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Abstract

This thesis discusses how wave propagation in continuous linearly elastic media can be
controlled or suppressed using periodic structures. This involves controlling 2D waves
on a membrane, 3D longitudinal and transverse waves in a linearly elastic bulk, and

waves across the surface of a linearly elastic half-space, termed ‘Rayleigh waves’.

First, the concept of wave ‘bridging’ is introduced, using an array of periodic mate-
rials to carry waves across a void for two different continuous media. In a 2D membrane,
the void is bridged by a periodic array of strings. Two arrays are considered; the first
is a simple array of parallel strings, while the second is a square-based string lattice.
For each, bridging is shown to be possible but with limitations. The lattice bridge is

also shown to be capable of limited wave filtering.

A 3D linearly elastic bulk is then considered, with an array of membranes and
thin, rigid sheets held in parallel, intended to bridge the out-of-plane and in-plane wave
motion respectively. For bulk waves, ‘perfect’ wave bridging is shown to be possible for
normally incident waves only, with any other incident angle causing wave conversion.
For Rayleigh waves ‘perfect’ bridging is shown to be possible, but requires the bridge
parameters to have dependence on depth, indicating that this bridge cannot bridge

both Rayleigh waves and bulk waves. Furthermore, it is not possible to construct a

broadband Rayleigh bridge.

Next, different metasurfaces are designed and treated, consisting of a periodic array
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of vertical resonators attached to the surface of a half-space. These metasurfaces are
intended to control and suppress Rayleigh waves. Earlier studies have considered the
effect of compressional resonators. In this thesis, an asymptotic model is used to deter-
mine the approximate dispersion relation of the previously considered compressional
metasurface, which is shown to be remarkably close to the full unimodal dispersion
relation. The same asymptotic model is then used to consider a flexural metasurface,
with resonators formed from Euler-Bernoulli beams. The dispersion relation is again
compared with the full unimodal dispersion relation, again showing the same key be-
haviours. Special attention is given to the effect of different junction conditions, which

are shown to significantly change the size and behaviour of any stop bands.

Finally, a second-order term is derived for the previously employed asymptotic
model, verified by comparison to the Taylor expansion of the Rayleigh determinant.
This new model is applied to three different systems; a point harmonic forcing, a
moving load and a compressional metasurface. In each, the new model is shown to

more closely represent the exact solution, at a cost of increased complexity.
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CHAPTER 1

Introduction

1.1 Literature Review

It is known that for a point forcing on the surface of a semi-infinite soil layer, localised
surface waves, or ‘Rayleigh waves’ can account for around 67% of the energy carried
by a seismic wave, dominating over shear and pressure waves [110]. These Rayleigh
waves propagate only along the surface, with amplitude decreasing exponentially with
depth into the bulk [2]. This allows them to travel further and decay more slowly than

so called ‘bulk waves’ which propagate in all directions.

The human and financial costs of such seismic surface waves are well documented.
The 2011 New Zealand earthquake in Christchurch alone reportedly cost an estimated
16.5 billion NZD [84] while after the 2008 Sichuan earthquake in China, 69,197 people
were listed as having died, with many more injured or missing [101]. On a smaller
scale, ground vibrations from building work, roads and train lines can cause significant
damage to nearby buildings [102].

Recently there has been a significant increase in the amount of work produced with
the aim of redirecting or suppressing waves in a wide array of systems. This follows a
long tradition of attempting to control wave propagation, including the use of mirrors

1



CHAPTER 1. INTRODUCTION

and basic lenses to focus and redirect optical wavelengths of electromagnetic radiation.
Following the discovery of microwaves in the late 19th Century there were attempts to
control the newly discovered electromagnetic waves using waveguides and differently
shaped antennae [95], while the use of seismic lensing by changing the refractive index
of the ground has been investigated more recently [21]. The approach to controlling
propagation has often been considered as a lattice problem, and numerous investiga-
tions have used or produced waveguides for which the dispersion relation shows band
gaps, also known as stop bands or filter bands, which are ranges of frequencies for which
waves cannot propagate through the material. Such waveguides have been produced

for optical [36, 56, 90], acoustic [96], elastic [29, 30, 78] and flexural [23, 46] waves.

Of particular interest is the use of periodic structures which can change the be-
haviour of waves passing through a continuous material. This includes wave gratings,
periodic structures classically originating in optics [37] used in elasticity to filter and
control wave propagation [109, 51]. More recently the effect that so called ‘structured
interfaces’, periodic connections between continuous materials, have on wave motion
has been investigated [6, 7]. These structures are capable of exhibiting behaviour such
as wave filtering [11] and polarisation [12]. Particular attention is given to structured
interfaces and gratings intended to enhance transmission using the resonance of suc-

cessive internal reflections [55, 54].

These waveguides have been complemented by recent advancements in the field of
so-called ‘metamaterials’. A metamaterial is any artificial construct which can behave
like a new effective material, usually with the aim of producing material parameters
or behaviours which are not found naturally or not possible with classical materials
[58]. As such, metamaterials have a wide range of other uses in multiple systems. A

subsection of metamaterials of particular interest for an elastic half-plane are ‘meta-
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surfaces’ [77]. As a metamaterial can be used to control bulk waves, metasurfaces are
constructed on the edge of a bulk and can be used to control surface waves. These
metasurfaces have the advantage of being easier to construct and insert into a physical

system and are easier to manufacture [114].

The development of materials which can exhibit behaviours not possible for natural
materials has renewed interest in designing materials to control waves using coordinate
transforms, including the study of cloaking. This recent development has numerous
practical uses and a great deal of vibrant research. These rely on metamaterial designs
since, to produce the transformation effect, material parameters are assumed to have
the form of an anisotropic matrix. This requirement is difficult, or even impossible,
with classical materials [17]. The original work on coordinate transformations was
developed in an electromagnetic system by Ward and Pendry [106], although work on

the topic had been undertaken previously at a purely theoretical level.

The aim of transformation cloaking is to create a region, or ‘inclusion’, surrounded
by some cloak which diverts incident waves around it, such that the inclusion is undis-
turbed and the wave pattern outside the cloak is identical to a wave pattern where
no cloak or inclusion is present. This has previously been achieved by the use of co-
ordinate transforms, where the cloak describes a deformed space which replicates the
wave equation of the undeformed region. Following the work by Pendry [93] on optical

cloaks there has been great interest in extending these ideas to other systems.

Many of the approaches in these problems require the treatment of multiscale
problems. The forcing at the interface between the two materials is classically modelled
as a point forcing, using a Dirac delta function. However, such point actions are often
incompatible with the exact treatment of a continuous boundary [103] and so other

models must be chosen for real-world relevance. Previous efforts to solve multiscale
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problems have included matched asymptotics [104], the so-called ‘Arlequin method’ [5,
69] and homogenisation (for examples, see [26, 53] and references within). While the
Arlequin method matches work done in the system, the treatment of the boundaries
in this thesis involves either homogenisation or Fourier series expansions to match
displacement and conserve tensions along the boundary. For more complicated systems

such treatments may not be possible or will not give an appropriate degree of accuracy.

1.1.1 Metamaterials

A metamaterial is an artificial construct which can behave like a new effective material,
usually with the aim of producing material parameters or behaviours which are not
found naturally or not possible with classical materials [58]. Many of the examples
provided below approximate a continuous material using a lattice structure. While in
optical systems these lattices are static, in a moving system such as an acoustic or
elastic system the lattice elements will be mobile. In more complicated systems this
may cause effects that cannot occur in an ideal continuous material. Furthermore, if
the metamaterial is a lattice and is embedded in a continuous material, then there will
be point forcing at the boundary between the two materials leading to discontinuity

effects.

Colquitt et al. [27] produced a comprehensive discussion of elastic waves in periodic
materials, with discussion on types of lattices, defects, standing waves, and frequency
dependent focusing and filtering. While in this treatment the lattice is a large struc-
ture, something which may not be achievable in all situations, the results can still be
useful. Of particular interest are the presence of stop bands and filter bands; having
wave frequencies which do not propagate through a system will be useful for controlling
or suppressing waves but would disrupt attempts at ideally reproducing them. Pro-

4
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ducing stop bands has also been extensively discussed for different shapes of lattice
by Martinsson and Movchan, [78] including unusual designs such as ordinary lattice
shapes with small periodically inserted oscillators. For these lattices, clear band gaps

should theoretically exist.

A broad range of metamaterials have been produced or theorised for a number
of applications. One of the first and leading uses of metamaterials, particularly in
optics, is to produce a ‘negative index material’ which appears to have a negative
refractive index [99] and can be used to create a perfect lens [91]. Such materials have
also been physically constructed and experimentally verified for limited wavelengths
[57, 100]. These are credited by Pendry et al. [93] as indicating electric permittivity
and magnetic permeability can be can be arbitrarily varied by a tailored material,

therefore making optical transformation cloaking conceivable.

Optical metamaterials are largely based on utilising well established properties of
electromagnetism. Several designs use a ‘Split Ring Resonator’ design, a periodic array
which uses induction laws to produce an effective magnetic permeability [92]. Such a
design has already been experimentally verified for cloaking at microwave frequencies
[98]. For three dimensional cloaks, however, the majority of experimentally verified
cloaks are carpet cloaks for microwave [73] and visible [44, 45, 48, 50] frequencies.
These can be made using simpler designs with dielectric components such as a lattice
constructed from polymers with a variable cell filling factor controlling the local refrac-
tive index [44, 45, 48] or with nanoscale silicon rods which have a placement density

proportional to the refractive index [50].

Following developments in optics and electromagnetism, metamaterials have been
extended to a broad range of different fields [58] including acoustics [71, 74, 83], elas-

ticity [81, 114], flexural plate waves [24, 108, 112] and most notably for this thesis,
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seismic waves [§].

Many of the results for acoustic metamaterials are applications of results for optical
systems, with Li et al. [71] producing negative index materials and negative effective
material parameters and Movchan and Guenneau [83] considering acoustic analogues
to Split Ring Resonators. Guenneau et al. [52] build on the same ideas to produce
so called ‘Double C Resonators’ consisting of rigid discs connected by thin ligaments
to produce negative refractive index and phase velocity for a given frequency band,
allowing for a limited wave trapping effect. A similar system has also been considered
using periodically arranged plates inserted into a fluid [94], where the fluid waves

exhibit negative refraction and ‘waveshifting’ properties.

Developments in elastic metamaterials follow a similar methodology of using pe-
riodic inclusions, including the use of periodically inserted coated spheres and finite
mass-spring systems to create negative bulk and shear moduli [114]. Milton and Willis
[81] consider embedded mass-spring systems and spinning rings to create overall effec-
tive bulk parameters and show that, as well as giving tunable material parameters, the
resulting form of the equations take a similar form to Maxwell’s electromagnetic field

equations, allowing previous results in electromagnetism to be replicated for elasticity.

As with metamaterials, the original work and subsequent focus for metasurfaces has
been electromagnetism [114]. Following the previous success of extending other meta-
materials to other systems, metasurfaces have started to be applied to other physical
systems, including acoustics [85, 113] and flexural waves [24, 108, 112]. Each of these
flexural wave metamaterials make use of different types out-of-plane resonators. Xiao
et al. used an array of ‘lumped resonators’ consisting of masses on the end of out-
of-plane springs [112], with Williams et al. using the same type of array but utilising

rod-like resonators [108] and Colombi et al. using beam-like resonators [24]. Each of
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these systems showed stop bands or band gaps in the dispersion of incident flexural
waves, with Williams et al. [108] verifying the results with an experimental setup.
Similar out-of-plane resonators have also been applied to elastic surface waves, termed

‘seismic metasurfaces’.

1.1.2 Seismic Metasurfaces

The development of seismic metasurfaces has been driven by large scale experiments.
In the first of these, Briilé et al. [8] experimentally verified the existence of stop bands
to decrease the motion caused by earthquakes or man-made ground vibrations. Using
a test site in silty soil, a metamaterial lattice was constructed with periodic 5 metre
deep boreholes and the ground excited by a 50 Hz seismic source. In this system, it was
shown that regions near the lattice experienced a significant reduction in the seismic

energy received.

A similar seismic metasurface was treated analytically, using a buried lattice struc-
ture of rods [1]. This refined model took into account the effects of sub-soil structure,
and is particularly notable for being able to produce zero-frequency band gaps by
clamping the rods to a fixed bedrock. Further schemes have proposed constructing

buildings over specialised metamaterials to protect structures from seismic waves [13,

105].

In contrast to these embedded metasurfaces, the seismic experiment undertaken by
Colombi et al. [22] considered a natural array of trees. This was experimentally shown,
with numerical verification, to exhibit stop band behaviour and to cause reduction
of wave amplitude at certain frequencies. Usually in such systems, sub-wavelength
resonant arrays are only capable of producing very narrow band gaps [114] and, as
a result, it is challenging to make use of these band gaps in the design of filters and
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other wave control devices. Therefore, much of the existing work involves predicting
and controlling the locations of these band gaps, and also in enhancing the ‘size’ of the

stop bands to suppress a wider range of wave frequencies.

In further work by Colombi et al. [20] such an array with gradually varying system
parameters was shown to either ‘trap’ waves in the resonators or convert the surface
wave into a bulk wave. The overall effect of either of these is that the surface wave can
no longer propagate. This so called ‘metawedge’, typically characterised by increas-
ing or decreasing resonator heights, has been experimentally shown in a small scale
ultrasonic regime to cause conversion from Rayleigh waves to bulk waves [19]. This
metawedge design has also been applied to the energy harvesting [35] with the mode

trapping effect significantly increasing the energy yield.

In previous analytic treatment this type of array was modelled by Colquitt et al.
as an array of vertical rod-like resonators ideally attached at periodic intervals [25],
considering only longitudinal wave motion. This treatment provides analytic verifica-
tion for the band gap behaviour shown experimentally. However recent experimental
data obtained for a dense forest of pine trees, acting as subwavelength resonators, sug-
gests that the flexural resonances and junction conditions [97] may play an important
role. In the current literature, however, little attention has thus far been given to the

junction condition joining the resonators to the substrate.

1.1.3 Wave Cloaking

There are several different effects which are all referred to as cloaking. The most
general meaning of cloaking is for waves to ‘ignore’ some defect or inclusion, leaving
the wave pattern to appear as though the region being cloaked is not present. For
transformation cloaking, the cloak redirects the incident waves in such a way as to

8
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make both the object and the cloak undetectable. A related effect termed ‘carpet
cloaking’ covers an object with a transformation cloak and conceals any distortion or
bump caused by the inclusion, making the cloak appear to be flat [58]. The carpet
cloak is a type of transformation cloak, but instead of mapping the inclusion onto an
infinitely small point or line, the inclusion is mapped onto an infinitely thin sheet [16].
Since the transformation is simpler, this type of cloak can be produced from isotropic
dielectric materials and so has a simpler construction. While it is capable of concealing

an object, it does not prevent the cloak itself from causing reflections or scattering [72].

Cloaking of the Helmholtz equation was first solved in the short wavelength limit
by Leonhardt [70], making use of geometric optics to alter the refractive index to
divert rays around an inclusion. A more complete solution to the problem was given
by Norris [88], who advanced previous work done in producing cloaks for acoustic
waves [16, 32, 33]. In this Norris derived a relation for a cloak for acoustic waves
based around a metamaterial termed a “pentamode material”, originally posited by
Milton and Cherkaev [80] while discussing what properties can be artificially created
in metamaterials using only ordinary materials. The original physical design for such
a material is a lattice where each unit cell consists of four linkages meeting at a single
point, with the stress determined by the width of the linkages and the location of
the meeting point. The first theoretical use of pentamode materials in cloaking was
in a paper by Milton et al. [79] attempting to cloak the elasticity equations in an
investigation into the transform invariance of different physical equations. This result

was shown to be a special case of both acoustic cloaking [88] and elastic cloaking [89].

The main results obtained by Norris [88] are general for any coordinate transform
and can be applied to other physical systems. Colquitt et al. [28] applies the results

to the vertical displacement of an elastic membrane and due to the prevalence of the
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Helmholtz equation in physical systems, it is likely they will be similarly useful in many
other situations. There are also equations which can be expressed in a Helmholtz-like

form, which can also use these results to achieve cloaking.

Several schemes have also attempted to cloak flexural waves in a Kirchoff-Love
plate, despite the fact that these waves are governed by a fourth order equation instead
of second order. Brun et al. [9] disregard terms lower than 4th order to reduce the
equation to a form suitable for transformation cloaking, using a similar technique to
acoustic cloaking. As before this requires the material parameters of the system to
be changed according to the cloaking transformation variables. The second approach,
proposed by Colquitt et al. [31], instead introduces in-plane forces to the system. The
final approach by Farhat et al. [47], which uses established plate theory to simplify
the form of the governing equation using only homogenised layered isotropic materials.
While each cloaking is shown to be successful the effect is either not broadband or
otherwise restricts the cloaking. However a computational model of the cloak by Farhat
et al. confirms that for the required frequency band a cloak with as few as 10 isotropic

layers can have a good cloaking effect.

Cloaking has also been arbitrarily achieved for elasticity by Norris and Shuvalov
[89], in a generalisation of two earlier schemes for elastic cloaking, termed ‘Cosserat’
[10] and ‘Willis” [79]. While this can lead to a perfect cloaking of all elastic waves, the
strict requirements for the construction of such a cloak leaves scope for simpler cloaks

oriented at limited cloaking of individual wave types.

While much focus has been on transformation cloaking, other schemes have been
developed to cloak Rayleigh and Seismic waves. As a concept Colombi et al. [21]
proposed the construction of a Luneburg lens, a classical lens with variable refractive

index to redirect waves around the centre. However this cloak cannot cloak for arbitrary

10
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incidences.

1.1.4 Rayleigh Waves

In contrast to the modern fields of cloaking and metamaterials, elasticity and Rayleigh
waves are firmly established and thoroughly investigated branches of mathematics. The
first major mathematical discovery in elasticity was Hooke’s Law in the 17th Century
and at the time of Rayleigh there was a firm foundation of research on which to build
[76]. Of particular interest is Rayleigh’s research into surface waves on an elastic half-
space [75], now referred to as Rayleigh waves [2]. A succinct derivation of the Rayleigh

wave form is given by Kaplunov and Prikazchikov [60].

As mentioned previously these waves occur on the surface of an elastic half-space
and, in contrast to shear and longitudinal bulk waves, propagate only along the surface
and so for a point forcing will have an inverse square decay. Since they decay much
more slowly, Rayleigh waves have a higher amplitude than body waves at distances
far from the source [2]. However, unlike bulk waves, these surface waves do not have
an explicit wave equation; they are instead ‘hidden’ through the equations of linear
elasticity. This makes both finding the exact solution or undertaking numerical analysis
for a system dominated by surface waves difficult. Previous results have shown that the
displacement potentials can be expressed as a single function related through harmonic
conjugates [49], allowing the Rayleigh wave to be easily found in an arbitrary form
[14]. This has been extended to surface waves in linear elasticity with general depth
dependence [3, 68, 67].

Rayleigh waves are notable for having many practical applications, beginning with
the discovery that seismic waves from man-made ground vibrations or from earthquakes
include Rayleigh waves [4]. There are also similar surface waves which have been used

11
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in non-destructive testing [18], electrical components such as transducers [82], and
also in materials with a piezoelectric coating, where applied stress causes an electrical

current [64].

Taking advantage of the relation between displacement potentials, an asymptotic
model for the Rayleigh wave was first proposed by Kaplunov and Kossovich [66] with
the aim of reducing the full equations of elasticity and surface boundary conditions
to an elliptic bulk equation and a hyperbolic surface condition. This model predicts
the leading order Rayleigh-type waves produced by forcing along the surface of a lin-
early elastic half plane, for example see [63]. This model has been applied to multiple
problems including: Plane-strain and moving load systems [59, 61], mixed boundary
problems [42] and embedded point forces [38]. Special attention has also been given to
coated half-space problems [34, 43, 62]. For more general works and further examples
see also [63, 87]. In each, the asymptotic model has produced a simple but remark-
ably accurate approximation of the exact solution. This system could also be further
developed by considering the near-surface effect of coupled stresses. Furthermore, the
effect of microstructure, including non-local effects, have previously been considered for
near-surface wave motion [15] and, as might be expected, are asymptotically secondary

for treating Rayleigh-type waves.

The same asymptotic expansion method has also been applied to produce sim-
ilar models for interfacial waves in linear elasticity and edge waves on plates [60],
piezo-electric waves [64] and plates with surface loading [41] with similar success.
The hyperbolic-elliptic form of equations has also been shown to be present in the
asymptotic formulation of other physical systems. A further paper by Kaplunov and
Prikazchikov [60] details results for moving load problems on interfacial waves which

again have a hyperbolic-elliptic form, and for edge bending waves on thin elastic plates

12
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which instead have a parabolic-elliptic form. The same result for a surface wave in
an elastic material with surface stresses is extended by Ege et al. [40] for purely tan-
gential loads, but considering a fully 3D system with surface stresses acting in any
direction parallel to the surface. This system again shows equations of a hyperbolic-
elliptic form and a concise set of equations from which the displacement potentials in
the elastic half plane are produced. A similar result has been produced by Kaplunov
and Prikazchikov for piezoelectric Bleustein-Gulyaev waves [64], a surface wave where
displacement in the material and electric potential are strongly linked, which again

displays a hyperbolic-elliptic form.

1.2 Thesis Overview

The aim of this thesis is to demonstrate how wave propagation in continuous elastic
media can be controlled or suppressed using periodic structures. These metamaterials
will fall into two categories: The first, metasurfaces, are periodic arrays attached to the
surface of an elastic half-plane, while the second, bridges, are periodic arrays inserted
into a void between two halves of a continuous media. Since the treatment of the
metasurfaces makes extensive use of an existing asymptotic model for surface wave

propagation, this model will also be further investigated and developed.

This thesis will be organised as follows. Chapter 2 begins by establishing different
wave carrying materials and the homogenisation technique which will be used exten-
sively in this thesis. In Chapter 3 a novel method for transferring waves across a gap
between two thin elastic membranes using 1D strings is proposed. In Chapter 4 the
same formulation is extended to a 3D case using linear elasticity, with bulk waves
transferred in §4.1 and surface waves in §4.2. Chapters 5 and 6 will then propose
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metasurfaces for linearly elastic half spaces to control wave propagation; Chapter 5
will make use of the asymptotic model to discuss the effects of an array of vertical
rod-like resonators ideally attached to the surface and Chapter 6 will consider a similar
novel array with beam-like resonators with a variety of boundary conditions. Following
this, Chapter 7 uses the previous methodology used to produce the asymptotic model
for Rayleigh-type waves to extend the previous leading order model into a second order
model. Following the derivation, previous example situations are used to demonstrate
the improved accuracy of the new model. The work will then be concluded in Chap-
ter 8 with a final discussion of each of the problems with possibilities for future work

considered.
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CHAPTER 2

Preliminaries

In the work that follows there will be a selection of different materials and techniques
which will be made repeated use of. For convenience these will be described in this

section and referred back to as required.

2.1 1D and 2D Material Descriptions

A large component in this work is the theoretical construction of metamaterials and
metasurfaces for a bulk using a periodic array of lower-dimension objects. For this it is
necessary to make use of a range of 1D and 2D materials, both for bridging problems
and to act as surface resonators. For brevity, each will be detailed here. Since several
of these materials will be used in multiple different systems introduce an arbitrary 2D
Cartesian coordinate system ((,7n) and transpose into the new coordinates for each
case as required. For consistency, define (2 as some constant angular frequency for the
wave motion.
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2.1.1 Infinitely Thin String

First the linearly elastic behaviour of an infinitely thin string will be detailed. Such a
string is a 1D object and has only out-of-plane wave motion. Represent the horizontal
plane by the arbitrary orthonormal co-ordinate system (¢, 7n) such that the string mo-
tion is perpendicular to both the (-axis and n-axis and denote the vertical displacement
by wus. Then if the ends of the string are fixed at ((1,71), (C2, 1) the string exists only

in the domain ¢; < ¢ < (2, n = 1.

For these co-ordinates the equation of motion for vertical displacement is given by,

2 2
0°ug 0 u,

Ps o = o (2.1.1)

where ps and T are the mass per unit area and average tension per unit length of the
strings respectively. At the ends of the string the vertical tension per unit length, P,

is given by,
P=T,—. (2.1.2)
This leads to harmonic wave solutions along the string of the form,
us = Ageltls¢ 2 (2.1.3)

where the amplitude A, and wavenumber K are arbitrary constants arising from the

boundary conditions, and where K is determined by,

T

—, (2.1.4)
Ps

where ¢, is the wave speed in the string. The choice of sign in the exponent depends
on whether the wave solution is right- or left-travelling.
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2.1.2 Stiff Elastic Rod

Next consider a stiff elastic rod. In the same way that the string can only support out-
of-plane motion, a stiff elastic rod is inflexible and only supports in-plane longitudinal
waves. Reusing the same arbitrary Cartesian ((,7n) coordinates, with ends fixed at
(C1,m), (C2,m) the rod again exists only in the domain (; < ¢ < (3, 7 = n;. In this

domain the rods have governing equation,

2 2
0-u, 0“u,

Pr e ra—CQa (2.1.5)

where E, and p, are the Young Modulus and the density of the rod respectively. For

a cylindrical rod with diameter h,., the ends of the rod experience an in-plane force V/,

wh? _ Ou
V=-—=>F—, 2.1.6
T Prae (2.1.6)
which again leads to wave solutions of the form,
U, = A, eltKscHa (2.1.7)

where A, is the wave amplitude, determined by the boundary conditions, and the

wavenumber K, comes from the dispersion relation,

Q E,
L 2.1.8
¢ . (2.1.8)

where ¢, is the speed of longitudinal waves in the rod.

2.1.3 Flexural Beam

In contrast to the stiff rod which can only support longitudinal waves, next introduce
a beam which can only support flexural motion. Again use the arbitrary Cartesian

17



CHAPTER 2. PRELIMINARIES

coordinates ((,n) and take a beam as occupying the domain ¢; < ( < (3, n = 71.
The classical Euler-Bernoulli beam model yields the governing equations for flexural

motion of a beam as,

2
0",

ot?

