymptotic analyses given by Coman et al. (2007).
Both the numerical and asymptotic strategies in this problem can, in principle, be extended
for the bifurcation of multi-layered structures.

In Chapter 5, the in-plane bifurcation of an infinite thick cylindrical tube made of St Venant—
Kirchhoff elastic material was considered, subject to radial stretching on the two cylindrical
surfaces. Firstly, a novel tensor derivation that clarifies the assumptions introduced was given
based on a simplified theory of Biot, and a new tensorial equation was presented in which some
of the simplifications have been ignored informed by Novozhilov’s theory. However, the bifur-
cation of plane-strain problem is completely different from the corresponding plane-stress case.
Numerical investigations of the relevant incremental problem reveal two main bifurcation modes
for the tube: a long-wave local deformation (critical mode number n = 2) around the central
hole of the domain; or a material wrinkling-type instability (n = oco) along the same boundary.

Strictly speaking, the latter scenario is related to the violation of the Shapiro—Lopatinskij con-

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 158



6.2. FUTURE WORK

dition in an appropriate traction boundary-value problem. From the physical point of view, it
might be because the strong constraints such as the the plane-strain deformation and both the
boundaries are stressed, the neutral stability configuration has less freedom in accommodating
the full spectrum of mode numbers. The results contribute towards a further rational under-
standing of the bifurcation phenomena experienced by elastic solids subject to tensile loads.
The analysis also shows that one must tread with caution when dealing with incremental bifur-
cation equations involving non-homogeneous basic states because loss of ellipticity can severely

restrict the scope of mathematical investigations.

6.2 Future work

The work in this Thesis also suggests a number of interesting extensions that could be
explored in the future.

There are several direct extensions for the formulation in Chapter 2: we can pursue thick
plate theories such as the first- and higher-order shear deformation theories by introducing a
rotation vector term in the assumption for the displacement field; or we can consider dynamic
plate theory by including a kinetic energy term, which is of great importance since in dynamic
analysis, the nonlinearities in deformation and elasticity are customarily assumed to be absent.

In Chapter 3, the proposed hybrid energy method has been proven to be robust for a
class of edge-buckling problem in tension. It would be interesting to explore this strategy to
problems in which the asymptotics are governed by differential equations that are not solvable
in closed form. A pertinent example is provided by the paper [99], in which the authors used
finite element simulations to identify the optimal choice of such an ansatz. The alternative
asymptotic description given by Coman in [34] for the same problem hinged upon a boundary-
layer analysis governed by a fourth-order differential equation with variable coefficients and
which was not solvable in closed form. Extending the ideas discussed in this chapter to that
situation would be an interesting exercise, and that could broaden the scope and relevance of
the Hybrid Energy Method to new classes of eigenvalue problems.

Since we have investigated the localised instabilities of a stretched bi-annular plate in Chap-
ter 4, there are a number of extensions for this problem. One direction would be extend it
to a greater number of concentric annuli that make up a multi-annular plate. It would be of
interest to see if there are further novel types of response curves and wrinkling modes, and
more interesting findings are expected to appear in parametric analysis. In this direction, we
can treat one annulus as stiffened, then it is of practical significance to study its stiffening
effects on the buckling resistance under tension, in contrast to compressed buckling of stiffened
annular plates as reported in [56]. Another aspect is focusing on how do the discontinuities
(boundary and interfacial conditions) affect the localised wrinkling patterns. For example,

in light of the localised instabilities of the initially stretched annular plate caused by the az-
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imuthal shear stresses along the inner rim [40, 43], we expect the localised wrinkling mode and
the NSE appear novel types for a multi-layer structure compared to a single-annular under
the same geometries. Also, we can change the interfacial conditions from fully attached to be
other contacting constraints (different discontinuities). By doing this, we investigate how those
discontinuities affect the prebuckling stresses, and in that case, what is the influence of the
mechanical and geometrical parameters on the wrinkling mode as well as the anti-wrinkling
capability of that structure.