4
0™y,

M,
b 8C47

— By, (2.1.9)

where u,, is a component of the displacement vector perpendicular to the beam, By, and
M, are the bending stiffness and mass per unit length of the resonators respectively,
and [, is the area moment of inertia of the beams. If the beam is cylindrical [, is given
by,

why
I, = TR (2.1.10)

where h;, is the diameter of a beam and for a beam B, is given by

1 =2

B, (2.1.11)

where E), and v are the Young modulus and Poisson ratio respectively of the beam.
Unlike for the previous materials, a flexural beam has four boundary conditions at the
ends with the beam displacement and its first, second and third derivatives correspond-
ing to displacement, bending angle, moment and horizontal stress respectively. These
boundary conditions are;

3
o= 1,520 (2.1.12)

Qug _ Ouy — Oocc __ pp Oy
9

on o’ on Tt ocz
where u¢ is the in-plane displacement, o¢¢ the in-plane stress and H is the out-of-plane
force in the n direction. A more detailed explanation for each of these is given in the
appendix §A.1. Also unlike the previous materials the wave speed is not a material

constant, instead being given by,

Q Bywhi\ T
LU 9 2.1.1
K, (6’4Mb) Ve, (2.1.13)

which has a clear frequency dependence.
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2.1.4 Infinitely Thin Membrane

Similar to the 1D string outlined previously, an infinitely thin membrane has only ver-
tical out-of-plane motion with displacement uj; but unlike the string fills a 2D domain
of any shape. Utlising the previous Euclidean coordinates a rectangular membrane has
co-ordinates (1 < ¢ < (2, M1 <1 < 12. On this domain the out-of-plane displacement
for a membrane which has mass per unit volume py; and internal tension per unit area

Ty 1s given by the solutions to,

(2.1.14)

82UM o 82uM i 82UM
S A N A
and at the edges ¢ = (i, (2 of the rectangular membrane the out-of-plane stress, o¢s, is

given by,

O3 = TMag—?. (2.1.15)

As with the string this gives harmonic solutions,
Uy = AMei[KM(Ccosﬁ—l—nsinﬁ) + Qt]’ (2.1.16)

where as before the amplitude A, and wavenumber Kj; are arbitrary constants and
again the choice of sign in the exponent denotes a right or left travelling wave. This is
clearly the 2D analogue of the 1D string solution (2.1.3) with wave propagation at an
angle 0 to the (-axis. The frequency and wavenumber are also related to the membrane

wave speed, cps, by the expression,

0 T
ey =4 Y, (2.1.17)

which is similar to the string dispersion relation (2.1.4).
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2.1.5 Thin Stiff Sheet

As the infinitely thin membrane is a 2D generalisation of the 1D infinitely thin string,
introduce the thin stiff sheet to be the 2D analogue to the 1D stiff elastic rod. Since it
is stiff there is no flexural bending of the sheet and so only in-plane waves propagate
through the system. Unlike a rod however, an in-plane shear force on the boundary
could produce a shear wave and so in the work that follows this sheet will only be used

to consider a normally incident longitudinal wave.

Since only plane waves normally incident on the edge of the sheet are being con-
sidered, for a rectangular sheet with domain ¢ < ( < (3, 71 < n < 17 and a wave
incident at n = n; propagating in the ¢ direction only, the governing equation of waves
is,

82us a2u5
PS @ = Esa—CQ,

(2.1.18)
where ug is the displacement in the ( direction, and pg and Eg are the mass density
per unit volume and Young modulus of the sheet respectively. Similar to the stiff rod

(2.1.6), this has in-plane stress at the edge,

O = Esaa—l?. (2.1.19)

Since only 1D propagation of waves through the sheet are allowed, the harmonic wave

form,
ug = Age'lfs¢ = 4 (2.1.20)

is similar to that of the string (2.1.3), again with Ag, Kg and Q being arbitrary

constants determined by the boundary conditions with dispersion relation,
— =cg =] —, (2.1.21)

where cg is the speed of the longitudinal waves.
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2.2 Linear Elasticity Formulation

Although not detailed here, the previous materials are specific examples of linearly
elastic materials in limiting cases. In order to consider waves in a semi-infinite elastic
bulk it is necessary to use the general equations for linear elasticity. In each case the
materials used will be treated in 2D or 3D Cartesian coordinates. For the 2D systems
take z1 = x and x5 = y and for the 3D systems take x1 = x, x5 = y and x3 = 2. For

most of the 3D cases it will be assumed that there is uniform motion in the y-direction.

Start with with the classical equations of motion in 3D elasticity [2];

2
(9 U; . &nm

o2 Ox,,

p i=1,2,3, (2.2.1)

where p is the mass volume density, o;,, are components of the stress tensor and wu;
are components of the displacement vector w. Linear elasticity has the constitutive

relations,

(2.2.2)

Ok = 5ik A diVU+M (aUZ + aUk> s

Ox,  Ox;
where A and pu are the first and second Lamé parameters respectively and d;; is the Kro-
necker delta. These when combined with the equations of motion yields the particular
vector equation of motion as,

82
pa—;; = (A + p) grad divu + pAwu, (2.2.3)
where grad, div and A are the usual 3D differential operators. For most uses of an
elastic bulk in this work, assume that waves propagate in the z- and z-directions with

uniform motion in the y-axis. Then introduce two displacement potentials, ¢, 1, such

that,

_ 99 O _9¢ o
= or 0z’ s = 0z + oz’ (2.2.4)
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so the equations of motion for the half-space (2.2.3) can be rewritten in terms of the

displacement potentials as,

o 0o 100 _, P v 104 _, (2:25)

02 922 202 7 012 022 Aot

where the longitudinal and shear wave speeds, ¢; and ¢, have equations,

A+2
Pk — (2.2.6)
P p
Neglecting the y-plane motion the linear elastic bulk has stresses,
D¢ D¢ 01
=N +2U)=— + A\ — 2u——
o= A+ “)8352 T T M ar0n
62¢ 82w aZw
=2 - (2.2.7)
7B = Hore, Moz T H ox?’

where for boundaries parallel to the z-axis conserve o3 and o33, and parallel to the
z-axis conserve oy; and oy3. The following work will involve both elastic bulk and

surface waves, the formulation of which will both now be detailed.

2.2.1 Elastic Bulk Waves

When the linearly-elastic bulk is infinite in all directions the only propagating wave
types are bulk waves. In any elastic bulk these are given by wave solutions to the

displacement potentials,

¢ — A¢6i[K¢($C0591+Zsin91) + Q¢t]7 (228)
77Z} — A¢6i[Kw($C0892+ZSin02) + Qqst], (229)
where,
2 2y
e ik S 2.2.10
K(z) C1, sz Ca, < )
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and A, and Ay are arbitrary constants. As before, 6; and 6, are the angles between
each wave and the z-axis and the choice of sign in the exponent denotes a right or left

travelling wave. If both waves share the same angular frequency,
Qp =Q, =9, (2.2.11)

then the wavenumbers and propagation angles are related by,

Kysinfy = Kysin ), (2.2.12)
K

sin 0, = K—Zsinﬁl, (2.2.13)

= 2 5ing,. (2.2.14)
1

where ¢y/cq is a fixed material parameter where for conventional materials,

C:
0<—2<

. 2.2.15
> (2:2.15

Sl

2.2.2 Rayleigh Waves

If the elastic bulk is semi-infinite with a surface at z = 0 then there are wave solutions,
termed “Rayleigh waves”, which propagate along the surface and decay into the bulk.
In the case of a free surface, at z = 0 stress free boundary conditions are imposed
yielding,

03, =0, 1=1,2,3. (2.2.16)
Assuming a wave propogating in the z-direction this produces a single wave with both

shear and longitudinal components of the form,
¢ _ A¢ ei[Ka: + Qt]—Koez7 ¢ _ A¢ 6i[Ka[: + Q?&]—Kﬁz7 (2217)
where Ay, Ay, K and Q) are constants and o and /3 are given by,

0\’ O\’
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Substituting these assumed solution forms into the stress free surface conditions yields

the Rayleigh determinant,
daf— (1+6%)*=0 (2.2.19)
which has a unique solution for wave speed,

cp = (2.2.20)

Q
K
termed the Rayleigh speed where the Rayleigh decay constants are subsequently given

by,

2 2
a=1/1— (C—R> 2o B=4/1- (C—R) 28, (2.2.21)

The stress free surface also gives the relations between the two displacement potentials

at the surface,

W2 0 9 1+pR00

dr  1+4p20z 02 2 Oz (22:22)

2.2.3 Asymptotic Rayleigh Wave Model

Next introduce the asymptotic model from Kaplunov and Prikazchikov [60] for a near-
Rayleigh surface wave. While here only 2D systems are considered, the same asymp-
totic model applies for a 3D system. For details and other examples of this model, see
[63] and references within. A short derivation is also given in the appendix §A.2. In

this model for a near-Rayleigh wave, the equations for the bulk are simplified to,

8% 82q§ 821/1
72 TR =0 Zm thR

oy

3 =0 (2.2.23)

which then leads to the previous travelling wave solutions (2.2.17) becoming,
gb _ A¢ ei[Kx + Qt}—Kosz’ w _ Aw ei[K:c + Qt]—KﬁRz. (2224)

24



2.2. LINEAR ELASTICITY FORMULATION

Depending on the applied surface stress, the model is formulated in terms of either the
longitudinal or shear wave potential. When o33 = 0, the model is oriented at solving
for the shear wave potential and so leads to the condition for the wave along the surface

z =0,

Py 1P 145

ox2 ¢4 02 2uB

o31, (2.2.25)

whereas for o3; = 0 the model is oriented at solving for the longitudinal wave potential

and so leads to the surface condition at z = 0,

O¢ 10 _1+5;
or2 % 0t2  2uB

033, (2226)

where

_ Dn

R

B="R1—a%)+ 281 - ) - (1-8Y), (2.2.27)
Br

and the displacement potentials are related along the surface by (2.2.22) allowing for

the full solution for the system to be obtained.

Not only is this form of the surface equations much simpler than the exact form of
the equations, but for a known stress they will each only require the solving of a single

hyperbolic scalar problem along the surface with the explicit Rayleigh wave speed.

This asymptotic model is a leading order perturbation of the equations of motions
(2.2.5) around the Rayleigh wave eigensolution above (2.2.19). Here, a surface stress
is imposed which causes a small deviation from the Rayleigh speed. This expansion

relies on the small parameter condition,

w
=1 — — 1 2.2.28
€ ' - < 1, ( )

so the solution is known to be valid only if ¢ ~ cg. From inspection of the surface
conditions this is equivalent to both of the surface stresses tending to zero.
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As mentioned before, the asymptotic model used is a simplification of the more
general 3D model. To recover the 3D model from the 2D one, add a second shear
potential 1), to correspond to the stress o3, and replace any second order x derivatives
with the two dimensional Laplace operator, A. For example the vertical surface relation

(2.2.26) in full 3D form becomes,

1 9% 1+0%

L ot2  2uB

033. (2229)

Finally, replace the surface potential relations (2.2.22) by the 3D equivalents,

2 1+ 8%
¢,z - 1 + ﬁ?;/fz,:a ) ¢,3 - 9

(P11 +he2) , =12 (2.2.30)

where as usual, a subscript after the comma denotes differentiation.

2.3 Homogenisation Procedure

Throughout this work periodic arrays are attached to a continuous material. While it is
possible to conduct an exact analysis of these systems, it is more convenient to make a
long wave assumption and homogenise any stresses along the boundary. Furthermore,
as previously mentioned, such point actions are often inconsistent with continuous
media [103], and using homogenisation to distribute the point forcing removes this
inconsistency. For simplicity, introduce a new periodic delta function §%) given by,

6W(n) = i §(n +nl), (2.3.1)

n=—o0

If the spacing between the bridges is sufficiently small then for a wave passing
through the system the boundary will appear near-continuous and to a high degree of
accuracy the point loading can be distributed over the unit cell to obtain a continuous
tension. This distribution is obtained by integrating the stresses at the boundary over
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the unit cell and assuming that on these short scales the changes in displacement is
negligible,

(n+3)l (n+3)1
/ Pé(n+nl) dn = / o dn, (2.3.2)
( (n—3)

Plyews =~ ol. (2.3.3)

This can then be distributed across the entire boundary to give the homogenised bound-

ary condition,
P =ol. (2.3.4)

It is worth noting that the Fourier series for a periodic delta function of this type is,

o0

1, g
o) = N2 et B (2.3.5)

j=—o0

for which the above homogenisation gives the leading order coefficient.
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CHAPTER 3

Membrane Bridging

This chapter introduces a novel method for transferring waves across a void between
two halves of a membrane. While this approach is intended to perfectly reproduce
the wave pattern as though the region were filled, it is distinct from transformation
cloaking and so throughout this new approach is referred to as ‘bridging’. While
cloaking has already been achieved for a membrane [28] this bridging method does not
require anisotropic material parameters and so is much simpler to construct. It is also
directly oriented at concealing infinite voids rather than finite inclusions. This will
be used as a sample problem on which to build similar bridges for more complicated

systems, as well as to verify the use of the homogenisation procedure.

The system considered in this chapter consists of two half-membranes which occupy
the regions —oo < x < 0 and d < x < 00, —00 < y < 0o. Then consider an array
of 1D strings held at an angle ¢ which have end points (0,nl) and (d,nl + dtan ),
n € 7Z which connect the edges of the two membranes, as shown in Fig. 3.1. A wave
travelling on the membrane incident on the boundary will transfer some energy to the
strings which will be carried on as wave motion, and then be transmitted again into the
membrane on the other side of the void, carrying some component of the wave motion

across the gap.
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Figure 3.1: An infinite elastic membrane with periodically inserted 1D strings bridg-

ing a void between x = 0 and x = d.

If it is assumed that the strings are infinitely thin and are ideally connected to the
membrane then from the boundary conditions (2.1.2, 2.1.15) this leads to a boundary

condition at x = 0 and x = d,

50 (y) = Ty 28 (3.0.1)

T
ox

This can be solved either through homogenisation or taking the Fourier series of the
delta function. Consider the homogenised problem first in §3.1 and then verify these

results in §3.2 using a Fourier series boundary.

3.1 Homogenised Boundary

Begin by making use of the homogenisation procedure in §2.3, which when applied to

the boundary condition (3.0.1) leads to the homogenised boundary condition,

T Ous Ouys
Tt =Ty (3.1.1)
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Since the connections at the boundary are fixed it is necessary to conserve displace-
ments at the boundary, such that at the connection points between the bridge and the

membrane,
Ug = UpJ. (3.1.2)

The solution of this system then depends on the incident wave pattern. Start with
a normally incident wave and then analyse increasingly complicated systems with the

aim of perfectly reproducing the incident wave pattern on the other side of the void.

3.1.1 Normal Incidence

First consider the simplest system, that of a wave normally incident to the boundary
propagating through the membrane. For simplicity, denote the incident, reflected and
transmitted wave components by superscript (i), (r) and () respectively. From the

general solution (2.1.16) define the incident component of the wave as ug\z/[) where,

W) = Agetthe—et] (3.1.3)

where A; is an arbitrary constant and w and k are the wave angular frequency and
wavenumber respectively, which have the usual relation (2.1.17). Similarly the solution

for the transmitted waves in the strings (2.1.3) is,
ul) = AeltKa=] (3.1.4)

where as above A; is a constant, and the angular frequency €2 and wavenumber K are

related by (2.1.4).

Assume also that there is a reflected component to the wave, which has the same
form as the incident wave but propagating in the opposite direction and with a different
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amplitude, given by

ug\? = A, e lkatet] (3.1.5)
where the overall membrane displacement is,

Un :ug\? —I—ug\?. (3.1.6)

Substituting the displacements into the stress boundary condition between the

strings and the membrane (3.1.1) and letting x = 0 gives,
il Tark(A; — A)e ™t = T, K Aje ™. (3.1.7)

From this, it is clear that the only term dependent on time is in the exponent part of

the wave solution. Therefore,

e I = it (3.1.8)
and hence €2 = w. So,
A — A, = Ay, (3.1.9)
where
TsCM
= , 3.1.10
" T ( )

Conserving the displacements (3.1.2) gives the condition,

A+ A, = A, (3.1.11)

Therefore by rearranging and substituting the expressions for the transmission and

reflection amplitudes in terms of the incident amplitude and v can be obtained,

1 —
ke A T W (3.1.12)
147
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This procedure can then be repeated for the second boundary, with an incident wave
on the strings being transmitted into the membrane with some component reflecting
back into the strings. For simplicity, since the wave is fully periodic with time and
position, the co-ordinate system can be arbitrarily moved with only a change in phase.
Since the main motivation is preserving wave amplitudes, for now disregard phase
changes and define the boundary currently being treated as x = 0. Assume then that

the incident, reflected and transmitted waves respectively have the form,

ul) = B, ¢ilkz-wt] (3.1.13)
ul) = B, emilKe+et] (3.1.14)
) = B, eitbr—st] (3.1.15)

where the overall string displacement is,

us = ul + ol (3.1.16)

S S

and as before B;, B, and B, are constants representing the incident, reflection and
transmission amplitudes respectively. Substituting into the stress boundary condition

(3.1.1) as before yields the expression,

1
Bi— B, =~ B, (3.1.17)
Y

where 7 is defined as before (3.1.10). Rearranging these and substituting into (3.1.2)

gives the reflection and transmission amplitudes in terms of the incident amplitude,

-1 2
B.=1—nB, B=—L

= B;. 3.1.18
v+1 v+1 ( )

To obtain the overall effect of the bridging, consider the ratio of the transmission
from the second boundary to the initial incident wave amplitude. Furthermore, the
amplitude of the wave incident on the second boundary will be given by the transmitted
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amplitude from the first boundary. Hence the overall transmission of the system in

terms of the initial wave amplitude A; will be given by,

Bt Bt At 4’)/
L i — 3.1.19

For positive v, this transmission ratio has a maximum at v = 1, for which the trans-
mitted wave has the same amplitude as the incident wave, representing a perfect trans-

mission. As 7 tends to zero or infinity however, the transmission through the system

tends to zero with the parameter contrast making the wave unable to propagate.

3.1.2 Oblique Incidence

Suppose now that the incident wave is propagating at some angle 6 to the boundary

normal, and has the form,

UE\Z/[) _ Aiei[k(xcosﬁ+ysin9)7wt]’ (3120)

where k£ and w again satisfy the dispersion relation (2.1.17). Assume also that the

transmitted waves into the strings have the form,
ult) = Aellfatxyo—wt] (3.1.21)

where K and (Q satisfy the string dispersion relation (2.1.4) where for yo = nl, n € Z
then x is introduced to match the form of the exponent at the connections where for

each string y = yo. Following the same procedure as before then at the connections,
P(y, t) — Peixyo—iQt — Peikyo Sin@—iwt7 (3122>

from which it readily follows that x = ksinf. Since y is real, this represents a change
in phase between successive strings. As the displacement along the boundary must be
continuous and it is assumed that there is only one transmitted wave direction then it
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equally follows that the reflected wave has the form,

(r) _

uy; 7Arefi[k(ICOSnysin9)+wt]' (3123)

As expected the angle of incidence is equal to the angle of reflection. On substituting

these assumed wave solutions into the stress boundary condition (3.1.1),

A — A, =7 A, (3.1.24)

where

N
I

. 1.2
cosb (3.1.25)

Using the displacement continuity (3.1.2), the transmission and reflection coeffi-
cients are,

Ar 1_—7/11’ At:iA,AZ
1+

;. 3.1.26
L+7 ( )
Repeating the procedure at the second boundary assuming incident, reflection and

transmission amplitudes respectively of the form,

i) __ i|Kz+kyo sin 0—wt
u® = By (Kot )

(3.1.27)
ugr) _ B'r e—i[KI—kao Sin9+wt}’ (3128)
uS\tJ) — Bt e’i[k:(l‘COS@-}—ySin0)—(.015]7 (3129)
which yields the boundary condition,
i TyK(B; — B,) =i | Tk cos0By, (3.1.30)
1
B, — B, = - B, (3.1.31)
Y
And so similar to before the reflection and transmission coefficients are,
S 95
B,=1""B, B=-—"-' B, (3.1.32)
7+1 vy+1
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and the overall transmission through the system is,

B, 47
—_—=—. 3.1.33
A (14Ap 1)

This is similar in form to the normal incidence result and as expected reduces to the
previous result (3.1.19) when # = 0. This angular dependence does indicate that
this system cannot be used to simultaneously bridge a range of waves with different
incidences without causing reflections and losing transmission. Instead it is limited to

perfectly bridging waves from one particular angle.

3.1.3 Oblique Boundary

Finally, consider the effect of having the strings connected at some angle ¥ to the
boundary, instead of perfectly perpendicular. These strings will now have connection
points to the membrane at (0,nl) and (d,nl + dtand). The formulation follows in
the same way as before for the membranes but the governing equation for the strings

instead becomes (2.1.1),

9% 0%

s = 1g 5 3.1.34
Ps a2 e ( )
where £ = x cos ¥+y sin ¥ and so on matching the vertical tension, the altered boundary

condition is given by,

8uM 3u$
Ty— =T,
Moz o€

6V (y), (3.1.35)

which can be homogenised to produce,

Oouy T, Oug
L 3.1.36
Moz 1 o¢ ( )
From these expressions the displacement in the string is given by,
ul) = Ayt U gixvo — 4, il K (@ cos dotysind) =] pixyo (3.1.37)
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where K and Q are related by (2.1.4) and to match the form of the exponents at the
connections, x = k,, sinf — kgsin¢. It is clear that matching the displacements and
tensions at the boundary in the same way as before will yield the same amplitude
expressions as previously (3.1.24, 3.1.31), resulting in the same expressions for 4 and
transmission and reflection coefficients (3.1.26, 3.1.32) but with an added phase change.
Instead this system will be used to determine the wave phase shifts caused by the
bridging. For this define two different phase shifts, a reflection phase shift, ¢, and a

transmission phase shift ¢'.

The reflection phase shift refers to the phase shift undergone by a wave travelling
from one end of the string to another. This is referred to as the reflection phase shift
since a wave reflected at the right boundary will be out of phase with the incident
wave by a factor of 2¢p when it returns to the left boundary. The transmission phase
shift will instead concern the right boundary of the system, representing the difference
in phase of waves produced by the bridge and the phase of the corresponding wave

produced by a system where the entire space is filled by the elastic membrane.

Begin by considering an arbitrary point of the left boundary, and set this to be
the new origin of the coordinate system. Since all waves share the same frequency
disregard the variation of phase with time and only consider spatial phase changes.
At the origin then, define the phase to be 0. For a wave travelling along a string, the

change in phase will simply be,

¢ = Kdcost + Kdsind tan v, (3.1.38)
wd

= 3.1.39

cscos v’ ( )

which has no dependence on the angle of the incident wave. Thus by only knowing
the frequency of an incoming wave it is possible to tune the phase changes and control
wave interference. In the long wave limit the width of the gap will be much smaller
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than the wavelength so kd < 1. With the exception of ¥ — +m/2, at this limit the

reflection phase difference will tend to 0.

Next attempt to determine the transmission phase shift. An unbridged wave prop-

agating from the origin would have a phase shift ¢f, of,

o = kdcosf + kdsinftan 6, (3.1.40)

wd
= 1.41
cp cos (3 )

The corresponding ‘originator’ point on the left boundary for a bridged wave will
be (0,dtanf — dtan). Since the change in phase along a string has already been

calculated, the overall phase difference will be,

¢' = kdsinf(tan 6 — tan9) + ¢ — ¢p, (3.1.42)
wd 1 M . . 1
- M — 1.4
o (cosﬁ ( .. sin 6 sin 19) cos@) : (3.1.43)

which has the trivial solution of ¢’ = 0 for normal incidence on strings perpendicular
to the boundary, where c;; = ¢,. It also shows an infinite phase difference as the string
angle ¥ — =£7/2, representing the infinite increase of the string length. When the

strings are held perpendicular to the boundary this simplifies to,

¢ = wd <C—M - ) : (3.1.44)

car \ Cs cos

Again in the long wave limit kd < 1 for a non-zero string wave speed, or an incident

wave not parallel to the boundary, this gives ¢’ — 0.

3.1.4 Perfect transmission

In many of the physical situations where a periodic bridge would be required, it is
desirable that the system behaves as though there were no bridge present. For this
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perfect transmission, it is required that the wave behaviour after the bridge is identi-
cal to the behaviour before the bridge. Most importantly, this means that both the

amplitude and phase of the wave must be unchanged.

Both the cases for normal and oblique incidence have a single parameter which
determine the transmission and reflection in the system, and both (3.1.19, 3.1.33) are

an equation of the form,

4T

T@%:H:TP’ (3.1.45)

where I' represents some unspecified bridging parameter such that I' = ~ for normal
incidence and I' = 4 for oblique incidence. Then T'(T") = %, plotted in Fig. 3.2 is
the overall ratio of transmission. This function is a result of the transmissions and
reflections from the first boundary, ¢; and r; (3.1.12, 3.1.26) and the second boundary,

ty and 7o (3.1.18, 3.1.32),

[\]
—

-

t) = —— = _ 3.1.46

iy YT irr ( )
2T I'—1

oo _ -1 3.1.47

271y T T4 ( )

Figure 3.2: Ratio of amplitude of overall transmission to initial wave amplitude

(3.1.45) against the parameter I'.

transmission has a maximum of 7'(I') = 1 at I' = 1. For normal incidence I' = , which
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has the special case of ¥ = 1 where the wave speeds across the two materials match
and Ty | = T, (3.1.10). Physically this is the most intuitive system as it indicates
that the tensions across the two materials match with perfectly balanced forces; the
equivalent tension per unit area from the string acting on the membrane is equal to
the tension per unit length divided by the length over which the tension is distributed,

in this case [.

Since I' varies with #, it is not possible to construct a bridge such that I' = 1
for all possible incident angles. Hence this system cannot be used to simultaneously
bridge a range of waves with different incidences without losing transmission; instead
it is limited to perfectly bridging waves from one particular angle. To find the average

transmission over all incident angles, evaluate the integral,

- 1 [7/? 1 [™? 4D cosh
T(vy)=— Tdo = — —— df 3.1.48
(7) 7T/;ﬂ./2 7T/;ﬂ./2 (COSQ+F)2 ’ ( )
-1 1-T
T tanh ==
__ 8 2 ( ”F) 1 (3.1.49)

) JI-12

which has a global maximum 7 =~ 0.891 for I' = 0.612871..., compared to T ~ 0.849
for a bridge with I' = 1 aimed at perfectly transmitting normally incident waves only.

For some constant ‘tuned’ value of v, transmission has a dependence with angle,

4T cos O

7o) = (I' 4 cos 0)?

(3.1.50)

which is shown for I' =1 and [' = 0.612871... in Fig. 3.3.

Both of the choices of parameter effectively transfer the wave amplitude from one
side of the void to the other. While the maximised average tuning transmits the wave
more effectively over a wider range of angles, the normal incidence tuning is more
effective for small incident angles. Depending on the choice of system, either of these
tuning choices may be more effective at bridging an incoming wave.

40



3.1. HOMOGENISED BOUNDARY
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Figure 3.3: Ratio of amplitude of overall transmission to initial wave amplitude
(3.1.50) for different incident angles 6 on a string bridge. The two plot lines show
different choices of parameter tuning, with normal incidence tuning, I' = 1 denoted in

red, and maximum average transmission tuning I' = 0.612871... denoted in black.

More generally, a wave tuned for perfect transmission for an angle 6 has tuning
parameter I' = cosf. If I' > 1 then there is no perfect transmission for any incident

angle, and transmission is decreased for all values of 6.

In this system, if the reflection at the second boundary is not perfect then there
will be a part of the wave still present in the bridge, travelling back toward the first
boundary. At this boundary it can again be transmitted or reflected, and the reflected
component will again be incident on the second boundary, and so on. Therefore, as well
as ‘primary’ reflection and transmission there will be an infinite number of reflections
and transmissions at some fixed time intervals after the initial incidence, determined

by the distance between the two boundaries and the wave speed in the strings.

Assuming that the two membrane halves are identical and that the properties of the
string are constant, then from (3.1.46, 3.1.47), successive transmissions and reflections
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from the bridges have coefficients,

1-T .
—_— n =
1+0°
R, = (3.1.51)
AT r—1\>3
> 9
(1+1I)? (F+1) > =
AT r—1\>?
T, = 3.1.52
(1+1)? (F+1> ( )

where R, is the n'" reflection and T, the n'* transmission, n being an integer denoting
the number of reflections and transmissions the system has undergone. In this defini-
tion, T'(I") = T;. These coefficients are plotted against the parameter I' in Fig. 3.4 and

show a clear decrease of amplitude for each successive R,, and T,,.

R, (T)
T,(D)

(a) Reflection Ratios, R, (b) Transmission Ratios, T,

Figure 3.4: Ratios of amplitudes of successive reflections (3.1.51) and transmissions

(3.1.52) to initial wave amplitude against the parameter T

This treatment only applies if there is a single wave packet incident upon the
boundary. If the wave incident upon the bridge has an infinite number of successive
wave packets then there will be wave interference between the successive reflections and
transmissions. If the reflected waves or transmitted waves are in phase with each other
as they exit the system then the overall amplitude will be the sum of all amplitudes.
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These form the geometric series,

r—1 (2n—3)
3.1.53
fir= 1+F+Z 1+r (F+1) ’ (3-1.53)

00 r—1 (2n—2)
Z 1+F (F+1> ’ (3-1.54)

where Ry and Tp are the total reflection and transmission amplitude ratios respec-

tively. Since these are geometric series the summation can be computed easily, and so

regardless of the value of T,
Ry =0, Tr=1. (3.1.55)

Therefore in an infinite system where the reflections and transmissions are kept in

phase, the system will tend to having perfect transmission and no reflection.

However the successive transmitted and reflected waves are, in general, not in
phase. When the waves are not kept in phase the amplitude of the overall wave is
not equal to the summation of the amplitudes of the individual waves. To find the
amplitude of the overall waves, assume the incident wave is of the form (3.1.20) and
that each transmission across the strings adds a phase difference of ¢ (3.1.39) so that

the transmitted wave is of the form,
[e.e]
ug\i[) _ Z TnAiei[k(xcos 9+ysin9)7wt]€i(2n71)<p’ (3156)
and similarly the reflected wave is of the form,

U’M _ ZR Ae—z[ (z cos 0—y sin ) +wt] z(2n 2) (3157)

n=1

so the overall transmission and reflection ratios are,

T 1 2n—3
— i2n=2)¢ 3.1.58
fir = 1+F+Z 1+F (F+1> ¢ ’ (8-1.58)
> r—1\""?,
_ E i(2n—1)
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where the previous T and Ry values (3.1.55) are for the particular case that ¢ = 2mm,
m € Z. The magnitude of the ratio between successive terms in both of the infinite
series are less than or equal to 1. When the ratio is 1 then there is already perfect
transmission and R, and 7T, terms are zero for n > 1. In the other cases again treat

these as a geometric series leading to,

1-T 1 — e%¢
Re = ( udl ) | (3.1.60)
1+T - (LLE) e*
4T
Tr = (3.1.61)

(1+D)2ei# — (1 —I)2ei®

These have real wave amplitudes of,

1-T2 (1 [(1-T2\° e
|Ry| = T §+< T > sin? 2¢p sin 2, (3.1.62)

1412\ e
|Tp| = <1+(( T > —1) sin2<,0> , (3.1.63)

which are plotted in Fig. 3.5. From Fig. 3.5b it is clear that the overall transmission

IRy

(a) Overall Reflection Ratio |Ryp| (b) Overall Transmission Ratio |Tr|

Figure 3.5: Ratios of amplitudes of overall reflection (3.1.62) and transmission (3.1.63)

to initial wave amplitude against the parameter I' and the added phase difference .

is only perfect for either I' = 1 or when the phase difference ¢ is an integer multiple
of m. Outside of these conditions the overall transmission decreases and the reflection
increases. These two cases will be investigated individually.
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When I'' = 1, it is not necessary to consider ¢ as there are no successive reflections
and transmissions. In the long wave limit assuming c¢,; and ¢, are both finite and that
neither the incident wave or the strings are parallel to the boundary, both ¢ and ¢’

tend to 0, guaranteeing perfect matching of the wave.

If & — £7/2 then the long wave assumption is no longer valid. Since perfect
amplitude matching requires I' = 1, then using the matching parameter for oblique

incidence (3.1.24) gives I' = 7 so,
cosf =, (3.1.64)

and to perfectly match the wave requires the overall phase change to be ¢’ = 2mm, m € Z.

This leads to the relation for string angle to be,

<2m7rc—]\é’y + 1) cost = (CC—M — /1 —~2sin 19) , (3.1.65)

w s

and if it is assumed that the strings are not held parallel to the boundary, cos ¢ # 0 so
as v,wd — 0, the resulting wave matches if the wavelength and angle of the incident

wave and size of the void satisty,

d
Acosf

eN, (3.1.66)

where N is the set of natural numbers not including 0. Interestingly this condition is
independent on the properties of the bridge itself, so this bridge construction cannot

arbitrarily bridge any void for any incident wave.

In the case of an infinite number of incident wavefronts, when ¢ = rm, r € Z,
Tr =1 and Ry = 0. The overall wave, like each of the component waves, has a relative
phase difference of 0. Hence the phase difference to the unbridged wave will be given
by ¢’ (3.1.43). Since perfect matching requires that the bridged and unbridged waves

be identical, ¢’ = 2mm, m € Z. Substituting ¢ from (3.1.39) gives,

wd

CsTT

cosv = (3.1.67)

45



CHAPTER 3. MEMBRANE BRIDGING

In the long wave limit this gives ¥ = 0, r # 0.

d 1
omm = 22 (C—M - ) , (3.1.68)
e\ Cs cos

which gives the angle requirement,

cosf = (3.1.69)

Cynr — TCS .
This will give different results depending on m. For m = 0 this gives the angle require-

ment,

cosf = == (3.1.70)
Cm
and for m > 0,
d
A.71
A cos 6 €N, (3.1.71)

which is the same as the result for a single wave front.

Therefore for this system, whether a wave can be perfectly bridged or not depends
only on the properties of the void and the incident wave. While a bridge exists for all
angles of incidence which can ideally transfer the wave amplitude, for shallow incidence
waves the change of phase cannot be controlled by changing bridge parameters. This

is true for both a single incident wavefront and infinite wavefronts.

The system also produces no reflections for ¢ = r7/2, but unlike the other cases
for no reflection there is still a loss in transmission. For this phase difference the overall

transmission is,

4r

Tp=—
Ty

(3.1.72)

which is the same as the first wave transmission from the system (3.1.45). For this phase
difference the R, terms all cancel, and so do the T, terms except Ty. Practically this
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represents a wave suppression, where the wave pattern is replicated with no reflections

but the amplitude is reduced.

Note also that the transmission for Ry and T is only valid for an infinite continuous
wave. For a finite number of wavefronts, only the matching for I' = 1 will give perfect

transmission.

3.2 Fourier Series method

Complementary to the homogenisation approach above, this problem can also be
treated using a Fourier Series approach. The purpose of this section is to show that the
homogenisation technique is valid for this system given the periodic scale of the bound-

ary is much smaller than the characteristic length scale of the wave, the wavelength

A

3.2.1 Arbitrary Fourier Series

Since the above forcing is periodic, introduce an exact Fourier series to model the
boundary. First start with the most general case of some arbitrary Fourier series with

coefficients E; and replace 8" with the series,
= B ..
> e int, (3.2.1)

so the boundary condition (3.0.1) takes the form,

Ty—=T,—2 et Imy 2.2
Mo * Ox 4 1 ¢ b (3:2.2)

where I; terms are constants with respect to the spatial and time variables. The
incident wave is independent of the boundary so it is assumed that this has the same
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arbitrary form as before,

ug&) — Al cos0ysind)—wt] (3.2.3)

However, as the forcing along the boundary of the membrane contains a summation,
to balance both sides of the equation it is assumed that the reflected component of
the wave is an infinite summation. For the most simple matching assume that the

summation takes the form,
o0
ug\’/}) _ Z Arje—i[k(njxcos9—ysin9)—wt]ei ij%’ (324)
j=—o00

where to satisfy the governing equations,

9ir\ 2
k? cos? 0 = k*k7 cos® 0 + (%) , (3.2.5)

i (Y (3.2.6)
i = lcosO )’ o

and as before X is the wavelength of the incident wave and 6 is the angle of incidence.

Assume also that as before the transmitted waves into the strings have the form,
ugt) — Atei[Kx+kysin97wt] (327)

and so the boundary condition (3.2.2) becomes,

I > oy I E .
TMez[kysme—wt] (k’ COS QAZ _ Z k:jArjez 237rl) _ TSKAtez[kysmG—wt] Z Tjez 2]7r77

j=—00 j=—00
(3.2.8)
which gives
Ai - Z /ijArjei 2j7r% = ’?At Z Ejei 2j7r%. (329)
j=—00 J=—00

Since both sides have the form of a Fourier series, the summation coefficients are unique
and each term on the left hand side will equal the corresponding term from the right
hand side. For the waves arising from the higher order terms to propagate into the
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material and not decay exponentially away from the boundary, the values of x; must
be real. Since the incident wave is always propagating then the incident wave number

k cos @ must be real. Then for the j term of the summation to be real, from (3.2.6),

1A
<1 2.1
l|cosf| — (32.10)

1l < [| cos 0|
- A

. (3.2.11)

For the homogenisation, it was assumed that A > [ and since | cos | < 1,

[| cos @

0
ST

<1, (3.2.12)

so for long incident waves, for all j # 0 the reflected waves will decay exponentially
away from the boundary. Thus it is preferable to treat the 7 = 0 reflected wave, or the

‘first reflection’ separately. Therefore on matching the summation term by term,
A; — Ao = EgY A, (3.2.13)
A,,«j:‘ij = j’S/At, j 7é 0. (3214)

and introduce a new summation parameter, o, to represent the effect of the waves from

the n # 0 terms,

L E gy
_ j -1 7 -1
o= E —Omj + E —OHj . (3.2.15)

Jj=—00 J=1

Using the continuity of displacement (3.1.2),

At Y Ay = A, (3.2.16)
j=—00

These give the reflection and transmission coefficients of,
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For the second boundary, follow the same technique as above but assume incident,

reflected and transmitted displacements respectively of the form,

W) = By frrhysing—ut] (3.2.19)

u) = B, emilKe—hysinbtuw] (3.2.20)

Ug\t} _ Z Btj ez[k(ﬁjzcose—i-ysme)—wt}762 2]#%‘ (3221)
j=—00

As before, only the 7 = 0 case will propagate and so this ‘first transmission’ case of
Byo will be treated separately. In this case the continuity of displacements (3.1.2) gives

the condition,

B, = —Lk: 1By, 3.2.22
Z Byj = Byo(1+0). (3.2.23)
j=o00

Then by substituting into the stress boundary condition (3.2.2) and following the same

procedure as before of matching terms in the Fourier series yields the expression,

T,K(B; — B,)Ey = | Tk cos 0By, (3.2.24)
B
B, — B, = =2, (3.2.25)
Eoy

so then the coefficients of reflection and transmission are,

which leads to the overall transmission through the system as being,
B 4FEy5
0 _ 07 . (3.2.27)

A (1+ Eoy(1+40))?
(3.2.27) is the more general case of (3.1.45), with 7 replaced with Ey¥, and the inclusion
of o to represent the effect of the leading order terms. Thus, when o is small the

transmission will be perfect for Eyy = 1.
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3.2. FOURIER SERIES METHOD

Next reintroduce the periodic delta function, for which the Fourier series is given

by,
1 .0
sO(y) =Y —e ¥ (3.2.28)

then for this forcing F; = Ey = 1 and x; = k_; so the o for this forcing, o5, is given by
o5 =2 K (3.2.29)
j=1

Using the delta function boundary therefore leads to the coefficient for overall

transmission through the system as,

Bio 45
_ , 3.2.30
A (1+39(1+04))? ( )

which replicates the homogenised results (3.1.45) for 05 = 0. In order to verify the

homogenisation, it is therefore necessary to investigate the behaviour of o.

3.2.2 Fourier Series ¢ Analysis

The homogenised solution differs to the exact Fourier solution due to the presence
of os, a parameter arising from the summation, dependent on the angle of incidence,
wavelength of the incident wave, and the spacing of the strings and also independent
of the material parameters of the membrane and string. It is clear on comparing the
overall transmission coefficient for the homogenised system (3.1.45) and those for the

exact Fourier solution (3.2.30) that the two sets of results coincide given o5 = 0.
For the higher terms, as j — oo,

lcosO 1
Ky — 2 = (3.2.31)

On a term by term analysis, all of the terms are vanishingly small and so can indi-
vidually be discarded. However for large j, the series o5 will converge towards the
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harmonic series, which is divergent. Therefore it can be supposed that this series is
also divergent and so o5 — o0o. Substituting this into the previous coefficients shows

that regardless of the value of 7, the overall transmission will tend to 0.

It can however be supposed that this non-physical result is a consequence of using
the delta function, a non-physical representation of point loading which disregards
material deformations along the boundary. To see if this is a problem with the system
or a particular feature of using delta function forcing, next investigate ¢ in a more

general case.

In the particular case that the forcing is both real and symmetric, the values of £}

must be given by {E; € R|E; = E_;}. In this case, the expression for o becomes,
o= Lt (3.2.32)

As with the case for the delta function, as j — oo each term o; is given by,

lcost E;

= 2i——
T EDN

(3.2.33)

and since it is necessary that the boundary Fourier series converges, then it follows
that the sum Z;‘;l E; must converge. From this it can also be shown that the sum
Z?; % converges and so o will have a finite value.

As before, if Acos@ > [ then the summation will have all imaginary terms and so
when o # 0, in general, BA—tf = 1 since there will be some imaginary component. Hence

for full amplitude transmission the argument of the overall transmission ratio must be

equal to 1, with the imaginary part causing a phase shift in the wave.
In the case 0 = o, + 1 0;, where o, and o0; are both real,

4Eoy
(1+ EY(1 + 0 +1i 0;))?

=1. (3.2.34)

When ¢ has no real part, o, = 0. If it is also assumed that the bridge parameters are
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all strictly real and positive then the above condition can be simplified to,

|(1+ Eo?)* — Eg7°0; — 2i(1 + Eoy) Eodo| =

((L+ E)’ — B7°02)° + 4(1 + B3 3707
4Eoy

(3.2.35)

which has solutions,

322+ d0; +io; 1 +2(—1)%1 /o, —io;

0?2 —1—=2io; ' 1+ 20, — 02

i

Eoy

(3.2.36)

However, these solutions only give real positive values of Ey¥ for o; = 0. Thus even
though a sufficiently small value of o will lead to diminishingly small transmission losses
there is no way to perfectly reproduce all aspects of the wave pattern even taking into

account the coupling between the two materials.

Since perfect transmission is not possible solely by selecting bridge parameters,
it is again possible to consider the effect of the summation of successive reflections
and transmissions from the system as before. Like the simple case for homogenisation

(3.1.51, 3.1.52) the Fourier series gives reflection and transmission coefficients of,

AT‘O

1 n=1
Ro=1{ (3.2.37)
(2n—3)
e ()" 0
B Br (2n—2)
7;::1;?(25) : (3.2.38)

for which the summations of R,, and T}, are again a geometric series. From equations
(3.2.18, 3.2.26, 3.2.27), the total reflected and transmitted amplitudes, Ry and Tr
respectively, are

o 1
™1y TT146

(3.2.39)

Unlike for the homogenised case, the reflection and transmission totals do not tend
to a value. They are however still independent of the material parameters and instead
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depend only on the nature of the coupling chosen. To recover the homogenised solution,
when o tends to zero, Ry again tends to 0 and 77 tends to 1. In a more general case the
sum of the transmitted and reflected wave amplitudes is 1 which conserves energy in
the system. Furthermore, if the phase of the transmission and reflection are disregarded

and as before assume that ¢ = i0;, then the wave amplitudes are,

g; 1

% Ty =
V1+0o? 7] V1+o?

which again only equal 0 and 1 respectively when o; = 0. For any other value of o; the

|Ry| = (3.2.40)

transmission decreases and reflection increases.

Therefore our perfect matching is fundamentally limited by the matching between
the materials, and a ‘good’” matching can only be produced for a small value of o. It
is therefore necessary to examine more realistic models for the boundary to see if this
condition can be met. To undertake short scale analysis it is necessary to replace the

delta function for a more realistic coupling function.

3.2.3 Distributed Delta Function Boundary

To determine how valid the above approach is, choose a function to investigate which
could represent forcing along the boundary in a real physical system. Since this analysis
began using the delta function, it is a good starting point to choose a function which
on larger length scales approximates or tends to the delta function. One such function

is a capped exponential, which is given by,

_ \/a ey’
f(y)—ﬁerﬂ@) (3.2.41)

where erf(x) is the error function of z and « is a tuning parameter to alter the width of
the function. This function is positive over the whole domain and has a single peak at

the origin. The integral of the function over —é to % is 1 and as « tends to infinity, f(y)
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3.2. FOURIER SERIES METHOD

will tend to 0 everywhere except the origin. These conditions together are sufficient to

define f(y) as a — oo as the delta function.

To fully replicate the coupling this function needs to be periodic over [. While the
function could be defined piecewise periodically, this would lead to a discontinuity of
the gradients at y = (m + %)l, m € 7Z. Instead, suppose that each connection between
the string and the membrane causes a capped exponential. Then the overall function
would be an infinite sum of periodically arranged capped exponentials, which can be
expressed as a Jacobi Y3 function [107],

0 (% em> =1 > \/gea(%ml)z, (3.2.42)

m=—oo
where the function is periodic and infinitely differentiable. Since physical strings cannot
have point like connections and the forcing will depend on the width of the strings,
it may be more convenient to use a tuning parameter which changes the width of the

function. Hence choose h to be the relative half width of one peak, ie.,

1
{h ER|d>0, e ) = —} : (3.2.43)

—72p2
5M(y) = 1 0 (— e ) | (3.2.44)

where the function has been normalised so that again the integral of 6"V (y) over any
one period, F1 to @l is 1. Figure 3.6 shows how this function behaves for decreasing

values of h/l, quickly converging to the delta function.

From the standard expression for Fourier series coefficients,

l/2 —72h2 o
E; = / U3 <7Tl—x, e ) e~ m/Dqy, (3.2.45)

—1/2
2 e

Eoz/ Ly [ 72, ™ ) dy. (3.2.46)
—1/2

95

~[

I



CHAPTER 3. MEMBRANE BRIDGING
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Figure 3.6: Comparisons of the distributed delta function 5% (x) for different values

of the half-thickness h, where [ is the separation between successive strings.

It has already been established that the integral of the function equals 1, so regard-
less of the choice of parameters, £y = 1. Note that for the forcing to conserve tension

along the boundary this integral should equal 1 and so Ey = 1 in general.

To find the values for o of the above 6! (y), the sum of a numerical Fourier Series
approximation can be made. For demonstration, a range of ¢ values for a normally
incident wave with this type of boundary forcing are shown in Table 3.1 for different

peak widths and incident wavelengths to an appropriate level of accuracy. From Table

I/
1x107! 1 x 1072 1x1073 1x107*
1] 0.0057i 0.057ix1072 0.057 ix107® 0.057 ix10~*
0.5 | 0.08541 0.850ix1072 0.850ix10~% 0.850 ix10~*
h 0.1 039301 3.919ix1072 3.919ix107% 3.919 ix10~*
0.05| 0.53121 5.301ix1072 5.300 ix10~% 5.300 ix10~*
0.01 | 0.85301 8.518ix1072 8.518ix10™% 8.518 ix10~*

Table 3.1: Values for o (3.2.32) for a Jacobi dJ3 forcing with Fourier coefficients

(3.2.45) with varying incident wavelengths A and peak relative half widths d.
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3.3. NET BRIDGE

3.1 it is visible that smaller values of h lead to larger o values. Alternately, for small d
this function can be approximated by the delta function, and so the increasing o will
diverge. Similarly, for large d the forcing gradually becomes constant; in this instance
the Fourier Series has no significant terms beyond the first and ¢ will tend to zero.
Furthermore, from (3.2.33), for large %, the wave scaling parameter [/ can be taken

out of the terms of ¢ as a constant factor. Thus when the wavelength is much larger

than the distance between the strings, o is inversely proportional to .

Therefore, as £y = 1 and o tends to 0 for large wavelengths, the homogenisation
technique developed earlier reproduces the results of the exact solution while also being
much simpler to solve. For the remainder of the bridging problems in this thesis,
this homogenisation procedure will be assumed to be valid. Hence as the problems
become more involved to solve, use this homogenisation procedure without additional

verification from the exact result.

3.3 Net Bridge

Next, introduce a net of strings as described in [78] as a “membrane-like lattice”. This
square lattice consists of an infinite array of strings which we will insert into the void
between membranes, as indicated in Figure 3.7. While this structure allows for both z
and y-direction wave propagation in the bridge the size of the ‘holes” are much smaller,
meaning that the maximum size of inclusion which can be concealed by the bridge is
correspondingly much smaller. Due to the connections between strings along the y-axis
the wave propagation can be 2D in this structure. The dispersion of waves in such a
net has already been studied, and for a harmonic wave of amplitude A,, being excited
by a constant angular frequency w the out-of-plane displacement waves in the net have
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Figure 3.7: Schematic of an infinite elastic membrane with a square lattice of strings

with separation [, bridging a void between z = 0 and = = d.
a form,

U, = Apeilh=rthyy=wtl (3.3.1)
where k, and k, are the wavenumbers in the x and y-direction for waves in the net and
in the notation of this thesis,

Cs

cos(eal) + cos(kyl) = 2 cos (""—l> | (3.3.2)

Using the same long wave assumption as before, if w < ¢4l then k,, k, < [ and so

using the Taylor expansion of the cosine function yields,
2, 12 w’
K2+ kD = \/ﬁc—g, (3.3.3)

which is similar to the dispersion relation for a membrane (2.1.17). Defining a new

wave speed ¢, and wavenumber £k, by,

(3.3.4)
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3.3. NET BRIDGE

For ¢); = ¢, this net will have the same wave speed as the membrane. Following
the same procedure as before yields the altered boundary conditions for forces and

displacements respectively at x = 0 and z = d,

Oups ou
T, —— = T,—25® 3.3.5
7, 0(y) (33.5)
and
Upf = Up,. (3.3.6)

Since we have already made use of a long wave assumption and shown the effectiveness
of the homogenisation scheme for this boundary, consider only a homogenised boundary
condition for this bridge. As before the homogenisation of the distributed delta function

yields,

Ouy T Ouy,

and on assuming waves in the membrane and net respectively of the form

Uy = Aiei[km(xsm 04y cos 0)—wt] + Arei[km(—a: sin 6+y Cos@)—wt]7 Uy = Atei(kzx-‘rkyy—wt)’

(3.3.8)

for which substitution into the boundary conditions at z = 0 yields,

11—, 2
_ A A= A, 3.3.9
1+ 7, Tl (3.3.9)

A,

where in this case the bridging function 7, (0) is given by,

2
u(0) = Tﬁl\/l - (1 - CC—J‘;> sec2 0. (3.3.10)

Similarly, taking the assumed wave forms,

U, = Biei[kx:c—&—kyy—wt] + Brei[—kwx—‘rkyy—wt]’ Uy = Btei[km(ar sin 04y cos 0)—0.175]7 (3311)
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and substituting into the boundary y = d yields,

B, B =-—"_B,. (3.3.12)

B, =
Tt 1 T t+1

for which the coefficients obtained from this system are identical to (3.1.26) and (3.1.32)
with vy replaced by ~, and so the previous analysis also applies here, with the overall
first wave transmission coefficient given by,

Bt 4’771

which has a maximum Tj(v,) = 1 at 7, = 1. Unlike the previous string bridging
problem, it is possible to ensure that perfect bridging can be obtained in this system
regardless of incident angle since when c;; = ¢, there is no angular dependence on the
value of v,. For this choice of material parameters the membrane formulation is the
same as a distributed formulation for the net bridge and so in a long wave assumption
the matching is trivial. Therefore, for this bridge the natural matching of tensions
Tyl = Ty gives v, = 1 and there is no phase change introduced, leading to a perfect
bridging.

This bridging system also allows for tunable wave filtering based on incident angle.
While the previous string bridging scheme had a decrease in transmission from angles
away from the maximum, there was always some transmission from every incident wave

angle. However, for this bridge system there are no propagating waves for

sing > M (3.3.14)
Cn,

so if ¢, > cjs there are always some waves which are not transmitted. To filter any
waves with an incident angle greater than a previously defined filtering angle, 6y,

requires
M Sin6, (3.3.15)
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and to ensure a maximum at some given angle, 0,,.., requires v, = 1 at this angle.

Therefore on substitution the ratio of tensions must be given by,

Tl cos 0
— 41—
T, c0S Oax

(3.3.16)

so by altering the tension and the wave speed of the strings proportional to the tension
and wave speed in the membrane any incident wave can be fully bridged and any range
of incident angles greater than a specified angle can be fully filtered. There is, however,

no way to filter a range of angles less than a given angle.
Furthermore the previous discussion on the effect of successive transmissions and
reflections remain valid where in this system if the propagation angle of the waves in

the net is @, the reflection phase change ¢, is given by,

on = d(ky, (cos b, + sin b, tanb,,) — k,, sin 0 tan 6) (3.3.17)
d 2 -1/2
= (C—M (1 - CT" sin 9) —sinftand | . (3.3.18)
e \ e 3y

This phase change is much more involved than the previous phase changes due to the
2D wave propagation in the bridge. However, as before when ¢,, is an integer multiple of
7, wave superposition leads to the overall reflected wave tending to a relative amplitude

of 0 and the transmitted wave tending to a relative amplitude of 1.