In Chapter 5 we have discussed the plane-strain instability of a thick cylindrical tube. In
this problem, linear Lamé solutions were used for the pre-buckling state, it would be interesting
to see whether the findings of this work will persist when we treat the pre-buckling as nonlinear,
such as the equations V - P = 0 before reduction, as stated in §5.2. Also, the linear bifurcation
equations were obtained under a series of simplifications. However, for a compressed thick
cylindrical shells, Kardomateas [73] pointed out that the effect of including the terms with
pre-buckling normal strains and stresses (6 - e and o - €, which were neglected in our problem)
as coefficients will lead to about 14% decrease in the critical compressive load compressed
orthotropic tubes when Ro/R; = 1.4. It would be of interest to compare the solutions with the
un-simplified and the simplified bifurcation equations in our problem, followed by asymptotic
analysis (if applicable). Another immediate extension of this work vis-d-vis the developments
of §5.3 could be directed towards the role of the boundary loading imposed on the annulus.
For instance, the stress concentration phenomenon persists if the domain undergoes azimuthal
shearing along the inner boundary, with tensile tractions still being imposed on the outer
perimeter. By analogy with the plane-stress calculations carried out in [40] we expect the
asymptotic structure of the problem to be different due to the obvious rotational symmetry
inherent in that problem. Finally, it is also of interest to understand whether the phenomena
observed in this chapter are an immediate consequence of the approximate nature of the SIDT
in this respect a comparison of the present analysis with a more rigorous one based on Ogden’s
incremental elasticity formulation would be desirable.

Another interesting aspect would be extending the bifurcation problems discussed in Chap-
ter 4 and Chapter 5, where the structures are made of isotropic material, to the same geometries
but made of anisotropic materials (such as polar orthotropic, transversely isotropic, etc.). The
formulation are already recorded in §2.1, §2.2 (for elastic plate) and §5.2 (for elastic solids).

Those work can be companied by the asymptotic analysis in light of [35].
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Appendix A

Some useful identities for vectors

and tensor fields

Here we collect a few less standard identities that were used in Chapter 2 and Chapter 5. In
this appendix, we let ¢ and i be scalar fields, a, b, ¢, d, e, f, g and h be vector fields, and T

a second-order tensor field.

A.1 Identities related to stiffness tensor

At first we introduce some fourth-order identity tensors, then we record some identities used
to perform the manipulations that specifies the general anisotropic linear elastic plate into the
plates made of isotropic material. The double contraction for second-order tensors, the triple
contraction for third-order tensors and the quadruple contraction for fourth-order tensors are

defined respectively by

(a®b):(c®d):=(a-c)(b-d),
(a@bxc)i(dwed f):=(a-d)b-e)c-f),

(a®b®ced)i(e® fogah):=(a-e)(b-f)(c-g)(d-h).

These operations are extended in an obvious way when one of the terms is a tensor of higher

order. For example, for any fourth-order tensor C, we have
(@a®b):C:(c®d)=Ci(adbxc®d).

We now introduce two important fourth-order identity tensors appear in the stiffness tensors,

followed by some useful identities. One is I ® I (I is the second-order identity tensor), whose
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component form reads

(I @ I)apys = Gapgns -
Another important fourth-order tensor is symmetric projection tensor I, with the entries
1
Topys == 5(90479[35 + 9as9py) -
In what follows we record some properties of these two tensors.
II):T=tr(ThI, 1:T=T°,

where T denotes the symmetric parts of T', and ¢r(T') is the first principal invariant of T'.

Therefore, we have
IeI): (Voo V)= (Vo -VY)I, T:[(Ve)® (Vy)]=[(Ve)e (V).
For an arbitrary vector field a, we have

I®I):(Vea)=(V-a)l, I:(V®a)=(V®a)’, (A.la)
IeI)!(VaVea)=V(V-a), I(VeVea)=V-(Vea)’, (A.1b)

I (VeVeVra)=V3V-a), IH{(VaVaVea) =(VaV):(Vea).

(A.1c)
Note that in (A.1b)s and (A.lc)s
V~(V®a)5:%[V(V~a)+V~(V®a)] ,
(VaVv):(Vea)*=V-[V-(V®a)].
If we replace a in (A.1) by V¢, we have the identities below
I®I):(VeVe) = (VeI, 1:(VeaVe) =VeVe, (A.2a)
I®D:(VaVaVe) =I1:(VaVeVe) =V(Vie), (A.2b)
IeDi(VeavVeVeVe =I(VaVeVrVe) =V (Ve)), (A.2¢)
in which
V(V2¢) = VX(V¢) =V - (V@ V), (A.3a)
VE(V24) = (VR V): (VRaVe) =V-[V- (Ve V). (A.3b)
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A.2. DIVERGENCE THEOREM AND GREEN IDENTITIES