As before, however, this phase change depends on both the wave frequency and
the incident wave angle so it is not possible to produce perfect transmission by internal

reflections which is either broadband or angle independent.

3.4 Membrane Bridge Conclusion

For the above bridge system, it is demonstrated that two different periodic arrays of
strings can carry wave behaviour across a void in an elastic membrane. Not only is
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it possible to select material parameters for the strings to perfectly transmit a wave
pattern incident from a single angle, but if the phase of the wave is correctly tuned,
internal reflections on the bridge can interfere and for an infinite number of wavefronts
either the same wave pattern or a suppressed wave can be transmitted across the void
with no reflection. Importantly, all of the required material parameters are isotropic
constants. This is unlike the scheme for membrane cloaking where the cloak stiffness

and density were both spatially dependent and anisotropic.

It has also been shown that a homogenisation approach can be used to determine
the wave transmission and reflection across the void caused by the periodic insertion of
strings. Furthermore, it has been shown using a Fourier series to represent the forcing
at the boundary that the transmission and reflection coefficients determined by this
approach are accurate for long wavelength forcing. Thus, the homogenisation is not
only practical to apply and use but the results are, to a good degree of accuracy, close
to the exact solution. As a result this homogenisation can be applied to other more

complicated schemes where the exact solution cannot be so easily obtained.

The scheme proposed does have limitations. While the results for the string bridge
are broadband in the long wave limit, this bridge cannot ideally reproduce the wave
pattern for all incident angles. Furthermore, while the net bridge produces a bridging
scheme which can be both broadband and ideally reproduce the incident wave pattern
for all incident angles, it strictly requires a matching of wave speeds c¢,, = ¢, which
may not be possible in a physical system. The size of possible inclusions which can be
concealed are also smaller than for the string bridge. While the ‘holes’ in the string

bridge have area d x [ the net bridge has significantly smaller holes of area [2.

The net bridge can also produce a filtering effect, preventing the transmission of

waves with an incidence angle greater than a critical angle, determined by system
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parameters. This filtering effect also allows for perfect transmission of one incident
angle, which can be changed by tuning the net parameters. However there is no way
to perfectly transmit over a range of angles while filtering another. There is also no
way to filter out small incident angle waves while allowing larger incident angle waves

to be transmitted.

The simplicity of this bridging setup does however give scope for further develop-
ment. The same type of metamaterial can also be proposed for other continuous media
to extend the same bridging ideas to other systems. Notably, many other systems
have the same Helmholtz governing equations, including the asymptotic leading order
motion along the surface of a linearly elastic half plane [63], so the results obtained

can potentially be extended to other systems.
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CHAPTER 4

Linear Elasticity Bridging

Now consider a similar scheme as in Chapter 3 but with 3D waves in a linearly elastic
bulk being bridged by 2D objects. The stresses from the bulk at each of the two
boundaries come from the standard constituent equations (2.2.7), and the stresses
from the bridges will depend on the bridge construction. As before the aim is to be
able to perfectly reproduce an incident wave pattern on the other side of the void as

though the bridges were not present.

This ‘bridging’ scheme is again distinct to transformation cloaking but has similar
aims. Like cloaking the aim is to ‘hide’” a region, leaving the wave pattern undisturbed.
Unlike the general cloaking scheme for elasticity [89] this relies on conventional isotropic
materials and is much simpler to construct. It is also oriented at transferring waves

over an infinite void rather than concealing a finite inclusion.

Begin in §4.1 by attempting to bridge bulk waves. First introduce two single mode
bridges, each oriented at bridging only a single bulk wave type. These two single bridge
types are then combined to produce a mixed mode bulk bridge intended to bridge both
shear and longitudinal components of an incident wave. The same mixed mode bridge
is then made use of to bridge surface waves in §4.2. Each section includes a conclusion

specific to the wave types, with an overall discussion of the results at the end of the
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chapter.

Each of the bridges connects two edges of a void in an elastic half plane between
x = 0 and z = d with 2D objects periodically inserted parallel to the x — y plane, with

constant spacing in the z—axis, as shown in Fig. 4.1. For each of the bridges make use

r=0 r=d
Figure 4.1: Cross-sectional view of an infinite linearly elastic bulk with periodically

inserted 2D objects bridging a void between z = 0 and x = d.

of the homogenisation procedure §2.3 to turn the periodic point forcing at the edges

into a distributed load.

4.1 Elastic Bulk Wave Bridging

To bridge bulk waves first establish two 3D linearly elastic structures with domains
00 < yz< oo, o<z <0,d<xr< oo with an array of 2D bridges connecting
the two edges. The two bulk regions will both be able to support longitudinal and
shear wave propagation with standard governing equations (2.2.5) and solutions (2.2.8,
2.2.9).
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4.1.1 Single Material Bridges

First consider two different types of bridge, each oriented at bridging one type of bulk
wave. To match a wave type to a bridge material, it is natural to attempt to bridge
using a material which only supports that type of motion. Hence, for a longitudinal
incident wave, use an array of thin stiff sheets, with governing equation (2.1.18), which
are analogous to the 1D rod. Similarly, for transverse incident waves use an array of

membranes with governing equation (2.1.14).

Longitudinal Bridging

To bridge longitudinal incident waves, first construct a bridge between the two elastic
bulks, consisting of layers of sheets which each occupy oo < 2z < 00, 0 <z < d, y = nl,
n € Z. Each n'" sheet is connected to the bulk at —oo < z < 00, £ =0,  =d,y = nl,

and so from (2.1.18) have governing equations,

82US @Zus

In linear elasticity, the reflections from a single incident wave at a boundary wave can
produce multiple reflected and transmitted waves. As in the previous chapter denote
incident, reflected and transmitted waves by superscript (i), (r) and (t) respectively

and begin with a longitudinal wave (2.2.8) with the form,
O — A, eilk(wcosbitzsing)—wi] (4.1.2)
which transmits a horizontal displacement wave into the sheet bridge (2.1.20),
ugt) _ Atei[KSerkzsiné)lfwt], (4.1.3)

where the sheet wave speed (2.1.21) and longitudinal wave speed (2.2.6) are given by,

w
Cs = ) C1 =

e (4.1.4)

d
k
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This produces reflected waves of the form (2.2.8, 2.2.9) with dispersion relation (2.2.14),

¢(r) — Are—i[k(x cos 01—z sin 01 ) —wt]

w(r) _ BTefi[k(x% cos O2+z sin 02) —wt]

Y

where,
=D + ¢, =™,
Matching the horizontal displacements (2.2.4) at the boundary yields,
ikcost(A; — A,.) — iksin6, B, = Ay,

and matching the bridge stress (2.1.19) gives the boundary conditions,

0
011 = fSES ;1

T

5(l) (y)7 013 = 07

(4.1.5)

(4.1.6)

(4.1.7)

(4.1.8)

(4.1.9)

where fg is the thickness of the sheets. Substituting the assumed wave to find the half

plane stresses (2.2.7) and homogenising the delta function yields,

2
o = pik ((kam? 6, — k%) (A + A) + 262 cos By sin HlBr)

C5 Co
- i%ESKSAt,
2
e
= Zﬂk_;,ySAta
G
2
o13 = pk (Zk: cosfysinfy)(A; — A,) + (Qk sin 6, — k—;) BT> =0,
€2

where ~g is defined as,

_fsa _Es
l CS)\—l—Q/L‘
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This gives the solutions,

02 02 . C2 .
2-% cos 0 (1 — 2% sin? 91> (1 — 4% sin? 91)
€3 1 €1

At = Zlf Ai’

(é — 4sin® 81> (s cos@y + 1) + 4sin? 6, (Z—é sin? 0, — 2 cos 0; cos 82>
(4.1.15)
(z—i — 4sin® 61> (yscos@y — 1) — 4sin® 6, (2—% sin? 0, + 2 cos 0, cos 92)

Ar == Ai,
<Z—% — 4sin? 91> (s cos@; + 1) + 4sin? 6, (Z—% sin? 6, — 2 cos b cos 92>
1

(4.1.16)

4 cos 0 sin 04 (22—% sin? 6, — 1>
B, = —; ! > A;.
(2—5 — 4sin® 61> (vscos @y + 1) + 4sin? 6, (2—5 sin® 6, — £ cos b, cos 62>

(4.1.17)

There are some immediate conclusions which can be seen from these coefficients. In
the case of normal incidence, this system will behave similar to those considered for
the membrane-string bridge system; replacing I' with g from the membrane first
boundary (3.1.46) gives the same transmission coefficient while the reflection coefficient
is the same amplitude but negative. This is due to the formulation being in terms of
displacement potentials; in displacement terms this will represent the same coefficient

as before.

From this, there are two cases for perfect reflection of the incident wave, (ie, where
A; = A,), both of which only have dependence on the incident angle and the bulk
parameters. The first is limiting case of a shallow incidence, where 6; — 7/2. The

second is given when the incident wave satisfies sin #; = 020\1/5, or alternately when the

shear wave reflection would have the angle #; — /4. For these conditions there is
neither a transmitted wave nor any reflected wave conversion.

It is also clear that these are the only angles for which there is no reflected wave
conversion and that these depend solely on the material parameters and not on the
properties of the bridge. However the angle condition for which there is no reflected
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wave at all will depend both on the half plane and ~g, which will be discussed in more

detail later, also taking into account the overall transmission.

This boundary has one more condition for which there is no transmitted wave, for

<L or equivalently, §; = w/6. For conven-

which the incident angle satisfies sin#; = o

tional materials this will require the incident angle to be in the range 7/4 < 6, < 7/2.
This condition produces reflected waves with amplitude ratios,

Ay _ cos(6y — 05) B, sin(26,) (4.1.18)
A, cos(0y + 6s)’ A, cpcos(fy +0) o

which will clearly both have asymptotes at ; = /3. This represents an infinitely large
reflection with no transmission and can only occur in a material where ¢;/cy = \/g,
or equivalently which has a Poisson ratio of 1/4. Physically this represents a system
where the reflection forms standing waves. It is also not possible to entirely convert
the longitudinal incident wave into a shear reflection since there is no value of 6; where
A, = 0. It is possible to choose material parameters such that B, = 0, but only for
6, = m/2 where ¢ /cy = V/2, for a Poisson ratio of 0. This is a specific case of an effect

which will be discussed later.

To see the effect of the transmitted waves from the first boundary, now consider

the second boundary. The sheet now has an incident wave of,
ugz) _ C«iei[KSaz-i—kzsin 91—wt]’ (4119)

and since this sheet can only support one type of wave (2.1.20), if there is a reflected

wave it must be of the form,
ugr) _ Crefi[stszsin%ert]? (4.1.20)
where the overall vertical displacement in the bridge is,
Uy = ugi) + UY). (4.1.21)
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As before take both a longitudinal and transverse wave in the elastic bulk, with trans-

mitted waves,

¢(t) _ Cftei[k(:(;c0501+zsin01)—wt]’ (4122)

¢(t) _ Dtei[k(w‘% cos6’2+zsin91)—wt}' (4123)
This leads to a horizontal displacement matching of,

ik cos01(Cy) + ik cos 0D, = A; + A, (4.1.24)
C2

and substituting the assumed wave forms into the boundary conditions (4.1.9) as before

gives,

2 2
o1 = pk ((2k sin? 0, — k%) C, + 2% cos 05 sin 91Dt) = iukc—;fyg((?i - C,),
(4.1.25)
2
o3 = pk <2k cos 0 sin 01)Cy + (Qk: sin?6; — k—;) Dt) =0, (4.1.26)
)
and in the same way as before, obtain the coefficients,
) 295 (4 - 2sin’6, )
Ci=— - — Ay (4.1.27)
ik 3 (yscosby + 1) + 4sin? 0, (Z—% sin 0, + 2 cos 0y cos Oy — 1)
2 1
E—z (ys cos@y — 1) — 4sin® 0, (z—é sin? 0; + 2 cos 0, cos Oy — 1)
c =2 ; A, (4.1.28)
Z—% (s cosfy + 1) + 4sin? 0, <z—§ sin? 0; + Z—f cos 0 cos Oy — 1>
2 1
1 4 cos 01 sin 6,

Dy, = - A (4.1.29)

C

o
|HKO

t (vscos by + 1) + 4sin® 0, (E—é sin? 0, + z—i cos 0 cos Oy — 1>
1

)

C

As with the first boundary, the system is identical to the membrane-string system
coefficients (3.1.47) given normal incidence and replacing I" for 5. Since all the con-
sidered waves in the bulk are right travelling, the reflection phase change seen at the

first boundary does not occur at the second boundary.

Since the waves in this bridge have undergone wave conversion, it may also be useful

to see if ‘perfect conversion’ is possible, where one wave type is converted entirely to
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another with no reflection. For this purpose introduce the wave conversion metric,

|Amplitude 2|

WC =
|Amplitude 1| + |[Amplitude 2|

(4.1.30)

where “Amplitude 17 is the transmitted wave amplitude of the same type as the incident
wave, and “Amplitude 2” is the transmitted wave amplitude of a different wave type.
When the transmitted wave is entirely the same form as the incident wave W' will
equal 0 and when the incident wave is entirely converted into a different wave form
W will equal 1. For this system these will be the transverse and longitudinal waves

in the bulk respectively, which for this example gives

| Dy
Wl = ——-—,
|Ct| + |Dt|

_ [sin(26,)] (4.1.32)

|— — 2sin2 6| + | sin(26,)]

(4.1.31)

Interestingly, this does not depend on the properties of the bridge at all. Instead there
is dependence only on the material properties of the bulk and of the angle of incidence.
‘Perfect’” wave transmission, where the incident wave is fully replicated on the other
side of the bridge with no reflection, is only possible where sin(26;) = 0. This requires
either normal incidence or the limit of shallow incidence. However, from (4.1.15) there
is no wave transmission at shallow incidence so perfect transmission only occurs for
a single wave front at #; = 0,75 = 1. As with the membrane-string bridge system
considered before, if there is more than one wave front the successive transmissions
will superpose. Since for 6; = 0 the coefficients at each boundary are identical to those
obtained before, the coefficients obtained for repeated reflections (3.1.53, 3.1.54) will

also be valid for this system at normal incidence.

Since there is only one incident angle and value of g which results in perfect
matching, it is useful to see how a bridge with vs = 1 will behave for other incident an-
gles. If the longitudinal transmission remains close to 1 while the reflections and shear
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transmission amplitudes remain small then this bridge, while not perfectly matching,

will be adequate for reproducing incident wave patterns.

(2) & =0 (b) & =357 (©) & =57 () & =75

Figure 4.2: Coefficients for longitudinal transmission (blue) and reflection (orange)

from a longitudinal oriented bridge with vz = 1 for a longitudinal incident wave with

W, - Tz’i | '”,TJL
T

() 2 =0 (b) 2 = 35 (0 =% @ 2 =%

incident angle 6.

Figure 4.3: Coefficients for shear transmission (blue) and reflection (orange) from a
longitudinal oriented bridge with vz = 1 for a longitudinal incident wave with incident

angle 6.

Figs. 4.2 and 4.3 show the expected behaviour for normal incidence and shallow
incidence, and for smaller ratios of cy/¢; bridge reasonably well for a wide range of
incident angles. At higher values of ¢, /c; however, the bridge has a resonance producing

infinite amplitude shear and longitudinal reflections and transmissions.
To produce ‘perfect conversion’” where the entire incident wave is converted to
another wave type with no reflection, then it is first required that C; = 0. This gives

the condition,

ct )
C—% = 2sin” 0, (4.1.33)

For all of the wave energy to be converted then it is necessary to have no reflections,
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so also take A, = B, = C,. = 0. From inspection, if the conversion condition (4.1.33)
is already true then B, (4.1.17) is already 0. Then it is also required for A, (4.1.16)

and C,. (4.1.28) respectively that,

a e ., Co B
— (yscosth —1) +2—  —5sin“ 6 + —cosf cosby | =0, (4.1.34)
2 2 /2
% (vscosty — 1) — % (C—g sin? 6, + & cos 0, cos Oy — 1) =0. (4.1.35)
) G\ ‘1

where manipulation yields the condition that regardless of vg, ¢/cy is either /2 or
/2, the latter of which is unobtainable by standard materials and the former is only
obtainable as an ideal perfectly compressible material with Poisson ratio of 0. Substi-
tuting this into the conversion condition (4.1.33) yields that even for this material, the
wave is only ideally converted for incidence of #; = 7/2. The previous condition for no
transmission (4.1.18) is a specific case of this where there is also no reflection and so

all waves are trapped in the bridge.

Shear Wave Bridging

Next investigate an array of membranes oriented at bridging a shear wave. As before
suppose that there is an array of bridges which occupy the domain co < z < 00, 0 <
x <d,y=nl,n € Z and are connected to the bulk at —co < 2 < o0, x =0, r =d, y =
nl. However, unlike the previous case these bridges will each be an elastic membrane
(2.1.14). If there is no wave propagation in the y-axis then these membranes have

governing equation,

0*u 0*u

Begin with a shear incident wave (2.2.9),
¢(z) _ Blez[k(m% Cong—&-zsin&)—wt]7 (4137)
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so that the reflected waves will have the same forms (4.1.5, 4.1.6) and from (2.1.16)

the transmitted vertical displacement wave will have the form,
U:(;) _ Btei[KMm-f—klz sin 91—wt]7 (4138)
Conserving the stresses from the bridge (2.1.15) yields the boundary conditions,
8u3

011 = 0, 013 = fMTM%(S(l)(y) (4139)

In the same way as before homogenise the stress and match the half plane vertical

displacement (2.2.4) and stresses (2.2.7) at the boundary to obtain,

iksin, A, + ikt cos0s(B; — B,) = B, (4.1.40)
Co
c 1

(2 sin? 0, — —2) A, +2—cosbysinby (B, — B,) =0, (4.1.41)

i Sy
—2k cos 6y sint)A, + (Qk: sin? 6, — k—2) (B; + B,) = iTTMKMAt, (4.1.42)

C3
— % B, (4.1.43)
Co

where 7, is defined as,

T
vy = J1 c2 Tt (4.1.44)

I ey
This system of equations has solutions,

Qi—; cos 0 (1 — 2sin? 92)

yar cos By + 1 — 4sin? 6, (z—f cos 6 cos 0y + cos? 92>
v cosfy — 1 — 4sin? 6, (2—? cos 0, cos Oy — cos? 92)
B, = Bi, (4.1.46)
Yz cos by + 1 — 4sin® 0, (i—f cos 0, cos Oy + cos? 92>
Arypy cos By sin By (1 — 2sin? 6
A = s €05 0 sin b ( 2) B, (4.1.47)

Yz cos by + 1 — 4sin® 0, (E—f cos 6 cos 0y + cos? 92>
from which it is again possible to immediately determine key behaviours of the system.
Unlike for the longitudinal bridge, there are only two conditions for which there is no

transmitted wave; the shallow incidence limit #; — 7/2 and a shear wave incidence
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05 = m/4 both produce total reflection. As before normal incidence produces displace-
ment wave amplitude ratios the same as given by the previous membrane-string bridge

(3.1.46) with T" replaced by 7.

At the second boundary now assume an incident and reflected displacement wave,

uéi) = D,eilKszthzsinti—wt] (4.1.48)
ug") _ Drei[Ks:C—I—kwsin@l—wt]’ (4.1.49)

where,
U = ugi) + u:(;)» (4.1.50)

and the same transmitted waves as from the longitudinal bridge (4.1.22, 4.1.23). Use
the stress boundary conditions from the first boundary (2.2.7, 4.1.39) and match ver-

tical displacements to obtain,

iksin0,C, + ik cos 0D, = D; + D, (4.1.51)
Ca
C% C1
<2 sin? 6, — —2> Cy+2—cosbysind, D, =0, (4.1.52)
2
2]{71 COS ‘91 sin 61015 + <2]{?1 SiIl2 81 - kl%) Dt = ZE’YM(DZ - DT> (4153)

which gives the solutions,

1 22~ (1 —2sin? 0
Dy = — ot 2 D;, (4.1.54)
ik vz cos By + 1 — 4sin? 6, <§—f cos 0 cos Oy + cos? 92)

vz cos By — 1 + 4sin? 6, <§—f cos 0, cos Oy + cos? 02>

D, = D;, (4.1.55)
vz cos by + 1 — 4sin® 0, (i—f cos 0 cos 0y + cos? 92>
4‘cz—ffyM cos 65 sin 6,

Cy = D;, (4.1.56)

Az cos by + 1 — 4sin? 0, <§—f cos 0 cos 0y + cos? 92>
which again produces identical coefficients for the displacement wave amplitudes as for

the membrane-string bridge (3.1.47). Again make use of the previous wave conversion
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metric (4.1.30) where,

[
Wl =————,
’Dt| + ’Ct|

B | sin 26|
|1 — 2sin® 6, + | sin 26,

(4.1.57)

(4.1.58)

which, as before, does not depend on the properties of the bridge. Unlike before,
however, there is also no dependence on the properties of the bulk. From this it is visible
that the wave undergoes no conversion at ¢, = 0, 7/2 and has total wave conversion
at 0o = /4. As previously discussed however, at both 0, = 7/2 and 0, = 7/4 there
is no transmission onto the bridge so the overall transmission in both cases would
be 0. Hence perfect wave conversion is not possible and perfect wave transmission
can only occur for normal incidence, which will follow the same conditions for perfect

transmission for the membrane-string bridge (3.1.45, 3.1.54), replacing I" for vy,.

As with the longitudinal bridge previously, it may be useful to know how the
system will behave for a wave arbitrary incidence on a bridge tuned for perfect bridging.
Figs. 4.4 and 4.5] show the shear and longitudinal transmissions and reflections for a
single incident shear wave on a bridge with ), = 1. As before these plots show that
the overall bridge effect is better for materials with a lower value of ¢y/c;. However,
unlike for the previous case, real transmissions and reflections do not occur for the full
range of incident angles. Propagating waves only occur when sin 6; < ¢y/¢;, with other

waves decaying exponentially away from the boundary.

Also unlike the longitudinal waves, a more easily compressible bulk material does
not produce vertical asymptotes and an infinite transmission or reflection for certain
incident angles. The overall transmitted amplitude can, however, still be greater then
the incident amplitude.
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() 2 =0 (b) 2 = 3 (0 =35 @ 2 =%

Figure 4.4: Coefficients for shear transmission (blue) and reflection (orange) from a

transverse oriented bridge with v;; = 1 for a shear incident wave with incident angle

N
S 7

() 2 =0 (b) 2 = 35 (0 =35 @ 2= 2%

0.

Figure 4.5: Coefficients for longitudinal transmission (blue) and reflection (orange)
from a transverse oriented bridge with v,; = 1 for a shear incident wave with incident

angle 6,.

4.1.2 Longitudinal and Transverse Bridging

Now consider attempting to bridge two different types of waves with a single bridge.
Such a bridge will require both longitudinal and shear components, which will aim to

have the added capability of being able to better carry waves at a non-normal incidence.

The new bridge will be a combination of the previous two bridges, with membranes
with standard governing equations (2.1.14) equally spaced at z = nl and sheets with
standard governing equations (2.1.18) at z = (n+ 1/2)l, n € Z. As such the previous
two bridges are special cases of the new bridge.
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Formulation of full bridging problem

Unlike for the previous cases consider both a longitudinal and shear incident wave

(2.2.8, 2.2.9) with the same angular frequency w,

¢(z) _ Aiei[kl(xcos01+zsin01)—wt]7 (4159)

w(Z) _ Biei[kg(x cos Oa+z sin92)7wt}’ (4160)
using the same notation as before, where
Cl = 7—, Cy = —. (4161)

Although ultimately these two systems will be considered independently, both systems
can be solved simultaneously using the elastic bulk dispersion relation (2.2.14) and so

for brevity the incident waves become,

¢(z) _ 142‘61'%1(17cos@ﬁ—zsin@l)—wt}7 (4162)

1/}(@) _ Bzel[kl(x% cos f2+z sin 91)7wt]. (4163)
At the left boundary this leads to reflected waves of the form,

¢(r) _ Arefi[kl(xcos 01—zsin 91)+wt]’ (4164)

¢(r) _ Bre—i[kl(ac% cos@g—zsin@l)-i-wt]7 (4165)

and transmitted waves into sheet and membrane bridges respectively (2.1.16, 2.1.20),

ugt) _ Atei[K]WﬂC"FklZSingl_wt]? (4166)
ugf) — BjeilKsathizsing —wt] (4.1.67)
where as before,
w w
o= — =2 4.1.68
M=o = ( )
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Conservation of vertical and horizontal displacements (2.2.4) at the boundary gives,

iky cosby(A; — A,) —ikysinb(B; + B,) = A, (4.1.69)
’ik’l sin 01(141 + Ar) + Zl{flﬂ COS 02(37, - Br) = Bt (4170)
C2

and after homogenising, the two stresses from the bridges (2.1.15, 2.1.19) are conserved

as,

_ [s . Ou _ Jur dugy
011 = TES%, 013 = TTM%, (4171)

with horizontal and vertical stresses from the bulk (2.2.7) yielding,

2 2

[l,kl ((2k1 sin2 91 — kl%) (Az + Ar) + le% COS 92 sin 91(31 — BT)) = z,ukl Z—;"YSAt,
2 2 2

(4.1.72)

2

,uk:1 (2]{51 COS 91 sin 91)(141 — Ar) + <2k‘1 Sin2 01 — ]fl %) (Bz + BT)) = Z'uk’lc—l’yMBt,
& C2
(4.1.73)
where vg and 7y, are defined as before (4.1.14, 4.1.44). On repeating the process for

the right boundary with incident waves,

ul?) = OeilKnmhzsinfr—wt] (4.1.74)
u:(}i) _ Diei[KSerklzsin@l*wt]’ (4.1.75)

this system will produce reflected waves,

UY) _ Crei[_KMx—Hﬁ Sin@lz—wﬂ’ (4176)
u:(;“) _ Drei[—KSI-ﬁ-kl Sin912—wt]’ (4.1.77)

and transmitted waves into the elastic region,

¢(t) _ Ctei[kl(:cc0501+zsin91)—wt]’ (4178)

'l/)(t) _ Dtei[kl(x% cos6‘2+zsin91)—wt}' (4179)
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Hence by matching the displacements at this boundary,

ij COS 91 (Ct) — Zk‘l sin 91 (Dt) = Cl + Cr (4180)
ik, sin 0, (C,) + ik L cos 0o(Dy) = D; + D, (4.1.81)
Co

and similarly by matching stresses,

2 2
ik (<2k1 sin? 6, — kl(c%) C; + 21{:12—1 cos b5 sin 91Dt> = zﬂlﬁ%’yg(C’i —C,), (4.1.82)
2 2 2

2
,U/kl (2k1 COS 91 sin 91)0,5 -+ (2]€1 sin2 61 — ]{1%) Dt) = Zuklg’}/M(Dz — Dr)
2

2

(4.1.83)

These two sets of boundary conditions can be expressed by the matrix equations,

ik, M | =ikr - , (4.1.84)
B; + B, B; — B, B
where,
cos 6, —sin 6,
M = , (4.1.85)
_20_200591 sinf1 c1 <L _ 2ésin201>
C1 Y™ c2 \ Y™ C% Y™
1 é sin2 0 _9cacos 05 sin 01
Vs g s c1 vs
R= (4.1.86)
sin 6, i—; cos B,
and,
Cy C; + C, Cy C;—C,
ik, D — ik F — (4.1.87)
D, D;,+ D, Dy D;,— D,
where,
: 1 3 sin2 ¢ cg cos B sin 6
cosf; —sinb, - —2z280 —2&2cosbasmOL
D= , F=|7" a0 o (4.1.88)
sin 6 < cos O _20_2005915in91 c1 (L o 2ésin291>
I o 2 a ca \ Y 3 M
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Define some incidence, reflection and transmission matrices,
1 = , Ty = s t1 = s (4189)

so that the left boundary is represented by,

. 1 0 . 1 0 .
’LklM ’il - 721 == ZklR il + 721 == tl. (4190)
0 -1 0 -1
Similarly at the right boundary define,
N Cr Cr R Ot
ig - 5 722 = 5 tQ - 5 (4191)
D, D, Dy
so that,
ikyty = D7 (ig + 1) = F iy — 1) (4.1.92)
and from these it is clear that the transmissions are given by,
N A N 2 N
ty = 2iky (M "+ R°H My, = ?(D + F) 7, (4.1.93)
1R
and the reflections are given by,
1 0 . .
P = (M+R)™ M —R)iy, fo=F"+D ) HF =D,
0 —1
(4.1.94)

In a general case, t; and i have the same amplitude but have some phase difference

from the change in speed and so are related by,

A et 0

O ei@Q

where 1 and ¢, are the phase difference from the membranes and sheets respectively,

wd wd
p1r=—, g = —, (4.1.96)
Cg Cymr
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If and only if the angular frequency is given by,

2mm  cpycs
w=—
d Cs — CM7

m e (4.1.97)

then ¢; = 9 and on disregarding the phase the wave pattern transmitted from the

left boundary is identical to that incident on the right boundary.