Moreover, in two-dimensional problems, if we introduce two orthogonal unit vectors n and s

(n - s =0), then the gradient can be decomposed as

9] 0
V.:nvn—i—svs:n%—i—sg.
Therefore, we have the following conclusions
I:(n@n)=trln®mn) =1, I:(n®s)=trln®s)=0,
IRI):(n®n)=1I, I:(n®n)=n®n,
I®I):(n®s)=0, I'(n®s)=(nN®s)°,
(Ve Ve): (neon)=Vig, (VeaVe): (n®s)=V,Vso,

where O is the second-order zero tensor.

We use C to denote the constant stiffness tensor for a general linear material (anisotropic).
Due to the symmetric of the stress tensor and strain tensor, a stiffness tensor C has the following
three symmetric properties, namely, two minor symmetries (defined in (A.4); 2) and the major

symmetries (as in (A.4)3)

(Daﬁ'yzi = Gﬁa'y57 (Daﬁ'yzi = Caﬁ5'y ) (Daﬁ'yS = G'y&aﬁ . (A4)

In three-dimensional problems, the above symmetry properties can reduce the original 81 inde-
pendent components in two-dimensional problem into only 21. For two-dimensional problems,
the number of independent components is reduced from 16 to 6. Some inferences drawn from

the symmetry properties of a constant stiffness tensor C read

C:T=T:C,
V- (C:T)=C:(VeT),

V. V- (C:T=Ci(VeVeT).

A.2 Divergence Theorem and Green Identities

In this Thesis, Divergence Theorem was also applied to conduct some of the integration

derivations. More specifically, for two-dimensional problems,

/QV-(qﬁa)dA:/g(qbV-a—i—a-Vqﬁ)dA:/ (a-n)6dS (A5)

o2
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where n is the unit normal vector (outward drawn) on the boundary 9. By letting a — V1,

we obtain the Green’s first identity

/Q(qsv%p + V- Vo¢)dA :/ (Ve -n)pds. (A.6)

o0

Moreover, if we permute ¢ and ¢ in (A.6) and subtract, we can obtain the Green’s second

identity as following

/Q 6V — V) dA = / (6V — V) -ndS. (A7)

o0

Another corollary of the Divergence Theorem is

74 a-VodS =4 [(a-n)Ved+(a-5)V,d] dS= ¢ [a-nVaué—Vi(a-s)d dS, (AS8)
(o9} (o9} o

where n and s are the normal and shear unit vector attached to the boundary 0f2.

A.3 Other identities

For any symmetric second-order tensor T', where T =TT, it is obvious that
T:(a®b)’=T:(a®b)=T:(b®a)=(T-b)-a=(T-a)-b.
Furthermore, we have the identity,
I:(VaVe)=V-(Vp)=V?¢ and V3(V®a)=V®e((Va). (A.9)
By letting @ — V¢ in (A.9)2 we find that
VA(V® V)=V (V(Ve).
Other identities used earlier in the Thesis include

V- (¢I)=Vo,

V- (¢a)=(Ve)-a+¢(V-a),

V(T a)=(V-T)-a+T:(V®a),
V(¢y) = (V) +o(VY),
V(a-b)=(V®a) b+ (VD) a,

V& (pa)=(Vo)®a+d(Ve®a),
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V(T -a)=(VeT) a+(Vea) TT,

Via®b) = (V:a)2b+a® (Vb)) +2(Vea) - (Vab).
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Appendix B

Application of the compound
matrix method to the bi-annular

eigenvalue problem

This appendix contains the relevant calculations for the compound matrix method (CM M)
applied to the wrinkling of the bi-annular plate in Chapter 4 — see equations (4.53)-(4.55) in
§ 4.4. Our presentation follows the detailed treatment given by Lindsay in [80] for several
related examples.

For the sake of clarity, we are going to rewrite the fourth-order governing differential equa-

tions in Q7 and Q77 as

ap =A'y, pE [m,n], (B.1a)
dz
d_p = AIIZ) pE [7727 1] ’ (Blb)
where y = [y1,y2,y3,y4]7, 2 = [21, 22, 23, 24]7, and the 4 x 4 matrices introduced above are
defined by ) )
0 1 0 0
0 0 1 0
AL .
0 0 0 1
IIT  ALII 41T LIl
_A41 A" Ay Ay l

These two linear systems are complemented by the boundary conditions on the inner and outer

rims of the annular domain Q = Q; U Qg

Bly=0 at p=n, (B.2a)
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Bz2=0 at p=1, (B.2b)

where
1 0 0 O
B' =B .=
01 00

In addition to this, on the interface between €2; and Q;; we have the continuity condition

Gy—Hz=0 at p=1n2, (B.3)
where
0 1 0 0 0 1 0 0
0 0 1 0 0 0 1 0
G = and H =
Gs1 Gz Gszz 0 Hsy Hzy Hzz 0
_G41 Gz Gus G44_ _H41 Hys Hys H44_

We are now ready to outline the CM M without being burdened by the precise expressions
of the matrices introduced above. For the bi-annular plate problem, we have two strategies.
The first transforms the boundary conditions (B.2a) and (B.2b) on the inner and, respectively,
the outer rim of 2 into some initial conditions for two auxiliary linear differential systems; the
continuity conditions on the interface p = 1y serves as a target condition for these auxiliary
initial-value problems, and its role is to identify the actual eigenvalues.

Alternatively, one can use the boundary conditions on either boundary (e.g., p = 11) as
the initial conditions to integrate one of the auxiliary systems mentioned above over the range
from 71 to 72. Then, by using a suitable reformulation of the continuity conditions (B.3), a new
set of initial conditions is derived for the second auxiliary system. The boundary conditions
on p = 1 are arranged into a target condition (different from the previous scenario) that the
second system must satisfy in order to identify the eigenvalues of the original problem (B.1).

A caveat is in order at this point: the former strategy is only applicable for an annular
plate that has exactly two annular sub-regions, whereas the latter one is more general and can
be used for multi-annular plates. The difference between the two strategies consist only in
the treatment of the continuity conditions at the interface, the other details remain unchanged.
Thus, we shall start with a preliminary description on how the two auxiliary differential systems
are set up that will be followed by the particular details of the two alternatives mentioned.

The general solutions of (B.1a) and (B.1b) can be expressed in the form

y =y + ay®, z=a3zM +au2®.

EIGENVALUE PROBLEMS & ELASTIC INSTABILITIES 167



where, a; € R (i = 1,2,3,4) are arbitrary constants, and y(,y®) 21 22 are two indepen-
dent solutions with

(B) 0 S NT k) )G

y® ="y vy 2P 2T (k=1,2).

These solutions are the building block for the the compound variables that are set up by using

the matrices Y and Z,

ygl) y§2) R, Zgl) Z§2) S,
v || R z) 5| S
Y = = and Z = = , (B.4)
ys? s R; A0 Y S3
_yil) yiQ)— _R4_ _24(11) 24(12)_ _S4_

where R;, S; (i = 1,2,3,4) represent the row vectors of Y and Z introduced for further
reference when we shall discuss the second C'M M strategy mentioned earlier. Furthermore, we
also introduce the C M M variables ; and ¢; (i = 1,...,6) constructed from the matrix ¥ and

Z as indicated below,

oy oy

1/)1 = L ) == (1,2)y, 1/)2 = . ) = (1,3)y,
yé ) yé ) yé ) yé )
Z§1) Z§2) Z;l) Z§2)

¢1 = == (1, 2)Z, ¢2 = == (1, 3)2 .
Zél) 252) Zél) Z§2)

The notation (7, j) stands for the minor obtained by considering rows ¢ and j in either Y or Z;
the superscripts indicate which one of the two matrices is chosen.

Similarly, we have

vy = (L,4)Y, $ui=(2,3)Y, vsi=(2,4)Y, = (3,4)7,

¢3 = (1’4),2’ ¢4 = (253)Za ¢5 = (2’4)2’ ¢6 = (3’4)Z .

If we differentiate ¢; with respect to p, by using the formula for differentiation of a determinant

we can express the result as a linear combinations of the components of 1. For example,

L’ y(2)’ (1) ()

d ) 1 % %
dipl = wll = " 2 + a , 2)/ = 1/]2
v’ | |
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and

! I
A ol B P
1 2 1)’ 2)/
PRI YO
y(l) y52) y(l) y(2)
= +
1 2 4 1 2
?J( ) yz(L ) Zz‘:l Azlyz( ) Z§:1 Allyz( )
R ) I 17 S o
_ + Z Al
R o T S [

Taking into account the earlier definitions of v;,7 = 1, ..., 6, this last result becomes

Similarly, we have

and

Vs’ = Abpy + Ao + Altps + 15 .