For simplicity, consider only the case that ¢; = ¢ = 0 so ¢ = I5, where I, is the

2 x 2 identity matrix. It then follows from (4.1.95) that #; = i, and hence,

ty=4D+ F) ' (M '+ RNy (4.1.98)

The wave component re-incident upon a boundary undergoes two reflections and so is

given by,

24

b2 = (F1+ D) (F = D)) 4y, (4.1.99)

so as before successive reflection and transmission coefficients are obtained,

(M + R)"Y(M — R) n=1
R, = 0 —1

| 4D+ ) (P + D) - DN (M + R, n>2

(4.1.100)

T, =4(D+F) (F '+ DY (F ' =D )" (M + R (4.1.101)

which are analogous to the similar coefficients from (3.1.51, 3.1.52). If the eigenvalues
of the reflection matrix are both less than 1 then the total reflection and transmissions
can be computed in the same way as the summation of the R, and T, terms. This
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yields,

Ry = (M +R) ™ (M - R)
0 -1
+ 4D+ F)! ((12 —(F'+ DY)y N F DY) - 12) (M~ + R

(4.1.102)

Tr =4(D + F)~! (12 —((F 4+ DY)y (P - D—l))2> M AR (4.1.103)

Normal and Shallow wave incidence

To investigate the effectiveness of this bridge, start with the key cases from the single
mode bridging: Normal incidence, shallow longitudinal incidence and shallow shear

incidence. For normal incidence, #; = 65 = 0 and so,

1 0 % 0 1 0 % 0
M = , R= , D= , F= ,
0 a_L 0 <o 0 <« 0 a- L
c2 YM c2 c2 C2 YM
(4.1.104)
from which the transmissions are given by,
1 s
) . . 2 |1 0 ;
i = 2ik | ¢ B h= o s i (4.1.105)
(21
a_1 €2 _IM
0 c; 1+~ 0 C? 1+I"YIM
and similarly the reflections are,
ys—1 0 ys—1 0
= | S N A io (4.1.106)
v —1 yv—1
0 Ym+1 0 Ym+1

which describe the systems for normal incidence on single mode bridges in §4.1.1,

indicating how for normal incidences each wave depends only on one bridge.
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For shallow longitudinal incidences, 6; = 7/2,sinfy = ¢3/¢; and so,

2
1-22
0 —1 <7 _20_2(:0592
Vs c1 s
M = 21, R= . (4.1.107)
1-232
a_ a9
0 = Py 0 o cos bty

Since M is singular, the transmission relation (4.1.93) can no longer be used to de-
termine the transmission from the first boundary. Instead substitute the particular
M and R into the first boundary condition (4.1.90) which results in no shear or lon-
gitudinal transmission from shallow longitudinal incidences. It is however possible to
transmit a longitudinal wave front at this angle with an incident shear wave. This
shear wave must have incidence such that sinfly = cy/c;. Since standard materials
have ¢y/c; < 1/4/2 then for any bulk material there exists a propagating wave which

can meet this requirement.
For shallow shear incidences, 8, = 7/2, sin; = ¢1/ce and so,

cos 0, -4 - 0

M = <1, rR=| 7 , (4.1.108)
—2% cosfy —4-L a
c2 2 YM Cc2

for which R is clearly singular. As with the longitudinal case, the transmission matrix
equation (4.1.93) cannot be valid and therefore instead substitute these M and R
matrices directly into the first boundary condition (4.1.90). As before a shear shallow
incidence cannot cause any transmission on the other side. However, unlike the previous
case, it is not possible to produce a shear transmission parallel to the boundary since

sinf; = ¢1 /¢y does not have a real solution for any possible Poisson ratio.

Perfect Bridging

To investigate whether perfect bridging is possible for both waves simultaneously then

it is more convenient to put the overall transmission coefficient (4.1.98) in the form,

. 4 M2 — |R| )
o = I+ ————(M+ R)"" R 1. 4.1.109
* 7 M| M+ R ( g MR ( )
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Then the condition for which there is no wave conversion in the transmitted wave is
that the non diagonal components of the matrix (M + R)™'R are zero. Hence the

longitudinal-to-shear coefficient is 0 when,

2 o 29
sin 0 cos 0, (1 422 1) —0 (4.1.110)
€1 TM7s

and the shear-to-longitudinal coefficient is 0 when,

sin 6 cos 69 (ﬂ -
C2  TYM7Ys

cos® 02) : (4.1.111)
For both shear and longitudinal wave incidence this gives no wave conversion for normal
incidence and shallow incidence. It also yields an extra set of solutions where v,; and

s can be tuned to produce no wave conversion at an arbitrary incidence. To prevent

conversion into shear waves there must be bridge parameters such that,

2
s = 453 sin’ 6y, (4.1.112)
1

and to prevent conversion into longitudinal waves equally requires,
Co 2
Ym7s = 2— cos” bs. (4.1.113)
C1

These two equations show that wave conversion can only be arbitrarily controlled for
one incident wave; preventing wave conversion of one incident wave limits the other

wave type to only one possible angle for which there is no conversion.

Next it will be considered whether it is possible to produce bridges in such a way
that there is no wave conversion and no reflections for a single wave type. Begin by
considering the first reflection coefficient for longitudinal waves. If it is assumed that
the bridge already has parameters such that (4.1.112) is satisfied, the shear reflection
is 0 if,

c? o
2v/Tm7s (4C—§ - '7M'YS> (C_1<'YM’YS —2) — VMVS) =0 (4.1.114)
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which has solutions for normal incidence, shallow incidence and,

(4.1.116)

which has no real solutions. Hence it is not possible to use this bridge to perfectly
match a longitudinal wave without inducing some shear wave reflection except for

normal incidence.

Next consider the first reflection of a shear wave given that the bridge has been
constructed in such a way that (4.1.113) is true. Then the longitudinal reflection caused

by a shear incidence is 0 if,

C C
—YarYs (2—2 —~ Ww) = 0. (4.1.117)
(&) C1

Like the longitudinal case, the only solutions are normal incidence and shallow incidence
so as before ‘perfect bridging’ is only possible for normal incidence waves. Since the
conditions for perfect bridging at normal incidence are already known, it will be useful

to see how the vs = vy = 1 system behaves for a range of incident angles.

Normal Incidence Bridge Tuning

Since the only possible way to perfectly bridge waves in this system is for normally
incident waves on bridges with v¢ = vy = 1, see how the transmission and reflection
coefficients behave away from normal incidence. The main aim of the bridging is to
replicate the wave pattern on the other side of the gap, and so first look at the overall

transmission coeflicients.

Below is plotted the transmission ratios for both longitudinal and shear waves
resulting from a longitudinal or shear incident wave against the incidence angle of
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the wave and the wave speed ratio c¢y/c;. While the longitudinal wave has a real
transmission for all incidence angles, the shear wave only has wave transmission given
that sinfy < co/cy; for other angles of incidence the right boundary only produces an

evanescent wave which decays exponentially with distance from the bridge.

As expected the shear-shear and longitudinal-longitudinal coefficients are both 1
for normal incidence. It is visible from Figs. 4.6-4.9 that for small angles vy, = v¢ =1
still produces very little reflection or mode switching, especially for small values of
ca/c1. This does come with limitations however; as mentioned above the shear wave
only produces real transmissions and reflections when sinf < c¢y/c; and outside this
range it is not possible to perfectly bridge the incident wave. Since ca/c¢; < 1/ V2 the
largest range angles possible to transmit is only —7w/4 < 6 < 7 /4, half of the range
of possible incident angles. However for the majority of values of cy/cy, 01 and 65,
the longitudinal-longitudinal and shear-shear transmissions remain close to 1 and the

reflections and converted wave amplitudes remain small.
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(@) & =0 (b) 2 = L ) 2 = % @ %=
Figure 4.6: Coefficients for longitudinal transmission (blue) and reflection (orange)

from a mixed mode bridge with ~vg,vy = 1 for a longitudinal incident wave with

incident angle 6.
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@z-0  mE-d  @E-h  @z-4
Figure 4.7: Coefficients for shear transmission (blue) and reflection (orange) from

a mixed mode bridge with g, vy = 1 for a longitudinal incident wave with incident

angle 6.
Jr + VTN
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Figure 4.8: Coefficients for shear transmission (blue) and reflection (orange) from a

mixed mode bridge with vz, vy = 1 for a shear incident wave with incident angle 6,.

\
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Figure 4.9: Coefficients for longitudinal transmission (blue) and reflection (orange)
from a mixed mode bridge with vz, vy = 1 for a shear incident wave with incident

angle 6.
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If there is more than a single wave packet incident incident on the system then,
with the assumption that the incident waves are kept in phase along the bridge, the
successive reflection and transmission relations (4.1.102, 4.1.103) can be used to cal-
culate the coefficients caused by reflected wave superposition. For these relations to
be valid the eigenvalues of the internal reflection matrix (4.1.99) must be less than
1. For the values of ¢y/c; considered in the figures above this is only relevant for
ca/c1 = 1/4/2. Physically, this can be interpreted as a resonance for which most of
the energy is internally reflected back onto the bridge. This gives an increase in wave
amplitude on the bridge for each additional incident wave, which for infinite incident
waves will lead to an infinite wave amplitude in the bridge. Matching displacements
at the boundary requires that the bridge will then transmit infinite amplitude waves.

This will be visible in the plots by a vertical asymptote.

It is clear from the Figs. 4.10-4.13 that unlike the membrane bridge considered
previously, an infinite number of incident waves do not superpose to produce a perfect
transmission with no reflection. The infinite summation does produce several key
differences between a single incident wave and infinite incident waves. First, there is
in general an increase in the transmission and a decrease in reflection. This is most
notable near normal incidence of the longitudinal waves where both the reflections and

transmissions cancel to produce no overall wave pattern.

There is also a clear decrease in the amount of wave conversion in the system.
Aside from the infinite reflections near the asymptotes, the wave conversion ampli-
tudes from Figs. 4.11 and 4.13 are visibly less than the corresponding amplitudes in

Figs. 4.7 and 4.9.

90



4.1. ELASTIC BULK WAVE BRIDGING

1

(a) 2 =0 (b) 2 =1 (c) 2 =32 (d) =175

Figure 4.10: Coefficients for longitudinal transmission (blue) and reflection (orange)
from a mixed mode bridge with g, ya; = 1 for infinite longitudinal incident waves with

incident angle 6.

!

(a) 2 =0 (b) & =31

Figure 4.11: Coefficients for shear transmission (blue) and reflection (orange) from

a mixed mode bridge with g,y = 1 for infinite longitudinal incident waves with

- =

() 2 =0 (b) 2 = 31 (0 =% @ 2 =%

incident angle 6.

Figure 4.12: Coefficients for shear transmission (blue) and reflection (orange) from

a mixed mode bridge with g, vy = 1 for infinite shear incident waves with incident

’ - i’\ - iy
P ]

co co 1 co 2 co 1
(a)ﬁ—o (b)ffr\@ (C)f*ﬁ (d)ffﬁ

angle 6.

Figure 4.13: Coefficients for longitudinal transmission (blue) and reflection (orange)
from a mixed mode bridge with ~g,vy; = 1 for infinite shear incident waves with

incident angle 6,.
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4.1.3 Elastic Bulk Bridging Conclusion

In this section the effect of periodic insertions bridging the gap between two elastic half-
planes has been investigated. Three different systems were considered; a longitudinal

wave bridge, a shear wave bridge and a combination of the two.

All three systems only have perfect matching when the bridge parameters, v,; and
~vs, both equal 1, and only for normally incident waves. Away from normal incidence
any incident wave produces either a reflected wave or a wave conversion which changes
the wave pattern in the system. The bridges are also not able to perfectly convert
the wave. Any transmitted wave has some component which is the same form as the

incident wave.

In general the bridges reproduce the wave pattern better for a less easily compress-
ible bulk. Figs. 4.6-4.9 show that each system has less wave conversion and a higher

transmission for low values of ¢3/c; than higher values.

4.2 Elastic Surface Wave Bridging

Next consider a bridge oriented at bridging a linearly elastic structure as before, but
instead designed to bridge waves which propagate along a surface. For this, suppose
that there is an semi-infinite linearly elastic half plane with an infinitely deep gap.
These two parts of the elastic half plane will occupy 0 < z < 00, —00 < y < 00, and
x < 0 and x > d respectively. Along the surface of the half plane will propagate a
Rayleigh wave, a travelling wave solution which decays exponentially with depth away
from the surface as detailed in §2.2.2. For an incident wave with angular frequency w
the wavenumber k is determined by the solution to the Rayleigh determinant (2.2.19).
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The displacement potentials then have the standard 2D Rayleigh form (2.2.24),

¢ _ qsoei[kz—wt]—kaRz’ ¢ _ ¢Oei[kx—wt]—kﬂRz7 (421)

with relations along the surface (2.2.22).

As before the aim is to construct a periodic bridge which can carry and reproduce
the wave pattern incident on one side of the gap at the other side without causing any
reflections. Since the wave amplitude will decay with depth it is simplest to start with
periodic insertions connected uniformly at regular depth intervals. For convenience use
the same bridge materials used for the bulk waves; thin membranes and stiff elastic

sheets as detailed in §4.1.2.

4.2.1 Rayleigh Bridge Formulation

As before assume an incident and reflected wave in the bulk and a single transmitted

wave in the bridges. Hence the incident and reflected wave potentials take the form,

¢(z) _ Aiei[kw—wt}—kalgz’ ¢(7‘) _ Are—i[ki-l-wt]—kaRZ’ (422)

¢(i) _ Biei[kx—wt}—kﬂﬁgz’ ¢(r) _ Bre—z‘[k:wrwt]—kﬂaz’ (4.2.3)

with vertical and horizontal displacements from (2.2.4) and the displacements in the
bridges are the same as for the bulk waves bridges (4.1.66, 4.1.67). This leads to

displacement matching at the boundary of,

ik ((4; — A.)e *r* —iBp(B; + B,)e %) = A,, (4.2.4)

ik (iag(A;i + Ay)e **R* + (B; — B,)e *7*) = B,. (4.2.5)
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Similarly matching of stresses from the half plane (2.2.7) and the bridges (4.1.71) at

the boundary yields,

2
jk? (B3 — 20% — 1)(A; + A )e™ "% 4 2i8p(B; — B,)e %) = ipk Lrys A, (4.2.6)
G

pk? (—2iar(A4; — Ay)e *r* — (1 + B3)(B; + B,)e "r) = iuk%vMBt. (4.2.7)
2

where vy, and g have the same definitions as the bulk case (4.1.14, 4.1.44). Unlike the
previous boundaries there is now a dependence on depth. This removes some of the
freedom of choosing parameters and since the aim is to perfectly bridge waves, in order
to avoid any wave conversion the following formulation will differ from the previous
methods. First, at the surface the wave potentials must satisfy the conditions arising

from the free stress condition (2.2.22) and so,

| 1+ 6%
i(Bi = By) = 1 (At An), - =Br(Bi+ Br) =i
R

(Ai—A).  (4.2.8)

Substituting into the boundary conditions gives the new relations,

1 2
ik (e_kO‘RZ — +T5R6_kﬁRz) (4; — A,) = A, (4.2.9)
ik  iage kR — @QO‘—Re—’“BRZ (A + A) = By (4.2.10)
1+ 5% ’
2
ik((Z}%%—l——ﬁé)é%uRz——(1%—ﬁ%ﬁfkmﬂ)(A4+‘A¢)::E%VSAm (4.2.11)
2
ik (2iage "5 — Ziage ) (A; — A,) = LB (4.2.12)
Co

This set of equations has the solvability condition,

C% (20[% +1-— B}%)e—komz — (]. + 512{)6_1‘3/33275 e—karz _ 1+25122 e—kBrz v e

which limits the freedom of choice in this system to a single parameter to preserve
Rayleigh wave form for the reflected waves. Define a new parameter,yg to represent
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this Rayleigh matching, such that

o C% eikaRZ — %eikﬁRz B 02 26—kOLRZ _ 2€—kﬂRZ 1
T B0k + 1— BR)eRons — (T4 om0 T ¢ ehans — [Ty ehins 5y
(4.2.14)

which gives the reflection coefficients,

A ywv—-1 B, 1—1g

e i 4.2.15
4 "+l B 1t (4.2.15)
and transmission coefficients,
At . <e—kaRz _ %e—kﬁRZ> Bt - <e—kﬁRz _ %e—kaRZ>
— = 2ik , = =2k Yr, (4.2.16)
A L+9r B; L+9r
where the displacements along the bridge are related by,
—kBrz __ 1+,312{ —kaprz
B 2 <6 (& )
L el ’ (4.2.17)

— = — .
At 1 + 612% <€—ko¢Rz _ 1+2612% e—k,BRz> R

From these relations, there is no initial reflection if vz = 1. However, substituting this
into the bridge parameter equations (4.2.14) shows that as well as having a dependence
on depth, the bridges are not independent of the wavenumber of the incident wave.
Hence the bridge constructed in this way is not broadband, instead only working ideally

for a single frequency.

From repeating this process at the right boundary for displacement potentials in

the bulk,

¢(t) _ Crtei[lcac—wt]—k:osz7 (4218)

Y ®) = p,ilke—wtl—kBrz. (4.2.19)

and in the bridges the displacements have the same transmitted forms (4.1.74, 4.1.75)
and reflected forms, (4.1.76, 4.1.77) as for the bulk wave bridges. Then as before the
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displacement and stress matching yields,

ik (Cye "% — iBpDye 1) = C; + C,, (4.2.20)

ik (iagCre "7 4+ Dye "7*) = D; + D, (4.2.21)
2

pk? (8% — 2ag, — 1)Cre*R* 4 2iBp Dy %) = iukc—évg(Ci - C,), (4.2.22)
&

pik? (—2iagCre 1 — (1 4 BR) Dy %) = ik (Dy — D). (4.2.23)
Co

which if the transmitted wave is a Rayleigh wave again allows the use of the classical

surface relation for the displacement potentials (2.2.22). This leads to the relations,

1 2
ik <€_kaRZ _ _'_TBRe—kﬁRZ) Ci=C;+C,, (4224)
20&R

ik (iage "R — i —"_¢7Fr% ) C, = D; + D,, 4.2.25
( * L+ 5% ) t 229

2

. —kapz - z c
ik (203, +1— Bp)e ™ — (1 + BR)e 7)€, = C—;%((JZ- —C,), (4.2.26)

2
ik (2iage "5 — 2iape %) €, = Ly (D; — D,). (4.2.27)

Ca

Again solve these to produce reflection coefficients,

C _ar=1 Dv_1-1r (4.2.28)
Ci yw+1 Dy 1+9& o

and transmission coefficients,

Cy 2ik YR D, 2ik 1

Ci (e*’“‘RZ — %e*kﬁféz) L+or™ Di (e*kﬂaz — _1+2512a efkaRz> 1+9g
(4.2.29)

Since the aim is to not cause any wave conversion, there can be no phase difference
between the two bridges. In this case the overall transmission from the right boundary

will be of the form,
Sttt PR (4.2.30)
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which is identical to the form studied previously for the membrane-string bridge (3.1.45).
Importantly, both the ¢ and ¢ have the same reduction in amplitude so the transmit-
ted wave remains of Rayleigh form. Furthermore, on considering the displacements in
the system the successive reflections and transmissions from the system become of the

form studied previously (3.1.46, 3.1.47), with I" replaced with vg.

4.2.2 Rayleigh Bridge Construction

Initially it may seem that despite the dependence on the wavenumber of the incident
wave and depth of each bridge for the bridge parameters v,; and ~g, the construction
of a bridge for this system is straightforward. However, on closer investigation of
the requirements of the wave parameters it is evident that at certain depths it is not
possible to construct bridges with the required parameters. In what follows, since

perfect bridging is most desirable, consider only the case where yg=1.

From Fig. 4.14a there is a small range of depths for which g values must be
negative. Physically, however, v must be positive and so it is not possible to construct
bridges at these depths. This means that unlike all previous cases the bridge separation

is not arbitrary.

First it must be determined whether the bridge at the surface of the half plane
should consist of a membrane or sheet. In Fig. 4.14b the bridging requirement for a
membrane at z = 0 is 5, = 0, due to the free surface condition of the half plane. It is
therefore not necessary to have a membrane at the surface for bridging to occur, so at

z = 0 there will be a sheet with,

3 3
Vs =42 ( — —3) : (4.2.31)

As the depth of the bridges increase, the required values of the bridge parameters vy,
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(a) Required g value (b) Required vy, value

Figure 4.14: Required values of v;; and g for bridging a Rayleigh wave of wavenum-
ber k at a depth of z for a bulk material with Poisson Ratio » = 0.4 and bridging

parameter v = 1.

and ~g tend to fixed values. These are, as kz — oo,

2

C C
vs — 20—3, o = i(l +52), (4.2.32)
1

which are both positive for any choice of material parameters. Thus at an infinite
depth of any bulk material it is possible to construct bridges. Therefore, the difficulty
of constructing a bridge while avoiding negative parameters is strictly confined to
the region visible in Fig. 4.14a. This can be seen more generally by considering the
behaviour of yg (4.2.14). From this definition 7,, is positive for all positive values of

z, regardless of material parameters, while v¢ = 0 when,

1 1+ a? ‘
kz = In (2 R 4.2.33
ar — Br ' 1+ % ( )
and has a singularity at,
1 2
kz = In , 4.2.34
ar—PBr  |1+5% ( )
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Between these two points vs must be negative and is positive at all other depths. The
smallest value of [ results from ‘sandwiching’ this negative region with two sheets. This

gives an absolute limit on the size of [ as,

A

— 1
2%&3—53 n

o+ : (4.2.35)

2

If the bridges are constructed such that the sheets are placed at depths of z = nl, and
the membranes at z = (n + 1/2)l, n € Z then this condition gives inequalities for the

location of the sheets either side of the negative region,

1 9
kengl < 1 4.2.36
. OéR—ﬁRnl‘i‘ﬁ}%g ( )

1 1+ a?
k(n, 4+ 1I > In (2 B _ 4.2.37
(1> L ‘ (4.2.37)

where n; € Z is defined as being one greater than the number of sheets before the

negative region. This can be solved to produce,

2
1+5%

2 1-5%
QR+ —

In

n (4.2.38)

In

which is greater than 1 for all possible system parameters. To maximise the number of
bridges take the above inequality (4.2.38) to be an equality. Then the smallest possible

[ is when,

l 1 1 |2
—_ — n
A 27T(nl+1)OéR—ﬁR

1 2
+QR—1+ (4.2.39)

1+ 3%

The homogenisation used to model the bridge is only valid when the separation between
the layers of bridges is much less than the wavelength of the incident wave. To see if
the homogenisation will remain valid the smallest possible value of [/\ is taken from

(4.2.39) and plotted in Fig. 4.15 for the full possible range of Poisson ratios.

In Fig. 4.15 there is a discontinuous ‘stepped’ behaviour coming from n; being
strictly an integer. From the plot it is visible that /A < 0.12 and for smaller Poisson
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Figure 4.15: The smallest possible values of [/ from (4.2.39) possible for a bridge

for Rayleigh waves with 7z = 1 in a bulk material with Poisson ratio v

ratios decreases to 0. Therefore this method of bridging will be more valid for more
easily compressible materials. However, the previous treatment for the membrane in
§3.2.3 shows how a periodic forcing can be close to the homogenised result even for /A
values of 0.1, which would make this bridge valid for all but the most incompressible

Poisson ratios.

4.2.3 Rayleigh Bridge Conclusion

In this section the previous bridge construction for bulk waves has been used to bridge
a propagating surface wave. While the formulation of the problem and the resulting
coefficients for the bridge appear to have a similar form to those produced by the bulk
systems, the presence of the surface and form of the wave makes the actual bridging

significantly different.

Unlike the previous systems, since this system is restricted to Rayleigh waves only,
there is only one wave type and one corresponding bridging parameter, yg. Like the
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previous systems, when this parameter is equal to 1 the system will bridge perfectly
and reproduce the incident wave pattern on the other side of the gap as a transmitted

wave with no reflections.