Yy =13+ 1y,
1/151 = 1/155
i = —Abby + ALpy + Alips 4 b6

v = Althy — Ayhs — Ajs .

¢ = b2,

¢y = ¢3 + ba,

¢y =AY 1 + A o + ALl s + ¢,
¢y =5,

ot = —A g1 + Al s + Al s + o6,

06 = Al b2 — Ay s — AL 06

Performing the same type of calculations in relation to (B.1b), the original fourth-order equa-

tions are transformed into a couple of linear sixth-order systems involving the compound matrix

variables,

I
dp - 1/}7 IOE [7715772]7
d¢ 1
k. 1
dp ¢a pE [7727 ]7
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B.1. THE FIRST STRATEGY

where M are the 6 x 6 matrices

0 1 0 0 0 0
0 0 1 1 0 0
AL Aé’” AL 0 1 0
M
0 0 0 0 1 0
—APT 0 0 AT AT
o AP o —AP" 0 ApY

Even though the problem has experienced an increase in the number of equations, the real
advantage comes from the fact that now we only need to solve some initial-value problems.
The formulation of the required initial conditions and the handling of the continuity equations

at the interface are explained in the next two sections.

B.1 The first strategy

Assuming that y(), y(®) satisfy the boundary conditions on the inner rim p = 7y, i.e., y%l)(m) =

y§2) (m) = yél)(m) = yéQ)(m) = 0, by taking into account the definitions of the C'M M variables

we discover that

Y1(m) = Ya(m) = ¥3(m) = Ya(m) = ¥s(m) =0 and e(m) # 0.

Without loss of generality we can set 1g(n1) = 1, and hence the boundary conditions (B.2a) on
the inner rim of the original problem correspond to the following initial conditions for the new
system (B.5a),

¥ =10,0,0,0,0,1]7 at p=1n,. (B.6)

Similarly, assuming that the solutions z1), z(?) satisfy the boundary conditions (B.2b) on the

outer rim of €2, we obtain the other set of initial conditions for (B.5b),
$=10,0,0,0,0,1]T at p=1. (B.7)

With the original boundary conditions embedded in these two initial conditions for the new
system, the next item on the agenda is to rewrite the continuity conditions (B.3) at the interface

in terms of the components of 1) and ¢. To this end, we notice that

Pa =0, (B.8)
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B.1. THE FIRST STRATEGY

where

P = [Gy(l),Gy(2),Hz(1),Hz(2)] and a = [a1, az, asz, aq]”

From the nontrivial solvability of the linear system (B.8) in which «; (i = 1,2, 3,4) are regarded

as the unknowns, we deduce the so-called target condition
det (P) =0. (B.9)

By applying the Laplace expansion theorem for determinants, we can express the target con-

ditions in terms of the 2 x 2 minors of P. Hence equation (B.8) becomes

P1214P3432 — Pi921P3a3a — Pi223P3aa1 — (Pi223Psa13 — Pia31 Paasa — PiaazPsao1) =0,

where

Pijr =

The 2 x 2 determinants above can be further expressed in terms of the compound matrix

variables t; and ¢; (i = 1,..,6) in light of their definitions

Pp1 Prp
=(Gr1Gr2 — Gi2Gn )1 + (Gr1Gis — GrsGii) e
P P
+ (Gr1Gs — GraG)ps + (GraGiz — GraGia)iy
+ (GraGrs — GraG2)hs + (GraGry — GraGi3)ibs
and
Py3 Pra
=(Hi1His — HyoHpn )1 + (Hii His — Hig Hiy ) oo
Ps Py

+ (HpiHiy — HpaHpy) s + (Hio His — HisHio) gy

+ (HroHis — HpaHp2) s + (His His — HiaHiz) g

To summarise, the compound matrix method has transformed the original eigenproblem into
an initial value problem for a linear system of 6 first-order ordinary differential equations. The
eigenvalue )\ is identified by searching for the least positive value of this parameter for which

the target condition (B.9) is satisfied.
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B.2 The second strategy

This differs from the earlier one in the way the continuity conditions are handled. Basically,
the change of tack consists in integrating the problem sequentially, starting from the inner rim
to the interface, and then using the continuity conditions to formulate new initial conditions for
the equations that are integrated in the outer annulus. Such an approach is more general than
the one already outlined in the previous section, and can be easily extended to multi-annular
problems with an arbitrary number of concentric annular sub-regions.

After forward integration of equation (B.5a) over [n;,n2] with the initial condition (B.6),

the values of ¢; (i = 1,...,6) are obtained at the interface. Equation (B.3) can be recast in the

form
CYa,=DZa,, (B.10a)
EY&, = FZas, (B.10D)
where
oy g 1 0 0 O
al = , ag = , C=D:= y
Q2 Qy 01 0O
G31 Gz Gzz 0 Hsy Hzy Hzz 0
E= . F=
Gy Ga2 Gaz Gy Hy Hyp Huz Hy

From (B.10a) it follows that det (CY )&y = adj (CY)DZas, where adj(CY) is the adjugate
matrix of C'Y. Substituting this into (B.10b) yields

{EYadj (CY)D — det (CY)F} Za, = 0.

As explained by Lindsay in [80] this relation must be satisfied for all &z = [a3, a4]” since there

are still two boundary conditions left to satisfy on the outer rim of €2. Hence

{EYadj (CY)D — det (CY)F}Z =0. (B.11)
Note that
(1) (2) 2 2
CY = ytl) ytz) . adj(CY) = y2(1) %} ,
Ys Ys —Y2 Y1

and then using the definitions for v¢; (i = 1,...,6), after routine manipulations (B.11) can be
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shown to become

Si
P S,
[Fl y FQ} =0, (B.12)
S3
S4
where,
2 (G31 — H31) — Gazily (Gsa2 — Hz2)1h1 + G3sipo
1= )
_(G41 — Hu)p1 — Gagha — Gaaths  (Gag — Hao)n + Gazths + Gaaths
N —Hs31)1 0
F2 = ,
_—H43¢1 —Hyqy

and the S; (j =1,2,3,4) have already been defined in equation (B.4).
The above equation provides two relations for the four quantities S; (i = 1,2, 3,4), so we
can represent any two of them in terms of the other two (by routine algebraic manipulations).

We choose to write

S3 = k151 + k259, Sy = k381 + k4S9,

where k; (1 = 1,2,3,4) can be obtained from the (B.12), and have the expressions recorded

below
by = (Gs1 — Hs31)11 — Gagihy
Hss3¢1 ’
oy — (G2 — H32)1h1 — G33tba
Hss3¢1 ’
b — [(Hyz(Hsy — Ga1) — Hy3(Hy1 — Gar) |y — (H33Gug — Hy3G33)1py — HazHyss
° H3sHys1 ’
oy = [(Ha3(Hi2 — Gaz) + Hyz(Hso — Gao) |y — (H33Gug — H33G43)1p2 — HazHyshs

H3sHys1

This information permits us to relate the CM M variables on the interface since

Sl Sl
¢1 = =¢1, P2 = = k291,
S5 k1S1 + k2.S2
Sl S2
¢3 = = k401, ¢q = = —ki¢1,
kgSl + k4SQ klsl + kQSQ
S5 k181 + k2So
b5 = = —k3¢1, b6 == = (k1ks — kok3)o1 .
k381 + k4 So k381 + k4 So
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The first of these equations is trivially satisfied, so without loss of generality we can set ¢1(n2) =

1. In conclusion, the initial conditions for ¢ at the interface read

¢ = [1, ko, ka, —k1, —ko, k1ks — kok3]  at p=1p.

Equations (B.5b) are integrated towards the outer boundary of Q;; with these initial conditions,

and the eigenvalue is found once the target condition (B.7) is satisfied.
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Glossary of Abbreviations

CMM Compound Matrix Method

cv Calculus of Variations

FvK Foppl-von Karman

HEM Hybrid Energy Method

HGT Hybrid Galerkin Technique
MAE Method of Adjacent Equilibrium
NHP Nodal Hoop Point

NSFE Neutral Stability envelope
PBAS Pre-Buckling Azimuthal Stresses
SIDT Simplified Incremental Deformation Theory
SLC  Shapiro-Lopatinskij Condition

TP Turning Point
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