However, this bridging parameter determines two other parameters, vy, and ~g,
both of which correspond to one bridge type. These bridge parameters also have
a dependence on the depth of the bridge and the wavelength of the incident wave.
While it would be simple to tune bridges depending on their depth, the wavelength

requirement means this bridge type cannot ever be broadband.

Also unlike the previous systems there is not an arbitrary choice in the spacing
of the bridges. To ensure that the bridges can be constructed the individual bridge
components must take the values which satisfy (4.2.13). However there is a range of
s values which must be negative. No bridge can be physically constructed with these
values so the spacing must be set that all of the longitudinal bridges are at depths

which correspond to a positive vg.

Finally then, it is possible to construct a periodic bridge which can perfectly trans-
mit a normally incident Rayleigh wave across a gap. To satisfy the stress free surface,
longitudinal bridges are constructed at nl and shear bridges at (n + 1/2)l, with [ and
the bridge material parameters specified by (4.2.39) and (4.2.14) respectively. Such a
construction will lead to a sufficiently small [/\ so that the homogenisation procedure
detailed earlier remains valid and to a high degree of accuracy the wave form will be

transmitted.
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4.3 Linear Elasticity Bridging Conclusion

In this chapter the same type of bridge construction has been used on two different
types of waves, linearly elastic bulk waves and Rayleigh waves. Both of these wave
types have conditions which lead to identical incidence and transmission, making it
appear to an outside observer that there is no gap in the material. This has multiple

real world uses.

The requirements for so called perfect bridging are very different for both bridge
types. are however very different. To ideally bridge both types of bulk waves is only pos-
sible for normal incidence and requires bridging parameters of vy, = v¢ = 1. However
to bridge a Rayleigh wave requires both of these parameters to have a strict dependence

on depth and wavelength meaning that the Rayleigh bridge is not broadband.

As the depth of the Rayleigh bridge increases the bridging parameters v;; and ~vg
tend to constant values which depend solely on the properties of the bulk. However to
have both of these constant values tend to 1 as required for bulk bridging requires

2

C C
&2y -1, (4.3.)

which no material can satisfy. To bridge shear waves only the requirement v, = 1
leads to a material with c¢3/c; &~ 0.364, and equivalently the requirement vg = 1
for longitudinal waves leads to cy/c; = 1/v/2. While both of these are theoretically
achievable by conventional materials, the longitudinal requirement is only possible in
the limit of an ideal compressibility. As such it is possible to arbitrarily bridge either

bulk waves or Rayleigh waves with this bridge but not both.
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CHAPTER 5

Rod-Like Resonator Metasurface

In this chapter the behaviour of waves on the surface of a linearly elastic half plane
with vertical rod-like resonators is considered. A full unimodal solution of this system
has already been given by Colquitt et al. [25]. The aim of this chapter is to attempt
to replicate these results, making use of the asymptotic model for Rayleigh waves [63]
detailed in §2.2.3. While the results will not be a perfect match to those produced by
full unimodal analysis it will be possible to produce an explicit dispersion relation and
more easily characterise the key wave behaviours. Some of this work has been adapted

and published [39] with additional discussion of similar structures.

This chapter will be organised as follows: First the asymptotic model for forcing
at the surface of a half-plane will be applied to this system, leading to an approximate
first mode dispersion relation. This dispersion relation will be compared with the
full unimodal result from Colquitt et al. [25]. Then the same model will be used
without homogenising the forcing at the boundary, producing a dispersion relation
which accounts for higher order mode behaviour. This dispersion relation will then
be used to investigate the effect different types of forcing profiles have on the overall

behaviour of the system, which first mode analysis cannot account for.
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5.1 Asymptotic Analysis

This section makes use of a linearly elastic half plane with vertical resonators at the
surface. On making use of the asymptotic model introduced in §2.2.3 the half plane
has propagating on it a travelling surface wave of angular frequency w and wavenumber

k with displacement potentials of the form (2.2.24),
¢ — A¢ ei[km—wt]—kaRz’ w _ Aw ei[k:ac—wt]—chRz7 (511)

where the vertical and horizontal displacements are defined by (2.2.4) and along the

surface z = 0 have the relations (2.2.22). Hence the wave amplitudes are related by,

. 2ap

= —i—— Ay, 5.1.2
v T g (5.1.2)
leading to displacements at the surface,
o 1- Pk 1- 5%
=ik A =kagp—A,. 5.1.3
Uy [ 92 3] us aRl n 512% ¢ ( )

This wave is then incident upon a region where the surface of the half-space is coated
with periodically arranged vertical resonators, with a uniform spacing [. Assume that
these resonators are of uniform height L and diameter h,., as shown in Fig. 5.1 where
h, < 1. These resonators are modeled as rods such that they each have the governing

equation (2.1.5), which if the resonators are arranged vertically becomes,

0%*u, 0%u,
ETW :IOTW’ (514)

and using the boundary condition (2.1.6), these rods have boundary conditions,

7Th2 8u3
_rp 2 = 1.
4 T 82 |z—0 V(I,y,t), (5 5)
3u3
z= :07 5.1.6
. (5.1.6)
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yT—».r ' 1 L
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Figure 5.1: An array of rod-like resonators of length L and diameter h, periodically

attached with spacing [ to the surface of a semi-infinite linearly elastic half space.

where V' (z,y,t) is the vertical force on the half plane caused by a single rod and h,
is the diameter of each rod, assuming that they are cylindrical. When surface waves
are dominant, the governing equation for a surface wave on a half plane with vertical
forcing is (2.2.23) subject to the surface boundary condition (2.2.26) at z = 0. In this
system the forcing comes from an infinite number of periodically arranged rods, each
with a point force taken from (5.1.5). Therefore the boundary condition (2.2.26) can
be taken as,

o 10%  1+p6%

o2~ @or ~ aap 0 @3N, (5.1.7)
R

It will be assumed that the solutions are time harmonic with fixed frequency w.

Then the solution for waves in the rod is given by,
u, = A, ezt | g eilKatwt] (5.1.8)

where K is determined by the longitudinal dispersion relation (2.1.8) and A, and B,
are constants. Substituting into the free boundary condition (5.1.6) gives the rod

displacement as,
U, = Arei[Kz—wt} + Arei(QKL)e_i[KZ+Wt], (519)
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and on assuming that

V(z,y,t) = Veiltkr—wt]

so use the boundary conditions at z = 0 to obtain

(5.1.10)
Ay (1 + "CED) —kaRl_ﬁ% (5.1.11)
1+53°7
2
”ZTE A1 — @KLY =, (5.1.12)
On combining these

Ve mh?

T

1 - 62 wlL
1 E —k:aR ﬂR ( ) A¢.

7”

(5.1.13)

Then, making use of the homogenisation scheme in §2.3 to remove the delta functions
the boundary condition becomes

0? 1 02 1 2
00 100 _ 1+ Oy itk (5.1.14)
0x? ¢y 0t?  202uB
which gives on substitution of the assumed wave solution
w? 1 — B% h? wlL
B - =) = BT g 2 kgt : 5.1.15
( c%) C22uB 4 e, Al ( Cr ) ( )
Then, define a resonator variable T by,
1—p%7h? | w wL
T(w) = “E,.— 1.1
() "oruB 4 e, an ¢ )’ (5.1.16)
so on substitution the explicit dispersion relation becomes

which is plotted in Fig. 5.2 using the material parameters detailed in Table 5.1 alongside

the full unimodal solution for the dispersion relation from Colquitt et al. which is given
by,

K8 [k G (,kS PG GhiE o -
w2 w? C% w2 w? w2 A Al e, ¢ )
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5.1. ASYMPTOTIC ANALYSIS

Table 5.1: The numerical system parameter values for the rod resonators and half-

space used to produce the dispersion relation curves of Figs. 5.2 and 5.3.

Symbol Definition Value
[ Lattice spacing 2m
p Half-plane density 13000 kg m~3
1 Half-plane shear modulus 325 MPa

A Half-plane first Lame parameter 702 MPa

L Resonator length 14 m
h, Resonator diameter 0.3m
Pr Resonator density 450 kg m—3
E, Resonator Young Modulus 1.70 GPa

In the plot in Fig. 5.2, it is difficult to tell where the full unimodal and asymptotic
solutions differ demonstrating that the asymptotics are an excellent approximation for
the full unimodal solution. To show the small divergences, more closely examine the
region of the plot around the asymptotes of the graph, where the difference between

the full unimodal solution and the asymptotic solution should be greatest.

The regions of greatest divergence from Fig. 5.3 show a measurable error in k& of
0.04 m~! at the first asymptote and 0.06 m~! at the second leading to relative errors
of around 2.5% and 1.4% respectively. These errors are less than it would be expected
that even an ideal physical system would replicate the dispersion relation. Furthermore,
due to the shallow gradient near the asymptotes, the differences between k values are
much greater than the differences between the predicted values of wave frequency or
speed. As such the asymptotic model used can produce an accurate approximation for
the physical system described.
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Figure 5.2: The dispersion curves for surface waves on the half plane coated with
rod-like resonators, using physical parameters from Table 5.1. The solid blue lines show
the dispersion curve of the full unimodal solution from (5.1.18) and the solid black lines
the dispersion curve of the asymptotic solution from (5.1.17). The dashed orange and

purple lines correspond to the shear and Rayleigh wave lines respectively.

5.2 Fourier Series Solutions

To verify the use of the homogenisation scheme in both the full unimodal and asymp-
totic cases, make use of the asymptotic formulation again but instead solve for the full

boundary conditions without using the homogenisation procedure.

5.2.1 Delta Function Fourier Series

To solve the same system but with full boundary conditions, substitute the Fourier se-
ries representation of the delta function (2.3.5) into the asymptotic boundary condition
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(a) First asymptote. (b) Second asymptote.

Figure 5.3: The dispersion curves near the asymptotes for surface waves on the half
plane coated with rod-like resonators, using physical parameters from Table 5.1. The
solid blue lines show the dispersion curve of the full unimodal solution from (5.1.18)
and the solid black lines the dispersion curve of the asymptotic solution from (5.1.17).
The dashed orange and purple lines correspond to the shear and Rayleigh wave lines

respectively.

(5.1.7),

2 2 2 2 %
0%¢ 09 1a¢_1+5RV Z i(mE Ly

go de _9%_ 21
Ox? * oy & 0t 2uBI? (52.1)

m,n=—00

Since the surface is no longer being homogenised, the dispersion relation may depend

on the orientation of the waves. Assume that the form of ¢ along the surface is given

by,

¢ _ 6i[k(:vcos€+ysin0)—wt] Z Amnei(¥+@) (522)

m,n=—0o

Assume also that since these are both Fourier series, and a Fourier series has a unique
representation, each term in the summation of ¢ directly corresponds to a term in the

delta series summations. Thus, define each mn'® term as,

Qbmn _ Amnez[k(:c cos 0+y sin §) —wt] 61(%+%) (523)

)
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where m,n € Z. Then on substituting into the original equation,

2 2 2 ) 1+
(w_2 - ((kz cos 0 + n%) + <k sin 6 + #) )) Aot = QMBﬁl};V (5.2.4)

Cr

and making use of the previously obtained solution for waves in the rods (5.1.12),

h? LY . .
V(l‘, v, t) 7T4r Y s tan (W ) ez[k(wcos@—&—ysm@)—wt}, (525)
"c, Cr

and so by taking the 0" term in the summation, an expression for A,,, can be obtained
in terms of A,

W _ g2
Ay = A % . 5.2.6
00‘”—2—(k0089+¥) —(k:sin@%—%)Z ( )

Suppose also that derivatives are taken in the direction of wave propagation (denoted
by Zmn) for each individual component of the summation, so that the relation for how

the waves decay in the bulk is given by,

0*Pmn ol 9%¢?
022 R oz

-0 (5.2.7)

and the surface relation between potentials at z = 0 given as,

0 mn 2 0 mn
Vom _ __ 2 Ofmn (5.2.8)
OZmn 1+p8; 0z
From this it follows that the full form of the ¢,,, terms are,
¢mn _ Amnei[kmnifwt]fkmnomz’ (529>
where,
nm 2 ) mm\ 2
Kpn = (k cos 0 + T) + (kz sin 6 + T) ) (5.2.10)
Along the surface, using the displacement potential relations (2.2.22) then,
20(3
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The vertical displacement at the base of each rod is given by,

= 2.12
u3 mnz::_w 2. tor (5.2.12)
= Z KR Gmn + Konnrns (5.2.13)
- Z kmnar ( 5P‘) A, (5.2.14)
m,n=—00 BR

and using the expression for A,,, from above,

1+ﬁR S — - (kcosHJr”l—”)Q— (ksin9+$)2 ’
(5.2.15)
and so substituting this into the 0** term,
w? Bg — 1mh; wL
— A R ’"E A
(CR ) T ouBE 4 e, ( T>O‘R 00
> (f—; - k2> \/(k‘cosH +27)° 4 (ksin g + mr)?
>, . (5.2.16)

— (kcos + 25)? — (ksing 4 mx)°

m,n=—0o0

from which the asymptotic dispersion relation accounting for the surface structure is,

8uBl2c, o (wL) _ f: \/(kcose+"l—”)2+(ksin9+$)2

wE, (1 — %)mh? Cr S (kcos® + %)2 — (ksing + %)2
(5.2.17)

Similarly, if the first Fourier coefficient is finite then the vertical displacement is also

finite, or conversely, using the dispersion relation to obtain the wave number for a

given frequency the Fourier series can be obtained from using the value of the vertical

displacement as a boundary condition,

2 1+ (% 7h? wlL
Ap = (K2 - % B g 2 . 2.1
00 (k CR) QMBF 1 o tan ( . ) us (5 8)

If the wave speed is close to the Rayleigh speed and the wavelength of the system

is much greater than [ then it is clear that the terms in the summation will quickly
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become negligible. Then, if the new surface wave has speed ¢ = w/k and wavelength

A =2n/k,

\/(kcos€+ ”l—”)2 + (ksin(9+ %)2
— (kCOSQ—I— %)2 — (k:sin0+ %)2

l \/(ilcosﬁ—kn) +( sm9+m)

T a 2 sz e (0219)
7T(;cos@—i—n) +(Xsm«9+m) _(X) C%R
and making use of the long wave assumption A > [,
nm 2 : mT 2
\/(kcos9+7) + (ksind + 27) l 40 (5.2.20)
~ — , morn ) 2.
—(kcos@+’"‘l—”)2—(ksin0+$)2 mm? + n?
On contrasting this with the result for when m and n both equal 0,
\/(k:cos@—l—%)Q—F(k:sin@—i—%)z A
5 5 = — , myn=20 (5.2.21)
—(kcos@—l—%) —(ksinﬁ—i—%) 27T<1_L>
CR

it is clear that the first term is much greater than the lower order terms due to the
multiplication of % Therefore for any finite number of terms in this dispersion rela-
tion, the lower order terms will act as a small correction to the homogenised solution.
To demonstrate this, the table below shows the numerical solution to the dispersion

relation for an example given w and different amounts of terms kept in the summation.

n

0 1,1 | [=5,5] |[-10,10]

k|| 0.679858 | 0.679830 | 0.679827 | 0.679827

Table 5.2: The solutions to partial evaluations of (5.2.17) for given intervals of n with

m = 0, w = 100, for system parameters from Table 5.1.

In this table, the values of k seem accurate from taking just the first term up to
4 decimal places. This demonstrates how accurate the homogenisation is in this case
and how few additional terms need to be accounted for to produce values with high
degrees of precision.
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However, elementary analysis of the dispersion relation shows that by adding in
the lower order terms, the system cannot have a solution. This is because if w and k
are finite then when n tends to infinity the series tends to the harmonic series, which
diverges slowly. Since this is due to the behaviour of the delta function, using another
function will most likely remove the divergence from the lower order terms. This will
also have the added advantage of making the system more physically realisable as the
delta function is an ideal modelling of a point force and cannot exist in a physical

system where all objects have a finite thickness to distribute the force over.

If it is assumed that whatever forcing used is also periodic on the same scale as the
resonators then reuse the Fourier series method but instead use arbitrary coefficients.
To model a more realistic forcing than that of the periodic delta functions, suppose that
the periodic rods impart a more realistic ‘smooth’ forcing, represented by a combined

Fourier series of,

o0

Emn j (L y MY
> (), (5.2.22)

m,n=—00

Then the surface boundary condition can be represented as,

82gb+82q§ 1 9%  1+4p5%

022 | Oy? % Ot2  2uBI2

VS Bl ), (5.2.23)

Assuming the same form of ¢ as before (5.2.3) and taking the 0" term again yields the

relation between the summation constants as,

E =k
mn 973
- m— : —- (5.2.24)
FEoo é — (k:cos0+ T) — (ksm@—i— T)

Amn - AOO

which, using the same relation between the displacement potentials along the surface

(5.2.11) then leads to the expression for the displacement along the surface as,

w? 2 nm)? mm) 2
= 4, 5 B0
) | , 5.2.25
o (155 " e 2o (e () Y
) R
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Then on repeating the same process as for the delta function Fourier series substitute
this displacement into the surface boundary condition (5.1.7) and rearrange to produce

the dispersion relation,

8uBl2c, ) (wL) B i Eom \/(kc059+%)2+(ksin9+$)2
wE, (1 — p%)mh? Cr o Eogo ‘:—22 — (k cosf + ”}—”)2 — (k: sin + %)2

R

(5.2.26)

If the chosen Fourier series converges to a ’smooth’ function, where the forcing
and all derivatives are continuous then each term in the summation for the dispersion

relation will have a reduced magnitude and so in general this series will converge.

5.3 Vertical Rod Metasurface Conclusion

Previous efforts in treating a system of vertical rod-like resonators along the surface
of an elastic half plane have been based on an full unimodal formulation. There have
however been recent developments in an asymptotic method to more easily treat surface
waves by producing a direct wave equation. This method relies on applied stresses or
displacements along the surface and allows complicated systems that produce surface
waves to be solved from a system of equations much simpler than that produced by

the full unimodal method.

Applying the asymptotic method to the system of surface resonators has success-
fully produced a more complete solution than that produced by full unimodal analysis.
Using this method two solutions were obtained, using two different approaches of treat-
ing the effect of the surface resonators. The first of these solutions used homogenisation
of the forcing of the rods into the half plane to obtain a long wave solution. This pro-
duced a quadratic equation in terms of the wave number, k, which could then be simply
solved to produce a simple closed form explicit dispersion relation for wave number in
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terms of angular frequency, w. It has been shown that graphically the solution obtained

is very close to the full unimodal solution obtained previously.

The second approach treated the forcing as a Fourier series, for which the previous
approach is a specific case where only the first term of the Fourier series is consid-
ered. This approach allows for a full solution of the system much simpler than that
produced by a unimodal formulation, making term by term analysis of the solution
possible. Taking the solution term by term yields a powerful insight into the system,
provides a justification for the previous homogenisation assumption by showing that
if the wavelength is greater than the distance between resonators then the first term
dominates, and also shows effects arising from the geometry of the periodic arrange-
ment, rather than just the resonators. Since the delta function is non analytic the use
of it in the forcing leads to a divergence in the summation. Making the Fourier series
arbitrary allows this method to be applied to any ‘thin’ periodic forcing. Hence this

result can be easily changed to be guided by experimental results to refine the model.

Also importantly, by showing that this simple model can be closely approximated
by a Helmholtz equation, it has been shown that it is possible to construct a repre-
sentative experimental setup for elastic surface waves using a thin elastic membrane.
This is also a significant improvement on a fully elastic half plane experimental setup
and so complicated systems can now be analysed experimentally without needing an

experiment which is expensive and difficult to build and manage.
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CHAPTER 6

Beam-Like Resonator Metasurface

Following the successful treatment of the rod resonator system, again make use of the
asymptotic model to treat a more sophisticated resonator array. Instead of considering
stiff rod-like resonators instead use flexural beams. These more accurately model the
motion of real world arrays along surfaces such as trees under low frequency seismic

excitation.

In this chapter the effect that a periodic array of flexural resonators embedded
into the surface of an elastic half-space has on propagating surface waves is discussed.
In order to better see the effect of the flexural motion, and because in the frequency
ranges considered flexural waves dominate, the longitudinal motion of the resonators
is neglected. The problem being considered in this chapter concerns the effect on a
travelling Rayleigh wave with stresses caused by resonators applied at the surface and
so the asymptotic model from §2.2.3 should be ideal for the investigation which follows.
For completeness, however, the exact solution will also be computed numerically and
used as a comparison to the asymptotic solution as verification. Special attention is
devoted to the effect of various junction conditions joining the beams to the elastic
half-space which arise from considering flexural motion and are not present for the

case of purely compressional resonators.
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This discussion will be organised as follows: The problem formulation is given in
Section 6.1 and sections which follow then each detail the treatment of a different
boundary condition between the resonators and the half-space. Section 6.2 consid-
ers the resonators as simply supported, with the resonators able to freely rotate but
conserve displacements and horizontal stresses. In Section 6.3 the resonators are con-
sidered as ideally attached at the base to rails which can move freely but matches the
bending moment and the gradient at the surface. For the boundary considered in Sec-
tion 6.4 the resonators are considered as ideally attached to the half-space and so all
variables between the resonator and half-space are fully matched. In each section, the
solution obtained from the asymptotic formulation is compared with the full unimodal

solution.

This work has been published in [111] with added computational work demonstrat-

ing the behaviour of the resonances of the system.

6.1 Problem Statement

To start, consider linearly elastic motion on a 3D half-space —oco < 1 < 00, —00 < 9 < 00,
0 < 3 < oo and make use of both the exact formulation and asymptotic model for
Rayleigh waves detailed in §2.2.3. Consider also the motion of a regular infinite array
of identical flexural resonators of length L and cylindrical cross section with diameter
hy that are ideally attached to the surface at z = 0, as shown in Fig. 6.1. Treating
these resonators as classical Euler-Bernoulli beams yields the governing equations for

flexural motion of each beam from (2.1.9) as,

Whé (94U1 62U1
— = —My,——— 6.1.1
64 0z o (6.1.1)
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Figure 6.1: An array of beam-like resonators of length L and diameter h;, periodically

attached with spacing [ to the surface of a semi-infinite linearly elastic half space.

with boundary conditions (2.1.12). Suppose also that the ends of the beams at z3 = —L
are not subject to any additional forcing. Then, the boundary conditions at the free

end of the beam are,

A3u; 0%u;
L Z =12 1.2
3x§ ’ 8x§ 0, ¢ T (6.1.2)

and the solution of the above system will depend on the specific boundary condition
chosen for the interface between the half-space and the resonators. In what follows,
adapt and study a range of different boundary conditions, which will be defined and

studied in the sections which follow.

It is also assumed that the beams’ diameter is much less than the separation be-
tween them so approximate each as a point loading, represented by the periodic Dirac
delta function (2.3.1). If it is also assumed that the wavelength of the travelling surface
wave is much greater than the separation between the beams, then the homogenisation
procedure in §2.3 can be used to a reasonable approximation. Therefore at the surface

the load can be distributed as,

- 1
Z Uij(s(l)(x)5(l)(y) ~ l—QUz’:s, i1=1,3. (6.1.3)
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Each type of boundary condition treated in this paper will result from the matching
of variables between the resonators and the surface of the half-space at x3 = 0. These

junction conditions are summarised in §A.1.

For sufficiently thin resonators the resistance to bending motion is, typically, much
smaller than the resistance to compression and therefore, in the linear regime, the
flexural and compressional deformations are decoupled at leading order (see, for exam-
ple, [65]). Moreover [25] suggests that, for the case of resonant arrays on thin plates,
the effects of flexural and compressional resonances can be considered independently.
Therefore, in the present paper, we focus on the flexural motion of the resonators and
consider pure bending only such that vertical motion on the surface of the half-space
does not couple to compressional deformation of the resonators. It is however empha-
sised that vertical tractions may arise at the surface of the half-space as a result of

rotations in the flexural resonators [65] and these are taken into account.

6.2 Simply Supported Beams

Begin by considering the resonators as simply supported at the surface of the half-
space. In this system, there is no need to conserve bending angle and there is no
overall bending moment at the coupling. Instead only the horizontal displacement and
the transverse force require matching. The boundary conditions (2.1.12) at the end of

the beam fixed into the half-space are therefore,

U1|z:0 = UH,

(6.2.1)
82U1 | —0
82’2 z=0 — 9
and the stress at the end of the beam is,
ht 03
H(‘Ta Y, t) = u‘Bb £|z:07 (622)

64 023
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where uy is the horizontal displacement at the surface under the beam and H(x,y,t)

is the horizontal force at the surface of the half-space caused by the resonators.

Solving the beam equation (6.1.1) with these boundary conditions and the free end
conditions (6.1.2) in the usual way yields the relation for horizontal force,

mhy 4 cos(KL)cosh(KL) —1

H t)=B
(. y,t) bgy 1t UH cosh(K L) sin(KL) — cos(KL)sinh(KL)’

(6.2.3)

where from (2.1.13), K is given by,

64Mp \ i
K= . 6.2.4

This force is applied as a point force in a regular array. If the size of the overall
array and wavelength of the wave are assumed to be large in comparison with the
distance between the point forces then homogenise these point forces into a continuous

surface stress using the distribution (6.1.3). This stress is given by,

051 = H(z,y,t)6" ()6 (y) (6.2.5)
_ —H(xl’zy’t), (6.2.6)

where [ is the distance between two beams.

Start with the full unimodal formulation for the system. Taking the surface stresses
in terms of displacement potentials from (2.2.7),
. H(x,y,t)
—2i pkfag — pk*(1 + ¥y = (l—z’ (6.2.7)
(A +2u)k*a® — AE?) ¢ — 2ipk* By = 0, (6.2.8)
then for ease of manipulation let the surface stress from the beams be expressed by,
031 = KSﬁ’LLH, (629)
and using (2.2.4) and substituting along the surface to find uy,

ug = k(i¢ + ). (6.2.10)
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By substituting from (6.2.3) and solving simultaneously the full unimodal disper-

sion relation for this system is given by,

((A+ 2k = Mk2) (—pk? (1+ %) — RKCHB) = (2 ke + KECH) (~2uk28)
(6.2.11)

It is clear that in this form this expression will be difficult to manipulate. If the

asymptotic model produces a close approximation which can be used to investigate

the behaviour of the dispersion relation, then this will allow this system to be easily

understood on a more fundamental level than the full unimodal solution can.

Begin by applying the asymptotic model to this system. From (2.2.25) along the

surface,

0%y 1 9 __1+6§H
Ox2 % 02 2uBI?

(x,y,1), (6.2.12)

and by combining (2.2.22) and (6.2.10), uy is given by,

kp L= O (6.2.13)
u = — L.
" "1
As in (6.2.9) let H(z,y,t) be denoted by,
H(z,y,t) -
~ 1 — 2
= —kK*H i 6.2.15
and so the dispersion relation is given by,
w? 1=
—k*+ 5 | =kK*H B . 6.2.16

From the above it follows that the dispersion relation can be given explicitly by

the solution to the quadratic equation,

1 — 2 2
b @ (6.2.17)

K+ kK3H
* Or 2uB %
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This asymptotic solution can also be obtained directly from the full unimodal dispersion
relation obtained earlier by expanding around the Rayleigh solution. If the Rayleigh

condition (2.2.19) is taken in the form R(r) = 0 where,

2

- 6.2.18

r =
and

Rir)=(2—-7r)* =41 —ry/1 - %r, (6.2.19)
the one term Taylor expansion of this around the Rayleigh line can then be written,

w2 62 02 w2
Rr~|—-—— LBIVR([ZL)= 21— —]B. .2.20
) (k )R <) < k) (6:2.20)

By expanding the full unimodal dispersion relation, (6.2.11), it can be shown that for

the simply supported beams,

K3H
R(r) = B(1— 5%, (6.2.21)
wk
and so,
2 K3H
2ol g 1— 32 2.99
z 2D B(1 - pB%), (6.2.22)

which is identical to the asymptotic dispersion relation (6.2.17) given that g = (g.

It is clear that the asymptotic dispersion relation (6.2.17) is much simpler than
the full unimodal one obtained previously (6.2.11). Most importantly, the dispersion
relation can be given for k£ as an explicit function of w and, therefore, manipulated
with greater ease. To see if this dispersion relation is useful, compare it with the exact
relation and see how the two sets of results compare. This is shown in Fig. 6.2 using

the parameter values in Table 6.1.

Due to the choice of system parameters, for each of the demonstration figures,
Figs. 6.2-6.5, the homogenisation from (6.1.3) is only valid when the wavelength is
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Table 6.1: The numerical system parameters for the beam resonator and half-space

used to produce the dispersion curves shown in Figs. 6.2— 6.5.

Symbol Definition Value
[ Lattice spacing 2m
p Half-plane density 13000 kg m—3
1 Half-plane shear modulus 325 MPa
A Half-plane first Lame parameter 702 MPa
L Resonator length 14 m
hy Resonator diameter 0.3m
Pb Resonator density 450 kg m—3
By Resonator Bending Stiffness 1.70 GPa

much greater than 2 metres, or alternately when & < wm 1. Also, while the asymptotic
method gives a solution which is valid for all £, in the full unimodal system [ will
become purely imaginary when £ > ¢, and so no propagating solution can exist in this

region of the plot.

This plot shows how closely the asymptotic method matches with the full unimodal
result, particularly near the Rayleigh line and for lower frequency waves. Due to the
asymptotes, this plot also shows that the asymptotic model can be used to model a
dispersion relation and remain accurate even for large stresses. The regions around
the asymptotes also produce an effective band gap, which are ranges of frequencies
for which a wave cannot propagate through the system. Such band gaps have many
practical real-world applications, as they can filter a wide range of wave frequencies.
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Figure 6.2: The dispersion curves for surface waves on the half-space coated with
simply supported beam-like resonators, using physical parameters from Table 6.1. The
solid blue lines show the dispersion curve of the full unimodal solution from (6.2.11)
and the solid black lines the dispersion curve of the asymptotic solution from (6.2.17).
The dashed green, orange and purple lines correspond to the longitudinal, shear and

Rayleigh wave lines respectively.

6.3 Beams on a Rail

Suppose that the resonators are held at z = 0 to a rail parallel to the surface of the
half-space, which allows the base of the beam to move freely but changes the bending
angle of the beam depending on the gradient of the surface. This allows the beam
to impart a bending moment on the half-space but no horizontal forcing. There is
therefore no need to conserve displacements and the horizontal stress must equal zero.
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This then leads to the boundary conditions (2.1.12) becoming,

8u1 |
a_ lz=0 = UV,
9z *7° v
hy, 02 hi o
bu_ugl|z:0 = _uﬂ|z:0, (6'3'1)
64 0z 64 Ox
83u1
—— 1,0 =0,
azg | 0
and the vertical stress at the end of the beam is given by,
Th?
V(-CE’ Y, t) = Tb0—33‘z=07 (632)

where V (z,y,t) is the vertical force from the beams into the half-space and wuy, is the
gradient of the vertical displacement along the surface. Whilst this junction condition
may initially appear somewhat counter-intuitive, it can be understood in terms of
so-called ‘gyroscopic hinges’ [86].

Solving these in the usual way along with the free end conditions (6.1.2) and the

beam equation (6.1.1) gives the vertical force,

K wh} 1 — cos(K L) cosh(KL)
y=i——2'B .
Viw,y,t) =1 bV, cosh(K L) sin(K L) + cos(K L) sinh(K L)

— (6.3.3)

Again start with the full unimodal treatment. As with H(x,y,t) previously, use the

force distribution (6.1.3) and define V such that,

V(.T,y,t) K
e (6.3.4)

where uy, be expressed in displacement potentials from (2.2.4) as,
Uy, = —ik*ad — k*. (6.3.5)
Then, from (2.2.7) the surface stresses on the half-space are,

—2i pk*ag — pk*(1 + ¥y =0, (6.3.6)

(A +2)k%a® — Mk?) ¢ — 2 ukBy = — KV (—kao + iky), (6.3.7)
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6.3. BEAMS ON A RAIL

for which, rearranging and solving simultaneously leads to the full unimodal dispersion

relation,

(A 200k%02 = M2 — KK Va) (—pk? (14 8%)) = (2 pk®a) (—2uk28 + KKV
(6.3.8)
As could be expected, this dispersion relation is very similar to the one obtained for
the simply supported case. As before, it is difficult to manipulate and interpret so, to
understand the system on a more fundamental level, again use the asymptotic model

to obtain a simpler approximate system solution.

To apply the asymptotic model to this system, where there is only a vertical stress,

apply (2.2.26) along the surface of the half-space,

¢ 10% 1+5§V
or2 % 02 2uB

(2,9,1), (6.3.9)

or equivalently, using the surface potential relation (2.2.22) and making the assumption

of a harmonic wave to make this in terms of 1),
SR A R TEN) (6.3.10)

Combining (2.2.22) with (6.3.5), uy,, is given by,

1- 5%

5 V- (6.3.11)

UV,;B = —]{72

Then by taking V from (6.3.4) and substituting into the surface boundary condition,

.1 — 2
R+ =k 2B R 3.12
( +C%>¢ e (6:3.12)

leading to the asymptotic dispersion relation,

1= 2 2
Rop gyl @y (6.3.13)
uB 2 ch
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CHAPTER 6. BEAM-LIKE RESONATOR METASURFACE

In the same way as before that the asymptotic dispersion relation can be obtained

by expressing the full unimodal dispersion relation (6.3.8) in terms of R(r)

R(r) = —Woz(l — %), (6.3.14)

and using the single term Taylor expansion of R(r) around the Rayleigh solution, for

a near-Rayleigh wave speed,

2 KV
oY - 31
o = kg poll = ) (6.3.15)

which as with the simply supported case gives the asymptotic dispersion relation
(6.3.13) if @« = ag and B = fk.

As with the simply supported case, the dispersion relation from the asymptotic
model is much simpler than the one produced by the full unimodal analysis. It is
again quadratic and so can be expressed to explicitly give k in terms of w. To examine

how well the asymptotic model approximates the full unimodal solution, plot the two

solutions in Fig. 6.3, using the system parameters from Table 6.1.

This plot shows how again the asymptotic model reproduces the main features of
the full unimodal solution, particularly near the Rayleigh line. For all of the modes the
asymptotic model predicts the asymptote, the overall shape of the dispersion relation

and the existence of a large band gap for each mode.

6.4 Fully Matched Beams

Full matching of the beams is a more complete coupling between the half-space and the
resonators, ensuring that all relevant displacements, gradients, moments and stresses
at the coupling between the two media are conserved. Predictably this also leads to
a more involved solution for both the beam motion solution and the surface wave
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Figure 6.3: The dispersion curves for surface waves on the half-space coated with
beam-like resonators supported by rails, using physical parameters from Table 6.1.
The solid blue lines show the dispersion curve of the full unimodal solution from (6.3.8)
and the solid black lines the dispersion curve of the asymptotic solution from (6.3.13).
The dashed green, orange and purple lines correspond to the longitudinal, shear and

Rayleigh wave lines respectively.
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CHAPTER 6. BEAM-LIKE RESONATOR METASURFACE

dispersion relation. For simplicity, we also assume an ideal contact between the beams

and half-space, neglecting any local contact strain effects.

Since the beam itself is unchanged, the governing equation for the bulk of the beam

from (6.1.1) and the boundary conditions for the free end from (6.1.2) are the same

as those for the previous two cases. Matching at z = 0 gives the boundary conditions

(2.1.12) for the fully matched beams as,

U1|z:0 = UpH,

8u1
E|Z:O = UV,
mhy 0%uy mhy Doss

6 0220 6 oo

and the stresses at the base of the beam as given by,

Thi = 03
H(‘Tay?t)_ bBb @31|z 0
7rh2

V(Q},y,t) = TU3B|Z 0-

Solving these conditions in the usual way along with (6.1.1,6.1.2) gives,

H(z,y,t) = 7T6}fBb K*(Euy, + Knug),
Vi(z,y,t) = ZWT}LQBI;K(CUW + Kéup),
where,
sin(K L) sinh(KL)

- cos(KL)cosh(KL)+ 1’

_ cosh(KL)sin(KL) + cos(K L) sinh(K L)
cos(K L) cosh(KL)+ 1 ’

cosh(K L)sin(K L) — cos(K L) sinh(K L)
cos(K L) cosh(KL) + 1 ‘

(6.4.1)

(6.4.2)

(6.4.3)

(6.4.4)
(6.4.5)

(6.4.6)

As in the previous sections, begin with the full unimodal treatment and then use the

asymptotic model for comparison.

Unlike the cases discussed previously, the full unimodal solution will not intersect

with the asymptotic solution at the Rayleigh line. To do so, the beam must behave
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6.4. FULLY MATCHED BEAMS

as though the coupled end with the half-space is free. This imposes requirements for
the displacement and gradient at the base of the beam but these do not match with
the required displacement and gradient for the half-space. This will not affect the full
unimodal solution but will affect the accuracy of the asymptotic solution since the

assumption that stresses tend to zero at the Rayleigh line is no longer valid.

In the same approach as before begin with the full unimodal treatment. From
(2.2.7) and using the distribution (6.1.3), in terms of the two displacement potentials,

the surface stresses on the half-space are,

H t
—2i pk*ad — pk*(1 4 ) = %

(z,9,1)

(6.4.7)
(()\ +2p)ka? — )\kz) ¢ — 2 uk*py = 4 2

Let uy be expressed in displacement potentials as from (6.2.10) and uy, as from (6.3.5).

Then by substituting in the stresses from (6.4.3),

whi wh?
(2,uk2oz + 6le23bk: (K377 — KQkozﬁ)) (Q,ukzﬁ + I;Bb (K2B§ — Kk;g)) =

4
mhy,

(W (1+5°%) + s Bok (K°fn — K2k’§))

((A +2p)k 0 — NK? + Z—ZfBb (K¢ — Kka§)> (6.4.8)

As expected, this dispersion relation is significantly longer and more complicated than
those obtained for the previous systems, and correspondingly more difficult to inter-
pret. Again then, attempt to produce an accurate approximation using the asymptotic

model.

The asymptotic model in Kaplunov and Prikazchikov [63] consists of two relations
which each use a single surface stress to produce a wave. Since this system has two
stresses, one of which is perpendicular and the other of which is parallel to the surface,
the two relations must be combined to produce one wave from two stresses.
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CHAPTER 6. BEAM-LIKE RESONATOR METASURFACE

To do this, assume that each stress produces a wave and that these waves have the
same wavelength and frequency, effectively behaving as one wave. These waves will
each have a pair of displacement potentials, 1/; and ¢, and 1, and ¢, such that the

overall displacement potentials ¢ and v are given by,

¢ = Q1+ ¢,
(6.4.9)

=Py + s

Each pair of potentials then corresponds to one of the surface relations from (2.2.25,

6.3.10),
Y1 1 0%y 1+ﬁR
- = H 4.1
022 c% Ot? 2uBI? (@.9,1), (6.4.10)
0?1y 1 0%y . QR
- = — t 4.11
822 C% atQ Z“BZQV(m7y7 )7 (6 )

On assuming that the wave potentials are harmonic functions in the form (2.2.24), this

manipulation can lead to a general expression for a multi stress system,

P10 _ 1+ on
o r 2R s, 6.4.12
022 & ot? 2uB Z[LB o33 ( )

Taking uy from (6.2.13) and wuy, from (6.3.11) then on substitution of the stresses

from (6.4.3),

2 w?  ag ﬂth K </€ — B%

& ~uBE 1 D%

1+5R7Thb 2 (21— B% ﬁR
s 61 B (1 §+Kk:BR 5

¢+ KhBn +&%)

" (6.4.13)

which can be written as a quadratic equation in terms of &,

1+ 8% 7h} 1 — B2
:]{?2 1 R bB K2 R
0 ( T 2B 6 7 ¢

ap h? 1— 5% 1+ % 7hy 3 — B%
—k By K - B,K 6.4.14
(uBP P PR TS mr e P b 1+ (6.4.14)

w?  ap Thi 1— 3
- = —LB,K? e
(c% * uBi2 4 " BRl + 5% >

As with the previous cases, this is a quadratic equation so the dispersion relation
can be expressed explicitly in terms of k. While more difficult to interpret than the
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6.4. FULLY MATCHED BEAMS

simply supported asymptotic solution, it is still a great improvement on the full uni-
modal dispersion relation. To determine if this solution is valid, again compare the

asymptotic and full unimodal solutions.
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Figure 6.4: The dispersion curves for surface waves on the half-space coated with
fully matched beam-like resonators, using physical parameters from Table 6.1. The
solid blue lines show the dispersion curve of the full unimodal solution from (6.4.8)
and the solid black lines the dispersion curve of the asymptotic solution from (6.4.13).
The dashed green, orange and purple lines correspond to the longitudinal, shear and

Rayleigh wave lines respectively.

From Fig. 6.4 the asymptotic model predicts the main features of the dispersion
curves, including predicting the existence and general shape of the solution branch for
each quasi periodic mode and also giving a close approximation of the intersections with
the Rayleigh line. The key feature of the plot, and one present in both the asymptotic
and full unimodal results, is the band gaps. This system is notable for the large range
of frequencies which do not have a corresponding real wave number solution and will,
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CHAPTER 6. BEAM-LIKE RESONATOR METASURFACE

therefore, not propagate through the system. While it is difficult to locate where the
band gaps are from the full unimodal dispersion relation, they can be approximated

by the intersections between the asymptotic model and the shear wave line.

This system also highlights some of the limitations of this model. As previously
mentioned and shown on Fig. 6.4, unlike for a single stress the asymptotics and the
full unimodal solution are not guaranteed to intersect at the Rayleigh line. This is due
to the way the stresses are treated in the two methods. In the asymptotic model there
is no interaction between the two stresses and there will be Rayleigh line intersections

only at,

(1+ BR)os = 2i g o3, (6.4.15)

whereas for the full unimodal dispersion relation there is a cross multiplication of the
two stress terms. This leads to a much more complicated condition for the stresses
to cancel and for the solution to correspond with the Rayleigh solution. This can be

shown by assuming that the two stresses have the form,

o31 = Hy¢ + Hy),

(6.4.16)
o33 = Vo + Vb
Expanding these stresses as before yields,
. Qﬁ 1+ ﬂQ 1+ ﬂQ 2« H¢V¢ - V¢H¢
—R(T) = ZWHqg + WHQ/, ,U,]{JQ V¢ + ZWVU) 25 (6417)

If it is assumed that there will be a coincidence at the Rayleigh line, then at this point

replace « and  with ag and fr and use the surface relation (2.2.22) to obtain,

w? 1+ 52 ap VyH, — H,V,
(2= = R, ;9R T — T TY 6.4.18
( C%%>¢ 1B 031 Zu3033+ 22 B2 (G ( )

Clearly this equation is equivalent to the multi stress boundary condition (6.4.12) but

with an added stress interaction term which the previous asymptotic model does not
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6.4. FULLY MATCHED BEAMS

predict. For this example take the surface stresses (6.4.3) and put them into the

required form which yields,

h 2 mhy 2

Hy =i—2ByK°k(Kn — kaq), Hy, = —B,K°k(BKn — k&),
mh} Th?

Ve = TpBbK(kaC—Kf)a V¢:Z4_P(5K5—k0-

Letting o = ag and § = fr and substituting these into the expansion (6.4.18) leads

to the dispersion relation,

2

w ar ™hi K [ ,1— /% 1—p%
oW Or Thhyp N (g2l = PR e gy,
& uBE 4 % p T KPR €

© 2uBl2 64" 2 Rl_l_/@%n
h6 B2K3
- 27;614 222/{; ((karC — K&)(BrEKn — k&) + (BrRKE — kQ)(Kn — kag()),

(6.4.20)

which is the same as (6.4.13) but with an added term from the stress interaction. Due
to cancellation in the stress interaction term this dispersion relation is also a quadratic,
but even for simple stresses in a general case this new equation could be up to a 4th
order polynomial. This can be plotted against the full unimodal solution to determine if
the stress interaction makes a significant difference to the solution. As predicted Fig. 6.5
shows that accounting for the stress interaction forces the model to coincide with the
full unimodal dispersion relation at the Rayleigh line. However a comparison with the
asymptotic dispersion relation in Fig. 6.2 does not show a significant improvement for
the rest of the plot over the standard asymptotic model. This indicates that for this
system the stress interaction does not have a significant effect on the overall behaviour

of the waves.

The stress interaction problem also indicates a more fundamental and significant
possible limitation with using this model on a multi stress system. The asymptotic
model requires both stresses to be small for the combined result to be an accurate
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Figure 6.5: The dispersion curves for surface waves on the half-space coated with
fully matched beam-like resonators, using physical parameters from Table 6.1. The
solid blue lines show the dispersion curve of the full unimodal solution from (6.4.8)
and the solid red lines the dispersion curve of the asymptotic solution with stress
interaction term from (6.4.20). The dashed green, orange and purple lines correspond

to the longitudinal, shear and Rayleigh wave lines respectively.

approximation. If one stress is always large while the other is small then the asymptotic

model cannot be valid, even if the result crosses the Rayleigh line.

Finally, much of the behaviour of the dispersion curve is away from the Rayleigh
line, where the asymptotic model cannot accurately predict. For example, instead of

predicting asymptotes at,
cos(K L) cosh(KL)+1=0, (6.4.21)

the asymptotic model instead produces asymptotes at,

2uBI2 64 " 2

sin(K L) sinh(K L) = cos(K L) cosh(KL) +1. (6.4.22)
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This is notable as the asymptotes for a simply supported beam and a beam on a rail
were predicted by the asymptotic model. This led to the asymptotic model for that
system remaining accurate to a good degree even while away from the Rayleigh line.
For the fully matched system however, at some point away from the Rayleigh line the

full unimodal solution and the asymptotics must significantly diverge.

Therefore, while this is a powerful technique for when both stresses are small the

results cannot be relied upon away from this condition.

6.5 Vertical Beam Metasurface Conclusions

An array of flexural resonators attached to the surface of an elastic half-space is anal-
ysed using an explicit model for the Rayleigh wave. This chapter generalises previous
considerations using both full unimodal and asymptotic solutions for an elastic half-
space in the case of a longitudinal array of resonating rods [25]. The considered bending
array appears to be a better model for a number of applications including, but not lim-

ited to, modelling of forests.

Three types of boundary conditions are considered, and for each the asymptotic
solution is verified using full unimodal solutions for the half-space. The first boundary
condition to be considered treats the resonators as simply supported at the surface of
the half-space. Matching of the beam equation yields a horizontal stress only. The
second considered boundary condition treats the resonators as being supported by a
freely moving rail at the surface of the half-space. In contrast to the previous system

this yields a vertical stress only.

For both of these boundary conditions the asymptotic formulation closely matches
with the full unimodal solution. The asymptotic solution obtained predicts both a
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coincidence with the full unimodal solution at the Rayleigh line, and also quasi-periodic

resonances arising from the solution to the beam equation.

The final boundary condition considered in this paper fully matches all variables
at the boundary. Unlike the previous two cases this results in both a vertical stress and
a horizontal stress, requiring an alteration to the existing asymptotic formulation to
account for both stresses. While this asymptotic solution closely matches with the full
unimodal solution it does not accurately predict the coincidence with the Rayleigh line
or the location of the system resonances. A further addition to the asymptotic model
produces a solution which does accurately predict coincidence with the full unimodal

solution with the Rayleigh line, but still does not accurately predict resonances.

All of the systems considered produce band gaps in the region around the beam
resonances, with the largest band gaps produced by the beam on a rail and fully
matched boundary conditions. This demonstrates the potential for such systems to be

utilised in controlling the propagation of surface waves.

The explicit asymptotic formulation has the potential to be applied in more sophis-
ticated systems where an exact solution may be difficult or impossible to obtain since it
reduces the vector problem in full linear elasticity to a scalar problem along the surface.
It has been shown that for the systems in this paper the asymptotic formulation easily

produces simple explicit solutions which match closely with the full unimodal solution.

The formulation discussed involves a surface scalar problem identical to the equa-
tion for transverse forces applied to an elastic membrane. Currently, experimental
setups to model elastic half-spaces can be large and expensive and this formulation
gives scope for simpler experiments on membranes which model the behaviour at the

surface of an elastic half-space.
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CHAPTER 7

Second Order Rayleigh Wave Asymptotics

Previous chapters have made extensive use of a leading order asymptotic model for
the surface of an elastic half plane, from Kaplunov and Prikazchikov [63] detailed in
§2.2.3. While this model has been used effectively in multiple situations, the treatment
of flexural resonators in Chapter 5 shows that this model does have limitations. To
ensure that this asymptotic model remains valid as the complexity of problems increases
it is necessary to consider further development of the model. In this chapter the same
method used to produce the leading order asymptotic model is used to add a second

order term and introduce a new combined model.

This chapter shall be arranged as follows: First the results of the leading order
expansion for surface waves on an elastic half plane from Kaplunov and Prikazchikov
[63] will be described, followed by the derivation for a second order model which will
add an additional term to the existing model. This new model will then be applied to
a variety of simple problems on which the leading order asymptotic model has already
been applied. The results from our new model will be compared directly with both
the solution from the leading order asymptotic model and with either an exact or full
unimodal solution. The first problem considered will be a simple 2D harmonic forcing.

This will be followed by considering a moving point load along the surface. Finally a
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system consisting of vertical rod-like resonators periodically embedded into the surface
of the half plane originally from Colquitt et al. [25] will be considered, followed by a

final conclusion and discussion of the results.

7.1 Perturbed Governing Equations

First, follow the approach from Kaplunov and Prikazchikov [63] to find perturbed
Rayleigh wave solutions. For generality, adopt 3D Cartesian coordinates of the form
(21,22, x3) where the surface of the half plane is at x3 = 0. For ease of use, use
the standard subscript notation for derivatives such that the standard equations of

elasticity (2.2.5) take the form,

1
G11+ P33 — 50 =0,
51

(7.1.1)
1
Y1+ vz — =0
©
with surface conditions (2.2.7) at z3 = 0 in the form,
2013+ Y1 — Va3 =—,
(7.1.2)

(K2 =2)p11 + K 2daz+ 2013 = —.

=l =IO

where kK = ¢y/c; and @) and P represent some horizontal and vertical surface loading
respectively. Suppose that ¢ and 1 can be asymptotically expanded into the infinite

series,
O =€ o+ D+ o+ Py + ..., =€ TPy + Uy + ehy + P54 ..., (7.1.3)
where the small parameter 0 < € < 1 is given by,
c=cr(lte). (7.1.4)

where c is the phase velocity of the perturbed wave solution. Using a multiple scales
approach in the usual way, define new fast time and slow time variables, 7y and 7,
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respectively such that,

T =1, Ts = €t, (7.1.5)
leading to the operator identity,
0 0 0
— = — . 7.1.6
ot 0ty * 6878 ( )
Using this operator relation to perturb the bulk equations (7.1.1) yields,
) € €
¢,33 + OéRgb,ll - 20_2¢,7'f7'5 - C_QQS’TSTS = 07
! ! (7.1.7)

2
9 € €

77ZJ,33 + ﬁR@/J,ll - 2_2,17Z}77'f7'5 - _Q@Z),TSTS = 0.
&) &)

The derivation for the leading order term of this asymptotic expansion is given in §A.2.

7.2 Second Order Asymptotic Model

We now intend to use the same method to produce a higher order asymptotic model.

Suppose that ¢ and 1 have the three term asymptotic expansions,

p=€"o+ ¢+ eda, V=€ "thy+ U1+ iy, (7.2.1)
We shall first complete the asymptotic treatment for a vertical stress only so let Q) = 0,
P = O(1). Assume the solution for ¢g (A.2.20) and relations for the first order non-
homogeneous ¢ and ¥ terms (A.2.15) from §A.2. Also assume that ¢ and v are related

as a single plane harmonic function [14]. Taking the perturbed bulk equations (7.1.7)

at O(e),
2 1
Po33 + Ao 11 — g%,qn — gﬁbo@n =0,
! ! (7.2.2)

2 1
2
Y233 + Pr¥211 — ZVirn — SVorr, = 0.
2 2

Supposing that the second order term solutions have the form,

P2 = boo + T3da1 + T30,
(7.2.3)

g = Yoo + w3121 + $§@/}22,
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where @99 and )9y are the complementary solution and x3¢o; + I%ngg, T3 + x§¢22

are the particular integrals. Then it follows by substitution that,
2 1
20013 + 2092 + 4130203 = g(%lﬁﬂs + $3¢11,Tfrs) + g%,fﬂs, (7.2.4)
1 1
2 1
290913 + 29090 + 4w31Pa 3 = g(l/)omfrs + 23Y11,77,) + C—Q%,nm (7.2.5)
2 2

Matching coefficients in the usual way,

1 2 1

2022311 = —2¢11,11Tfm 20913 + 2090 = —2¢10,7er + 5 00,rs7e» (7.2.6)
€1 &1 1
1 2 1

292,311 = —21#11,11@:73, 21913 + 21h9g = —leo,rfrs + —2¢0,TSTS- (7.2.7)
& &) &)

Using the relations (A.2.15) from above yields,

1 1
2022311 = — 57 9D03777eme> 2992311 = — 251 %0,37p7prera- (7.2.8)
QR R®2

If it is assumed that the forcing produces a near-Rayleigh travelling surface wave then
the fast time variable must correspond to the Rayleigh wave speed with the slow time

acting as an O(e) correction. Hence, introduce the travelling wave ansatz,

82 ) 82
which gives on substitution,
Ch Ch
2022 = ——5 707y 2V = — 75 W07, (7.2.10)
RC1 RC2
and so,
2001 3 = 2 o) + ! o) (7.2.11)
21,3 — C% 10,7575 O{%%C% 0,7sTs c L.
2 1
2213 = 5V10,747m + 23 3V0,70m,- (7.2.12)
G2 RrRC2
Then by using the relations for harmonic functions,
2 _ 2 L g 7.2.13
¢21,1 - EC%¢10,T]¢TS + @gb()ﬂ'sﬂ's? ( s )
21911 = 2 (I + ! g (7.2.14)
21,1 ﬁRC% 10,7575 %C% 0,7s7s" te
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Substituting the second order expansions for ¢ and ¥ into the boundary conditions

and setting z3 = 0 gives,

202013 + (1 + B2) Vo011 = —2h21.1 + 2091 3 + 2taa,

— B%
1—a

(7.2.15)

—(1 4 BE)pa0.11 + 202013 = —2 (¢21 3+ ¢22) — 20a1 1.

On substituting the above relations for harmonic functions, these yield,

2 1 2 . .
2¢20,13 —|— (1 + Bé)w20,11 = _21/}1077—f7—s + _ZwoyTSTS - —Q(blO,TfTs - 2¢0,Ts7-s7 (7.2.16)
&) & QRCY 1
1

2 2
9 * =+ 1 + 2 * 2o 4+ = * N o +
¢20,13 ( ﬁR)quJQO,ll C% ¢10,Tf7‘s C% ¢0,TSTS @RC% ¢10, fTs o C

1
3
g
1
— 50077, (7.2.17)
R

and,

1— 32 1 p 1
—(1 2 2 =——2 TET, 5 P0,7sT — —Y] -
( + ﬁR)¢20,11 + 77020,13 1 — CYR (C% ¢10 fTs C% QS()’ s s) BRC% 1/)10,777'3 % %¢0 TsTs"®
(7.2.18)
Then use the leading order relations (A.2.18) to find a relation for ¢}, in terms of ¢q

and ¢,

20p 2 1
1 — S 7.2.19
¢10,11 1+ﬁ2 ——— 010,11 + <<1 +5§>QRC% 51%05) o, T ( )

and using the travelling wave ansatz (7.2.9) this becomes,

20&3 20%% C%
w* TeTs ¢ TfTs + ( o ¢ TsTs? 7.2.20
0rms = T 4 g2 0T (1+B%)ard  Bre3) " | )

Then by taking advantage of relations between harmonic functions,

) 2 1482 2
20pP2011 + (1 + 51291/’20,11 = ( R2> < 2 2R - _2> P10,7,

1+ 8% anes 3
2 1+ 32 1— 52 1
() (o) e (a5 o) 5) o
1+ 5% 207, ag o + 0% 3
(7.2.21)
2 1+
—(1+ ﬁJQg)@O,n + 290,13 = — < ﬁR) $10,7p7
e 5302
1 1— a2 1-B2 14832
_<_2+41 2 . 2_2 22R_ 45 ¢077s7s
&5 (1+ BR)QR/BR% Brcs 20R03
(7.2.22)
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This system of equations can be expressed as,

. 2c
2app0 11 + (1 + 5123)1/)20,11 = (ﬁ) (agbOJSTS + bgbloﬁﬂs) ,
f (7.2.23)
—(1+ BR)d20,1 — 2BrY30.11 = — (CPo,rr, + ddr0.7y7,) +
where,
1 2 1— 2 1 1— 2 1 1 2 2
a:( +4BR+ 26R>_2_(4 ﬁ§+1)_za b:—tﬁgR——g,
o kS A R (7.2.00)
1+4 1—a? 21—@%{ 1+ 6% g2 1+ 6%
C= — — — s = = = —
¢ (1+ BE)arBres Brcs 2Bkc3 G Bre

Using the Rayleigh identity, this system of equations can then be simplified to,

C(bOyTsTs + d¢10,TfTs = a’(bO,TSTS + b¢10,7’f75 (7225)

which leads to the relation for the second order component of ¢,

a—c

¢1077'f7'5 = m¢0,75757 (7226)

=Tr Gorr.s (7.2.27)

where I'r can be significantly simplified as,

_ 1_512% 1 1 212 (0‘2R_512%)2
I'r = 21—1—5]2_2 3 + BYe) (2(1 - Br)° + W) , (7.2.28)

which is plotted in Fig [7.1] for varying values of the Poisson ratio, v.

0.0 0.1 0.2 0.3 0.4 0.5

Figure 7.1: The values for I'g (7.2.28) for varying Poisson ratio v.

144



7.2. SECOND ORDER ASYMPTOTIC MODEL

To obtain a general relation for ¢, combine the second order relation (7.2.27) and

the leading order relation (A.2.20) to produce,

o L+ 5%
2uB

260 1 prprs7, = (Pryr, + €CrP ) (7.2.29)

Then it follows from the operator relationship (7.1.6) that,

N B, B,
EanaTs _ @ - 8_7_‘? — € 87_527 (7230)

02,0 L0

2

= — —Cp=— — 7.2.31
o2~ R 0?3 ‘ or2’ ( )
2 ) O
= —cpld—e¢ 53 (7.2.32)
where the D’Alambertian operator, [, is defined as
0? 1 9
=— — 5. 7.2.33
ox? % ot? ( )
This gives,
1+ 3% €2 I
Oo = pP——(2r Vo iz + 25T ey 7.2.34
(b 2/,LB CQR( R+ )¢,ss+ C%{ R¢1O,ss ( )
1+ 6% €? I
ng,’rfrf = QILL—BRTfo - %(QFR + 1)¢,7’fo7’37‘3 + Q%FR(blO,TfoTSTSa (7235)
and the O(€?) term can be expanded using the operator relation,
€ € [ 2e 3
C_4¢TfoTsTS = 2 c_2¢0,rfrfTST5 + O(€”) (7.2.36)
R R
1+ /5%
— TBR (cFOP + €P,...) + O(€”) (7.2.37)

so on neglecting the remaining O(€?) terms, these can be combined using the travelling

wave ansatz (7.2.9) to give,

L+ Bk, Trl+ Pk

O 11 = apP 2.
®11 ouB TS o (7.2.38)
1+ 6% 2 +1
= P apP 2.
e 11+ 1 (7.2.39)
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and on repeating the process in a similar fashion for a horizontal load,

1+ 3%
2uB

O = — 1

2l +1
(QH 4 =E DQ) . (7.2.40)
From the definition of I'g (7.2.28),

Ap+1_1-f 1 (ak — OR)?
T i +15 (2(1 - BR) + W) : (7.2.41)

We can verify this using a Taylor expansion around the Rayleigh solution. If the

Rayleigh determinant is expressed as a function of r = ¢?/c3,

R(r)=(2-7)* =41 —rV1—r2r (7.2.42)
which has Taylor expansion around the Rayleigh solution rq = c¢%/c3,

R(r) =~ R(ro) + R'(ro)(r —ro) + %R”(ro)(r —70)% + ... (7.2.43)

These derivatives are,

kK21 —7)+ (1 — Kr)
VI=rv1—r2r
(1—w?)?
(V1 —1v1— K2r)3

R'(r)y=2(r—2)+2

(7.2.44)

R'(r) =2+ (7.2.45)

and it is clear that,

2

(r = 10) = —70 (1 _ L) — (11— ) (1 _ §—2> . (7.2.46)

so for each term of the Taylor series. By definition the leading order term is given by,
R(ro) =0, (7.2.47)

which as expected represents a solution R(r) = 0 at ¢ = cg. The next order term is

given by,

k2ro(1 — 7o) + (1 — /127"0)7“0> (1 2
V1 =191 — K21y
2

— 9B <1 - C_2> , (7.2.49)

CR

R'(ro)(r — 1) = (2(2 —7rg) — 2
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which is the same behaviour as the leading order model. The second order term then

takes the form,

L, 2 _ 2 (TO — '%27“0)2 _ C_2 ’
§R (7"0)(7” - 7”0) = <7"0 + 2(\/1 — 7’0\/1 — %27,0)3) (1 5 ) s (7250)

_ <<1 _ By M) (1 - 0_22)2 (7.2.51)

203,03

On combining these expressions we produce the Taylor series,

R(r) ~ —2B (1 — %) (1 — % (2(1 — BE)? + %) (1 — %)) , (7.2.52)

which can then be substituted into the previous boundary conditions along the surface.

In the case of a vertical stress only,

Rir) = 1 :kéi? P (7.2.53)
c? 1 + p? 1 22 (04%?, - 51?92 c? -
U= g (g (0 ) (1-5)) p 2
e (1= 1 s | (ad— B 2
~ 2uBk? (1+(1+5%+E<2(1_BR) BRS Y )) <1_%)>P'
(7.2.55)

This clearly has the same form as the boundary condition obtained above (7.2.39),
and by rearranging, the coefficient from the Taylor series matches exactly with the

coefficient from the asymptotic expansion (7.2.41).

7.3 Example Problems

In order to verify that this second order model is valid, we shall next consider three
different fundamental types of forcing along the surface and see how the solution ob-
tained from the newly obtained model compares with the result from the previous
leading order model and the exact solution. For each, it is expected that the second
order model will closely match the exact solution in the vicinity of wave speeds close
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to the Rayleigh solution and will, in general, be more accurate than the leading order

solution.

7.3.1 2D Harmonic Forcing

As in Kaplunov et al. [63], introduce a vertical load of constant amplitude,
P = Pyetlzi—et, (7.3.1)

where k is the wave number and as before ¢ is the wave speed. For this forcing the

exact solution for ¢ is given by,

— PO(l + 62) eik[azl—ct]—kaxg

¢ = RO , (7.3.2)
with
R(c) = (1 + 8%)? — 4ap. (7.3.3)

If we define the wave speed by ¢ = (1 + ¢)cg then ¢ — ¢% = 2ec% + €% and the leading

order asymptotic solution is hence given by,

P0(1 + 512%) 6ik[a:1—ct]—kaRx3'

¢= 2(2¢e + 2)uBE?

(7.3.4)

We shall repeat the same procedure but use our newly derived second order model

(7.2.39), which yields,

Py(1+ %) or+1 et ke
_ 1R ilkz1—ct]—kagzs 735
¢ 2(2e + €2)uBk? ) ( )

It is clear to see that this result is the same as that obtained with the leading order
mode 1 but with an O(g) correction term. To compare the previously obtained results
from Kaplunov et al. with that of our new second order model, introduce the scaled
potential,

(2 + &) uk? ik

¢s = 2P0

er=etl (1,0, 1). (7.3.6)
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where Fig. 7.2 shows the plots of ¢ for both asymptotic models and the exact solution

near the Rayleigh speed

0.8
----- Leading Order
Second Order
0.6} Exact solution
< 04
0.2F

0 L L L L L L L L
-0.2 -0.16 -0.12 -0.08 -0.04 0 0.04 0.08 0.12 0.16 0.2

&

Figure 7.2: A comparison of the leading and second order asymptotic models with
the exact solution for the scaled potential ¢ near the Rayleigh speed. Here the leading
order and second order asymptotic solutions correspond to the dashed grey and solid

grey lines respectively and the exact solution is denoted by the solid black line.

From this figure the improvement of the second order model is clear; while both
asymptotic models match exactly with the exact solution at ¢ = 0, the second order
model stays close to the exact solution for a remarkably wide range of wave speeds. It
does not however model the mode conversion of the exact solution, where the travelling
surface wave solution becomes evanescent and begins to decay along the surface. This
is due to treating o and 3 as fixed constants. In the exact solution as ¢ increases «
and 8 become purely imaginary and the wave propagates into the bulk, a behaviour
the asymptotic model cannot replicate.
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7.3.2 Plane Strain Steady-State Problem

Since we have shown that the above model is valid for a static harmonic load, we shall
next move to modelling the effects of a moving load. As with before we will make
use of a system given by Kaplunov et al. [63], in this instance considering a point
vertical load moving at constant speed, c¢. Using the delta function to represent the
point forcing, this load is given by P = Pyd(x; — ct) along x3 = 0. From Kaplunov et
al., introduce a moving coordinate system s = x; — ct such that
2 2 2

27 giu-al, )

for which the leading order asymptotics yields,

1+ 3% &
P, 3.
2uB % — 2 09(s), (7:38)

¢,ss(57 0) =

and so instead at second order,

1+ﬁ%( % +2FR+1
Cc

2uB 2 — 2 4

$.55(8,0) = ) Py (s). (7.3.9)

This retains the key properties of the leading order solution, most notably the resonance
at ¢ = cg. This form makes the change from the leading order to the second order
model solution relatively straightforward as for constant ¢, the second order correction
acts as a constant multiplicative factor. For instance, where in Kaplunov et al., the

leading order displacement potentials were found to be,

1 2 2
bs(s,x3) = Ok __Cr 2 Pytan™! ( ) , (7.3.10)

2ruB % — QRT3
aR 2
VY s(s,x3) = "B PO In (s* + Br3), (7.3.11)
from the second order model we instead yield,
1+ 5% % 2'r+1 . s
s(S, = — Pyt , 7.3.12
0.5(5,3) 2ruB \ % — 2 4 o bt QRT3 ( )
2
aR Ch 2l +1
VY s(s,x3) = “IniB < 2T g PyIn (s* + Ba3). (7.3.13)
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Using the dimensionless variables v, vg and & such that,

i c R (7.3.14)

xs3 C2 C2 ’

in the same way we can also produce the second order solution for the steady-state

displacements,
1—1—52 v2 Mp 41 - ¢ 1_'_52 B ¢
st R R 1 R 1
= — Pt S ) o T PRy S
(7.3.15)
st (1 + B%E)QR U%{ 2R +1 9 9 2 ) )
=- — Pyl — 1 '
(7.3.16)
As in Kaplunov et al., introduce a scaled stress Ss3 such that,
Siy =22, (7.3.17)
Fo

for which the exact solution of the system gives,

a [((1+p%)? 4p?
Ss = R0 ( Grar §2+ﬁ2>' (7.3.18)

The leading order asymptotic solution then gives,

20858 v ( aR Pr ) (7.3.19)

- +
B v} —? E2+a% 24 p5%

and hence it is straightforward to obtain S33 from the second order asymptotic solution,

Sy = 200 (U V2t 1) ( or br ) . (7.3.20)

B \v}—? 4 R Ay

We shall again compare the leading order solution with the solution obtained from the
second order model. This comparison is given in Fig 7.3 for a Poisson ratio of v = 0.25,
with vg = 0.9194, at ¢ = 0.2.
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Exact Solution
D] Leading Order
Second Order
S S
-20f
0.8 0.85 0.9

Figure 7.3: A comparison of the leading and second order asymptotic models with
the exact solution for the scaled stress S33 near the Rayleigh speed for ¢ = 0.2 . Here
the leading order and second order asymptotic solutions correspond to the dashed grey
and solid grey lines respectively and the exact solution is denoted by the solid black

line.

This again shows a significant improvement between the leading order and the
exact solution, with the second order model being a consistent improvement for a wide
range of speeds, even those far away from the resonance at the Rayleigh speed. The
plot shows that for forcing speeds less than the Rayleigh speed in particular, the second

order model approximates the exact solution remarkably well.

Furthermore, the second order model in this instance only introduces a constant
multiplying factor to the leading order model. This is a feature of having a forcing
of the form P = P(z; — ct) and so for any similar moving load problems the second
order model will be more accurate than the leading order model but no more difficult
to apply.

It is however important to note that this model is only valid near the surface of a
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near-resonant load, ie. for ¢ &~ cg, and s < x3. While when both of these conditions
are met the model is shown to be highly accurate, the asymptotic solution cannot

predict far-field behaviour or the effect of non-resonant moving loads.

7.3.3 Vertical Rod-like Resonators

We will now attempt to replicate and improve on the results produced by the leading
order asymptotic model for a more involved system. As discussed in Chapter 5, and in
Ege et al. [39] the asymptotic model was used to accurately interpret the behaviour of
a system consiting of an array of identical vertical rod like resonators along the surface

of a half plane, originally proposed by Colquitt et al. [25].

If the spacing between each rod is [ then we can introduce the dimensionless vari-
ables,

l
K=k, Q=2 (7.3.21)
CR

where w is the angular frequency of the wave. Hence the full unimodal dispersion

relation for this system from Colquitt et al. [25] can be expressed in dimensionless

form as,
R Zop > (& "y (7.3.22)
oK) arp \ K ’ e
where,
h CR 2 _ ]_ CR
T =-Ep—ar—2—tan | Q— 3.2
[ Enan 2B an( cv), (7.3.23)

and h, F'r and cy are respectively the width, Young Modulus and compressional wave
speed of the resonators. The leading order asymptotic dispersion relation for wave

number k£ and angular frequency w produced for this system can be expressed,
K* 4+ KTQ - Q*=0. (7.3.24)
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Using the second order model introduced above, we instead produce the dispersion

relation,
2l'p — 2 1
K? - K? (RT3> TO - KO + (RT+> TO? = 0. (7.3.25)

This dispersion relation is plotted in Fig 7.4. For simplicity, use the same system
parameters as used in the previous treatments of the problem, from Table 5.1. Although
not immediately clear, it is possible to show that this is the same as the leading order

dispersion relation with an O(e) correction.

10

Figure 7.4: The second order asymptotic solution (7.3.25), denoted by the grey curve,
for a 2D system of rod like resonators. The Rayleigh line is plotted in dashed purple

and the shear wave line in dashed orange.

This shows the main behaviours of the full unimodal solution, specifically the res-
onances at the rod resonant frequency, as well as anti-resonances which intersect the
Rayleigh line. To see if this is an improvement on the leading order model, we will
compare the results of the leading order and second order model to the full unimodal
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(a) First Asymptote (b) Second Asymptote

Figure 7.5: The dispersion relation near the first two resonances for a 2D system of
rod like resonators. The second order asymptotic solution (7.3.25) is denoted by the
solid grey curve, the full unimodal solution (7.3.22) by the solid black curve, and the
first order asymptotic solution (7.3.24) by the dashed grey curve. The Rayleigh line is

plotted in dashed purple and the shear wave line in dashed orange.

solution. Since it has already been shown that the leading order model matches the
full unimodal solution well close to the Rayleigh line, it is sufficient to compare the two

models near the resonances only. This comparison is given by Fig 7.5.

These figures show a clear improvement between the leading order model and the
second order model. Between the Rayleigh and shear wave lines in particular the
second order model matches with the full unimodal solution remarkably well, with the
two solutions almost indistinguishable. Even for larger values of K and around the
asymptote where the model is predicted to not work as well, the level of matching
remains highly accurate with a relative error in  of less than ~ 2% for these material

parameters.
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7.4 Concluding Remarks

In this work we have shown that by using the same method used to produce the leading
order model for the Rayleigh wave field, it is possible to obtain a higher order correc-
tion term to the surface boundary condition while leaving the equations for the bulk
unchanged. This correction term leaves the hyperbolic-elliptic nature of the system un-
changed with the surface boundary condition still giving a hyperbolic equation. This
correction term also converges with the second order Taylor expansion for a surface
loading, demonstrating that in a general case the model obtained will converge to the

exact solution.

This new higher order model has been applied to three different systems: a vertical
harmonic forcing, a steady state point moving load, and an array of vertical resonators
attached to the surface. Each of these problems has been treated by the leading order
model previously to good effect. Applying the new higher order model to each has
shown close matching to the full unimodal solutions and significant improvement over

the existing leading order model, at the cost of a less succinct solution form.

The treatment of the harmonic forcing in particular shows how the second order
model is an improvement over the leading order model. While the leading order model
matches the exact solution only at the Rayleigh speed, the solution from second order

model remains a good fit for the exact solution for a much greater range of speeds.

Furthermore, the moving load problem demonstrates how the added accuracy of the
model does not necessarily come with an increased difficulty to solve. While the second
order model is significantly more accurate than the leading order model, particularly

for a wider range of load speeds, the process for solving the problem remains the same.

Finally, the resonator forcing demonstrates how well the second order model can
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predict the resonances and band gaps caused by a structured surface. This is especially
notable as the forcing is not applied, it is caused as a reaction to the existing motion
of the half-space, and so the model must accurately represent both the initial motion
and the effect of the reaction. These features are particularly sought after for their
uses in controlling and suppressing wave propagation and have shown a recent increase

in interest in such ‘metasurfaces’.

From these results there is clear scope for further development of the model and
application of this model in other situations. The leading order model has been ex-
tended to full 3D systems and both tangential and perpendicular applied stresses, and
there is no reason why the same cannot be done for the higher order model. Similarly,
the higher order model can be used to re-examine previously studied systems to gain
further insight and extend those previous systems into more involved problems which

the leading order model was not refined enough to accurately approximate.
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CHAPTER 8

Conclusion

In the work presented within this thesis there has already been discussion and conclu-
sions made for the individual problems. This chapter unifies the disparate problems
and solutions into a broader body of work which taken together show scope for further
research. First each of the preceding chapters will be discussed and then there will
be a discussion both the immediate and distant future work which the content of this

thesis has opened up for study.

8.1 Concluding Remarks

In the Literature Review in Chapter 1 it was mentioned that wave control by means of
metamaterials and metasurfaces has had significant activity in recent years, with key
developments in many different fields. The work presented aims to add to this active
field with a focus on waves in linearly elastic structures, and also to introduce new

models and methods to complement the research and assist in further work.

In Chapter 3 a novel ‘bridging’ scheme was introduced where a gap in a 2D mem-
brane continuum was filled with a periodic array of 1D strings. Such a bridge was
capable of perfectly replicating an incident wave pattern on the other side of the gap
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with no reflections given that the wave had a wavelength much greater than the bridge
spacing. Notably this bridging effect was dependent only on the materials parameters
of the membrane and the strings, spacing of the periodic strings and the angle of inci-
dence of the wave making this construction broadband. A similar effect was produced
by inserting a periodic ‘net’ of strings, as well as introducing the possibility of a wave

filtering effect.

In Chapter 4 the same bridging ideas were used to produce a similar system where
waves on linear elastic structures are transferred over the gap. This includes two differ-
ent bridging schemes, the first to bridge bulk waves and the second to bridge Rayleigh
waves. Both of these exhibit some degree of success but the overall bridging require-

ments are predictably more complicated than the simpler membrane-string bridge.

For bulk waves it was demonstrated that there is no choice of bridge parameters
for which an arbitrary incident wave is perfectly recreated on the other side of the
gap. Instead, any incidence apart from normally incident waves will cause a wave
conversion so the incident wave pattern cannot be perfectly replicated. For normally
incident waves however, there is no wave conversion and there are broadband conditions

for which both shear and longitudinal waves can both be bridged with no reflection.

The bridge for Rayleigh waves uses the same type of bridge as for bulk waves
but imposes a strict condition on the bridge parameters. This condition is to prevent
any wave conversion into bulk waves and accounts for how the Rayleigh wave decays
with depth. However, since the decay has a dependence on wavelength, unlike the
previous bridges this formulation cannot be broadband. Also unlike previous bridging
attempts, waves are restricted to normal incidence and there is a strict requirement on
the separation of bridge layers. It is however shown that it is possible to produce a

Rayleigh bridging effect.
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Each of the bridging schemes have multiple applications; in physical realisations of
these systems an outside observer will be unable to tell whether or not a gap is present.
This may conceal objects within the gap which would cause wave disturbances if the
gap were attempted to be filled with a continuum. This gives a crude cloaking effect
which can be easily reproduced with simple materials. The bridge also acts as a simple

repair of the continuum while still being able to transfer wave energy.

In Chapter 5 an existing system of vertical rod-like resonators to alter wave prop-
agation along the surface of a linearly elastic half plane was considered. Using the
asymptotic model from Kaplunov and Prikazchikov [63] an explicit dispersion rela-
tion was produced which is both qualitatively and numerically nearly identical to the

implicit dispersion relation from the original paper [25].

This work is followed with a similar but more involved system in Chapter 6; here
the rod-like resonators are replaced by flexural resonators modelled as Euler-Bernoulli
beams with a range of boundary conditions between the surface and the beams. Using
the same asymptotic model explicit dispersion relations were produced for each. For
completeness the full unimodal systems were also solved to produce implicit dispersion

relations to verify the asymptotic results.

While the asymptotic model matches well graphically with the full unimodal solu-
tion, there are significant differences between the two solutions at key points. This is
particularly visible for the fully matched boundary condition, which is also the most
physically realistic of those treated. Since this is a mixed stress problem, which the
existing model does not account for, two new models were developed to treat this prob-
lem. Neither, however, identify the key resonances of the system, although the second

refined model does agree with the full unimodal solution at the Rayleigh line.

Chapter 7 proposes adding a second order term to the existing asymptotic model
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which the preceding chapters have made extensive use of. This second order term has
been shown to match with the Taylor expansion in the case of an arbitrary harmonic
loading. Furthermore, the new model has shown significant improvement over the

leading order model, at the cost of a less succinct solution form.

First it is useful to verify that the methods used in this work are valid in each in-
stance. Chapters 3 and 5 demonstrate that the simple homogenisation used is valid for
the periodic metamaterials in the long wave limit by comparing with non homogenised
boundary conditions. Chapters 5 and 6 each verify the use of the asymptotic model
from Kaplunov and Prikazchikov [63] to investigate how metasurfaces in linear elas-
ticty control Rayleigh wave propagation. In each the results from the asymptotic model
match well with the exact results. Testing both of these procedures indicates how the
same homogenisation procedure and asymptotic model can be used in the production
of more sophisticated bridging metamaterials and wave control metasurfaces. It is
however noted that the asymptotic results from the beam resonator system are much
less accurate than those from the rod resonator system. Hence while the asymptotic
method is valid, the solutions demonstrate a potential need for a more refined model

to more accurately detail all of the features of the system.

Some of the refinements developed for the asymptotic model are detailed in Chap-
ters 5 and 6 with both showing the improvement of the new model. The first improve-
ment to the model is the development of an asymptotic model for multiple stresses
applied to the surface, where previous models have involved only either perpendicular
or parallel stresses. While this new model is capable of producing a close approximation
to the full unimodal dispersion relation it treats the applied stresses as independent.
This leads to results from this model not necessarily converging with the full unimodal

solution at the Rayleigh solution. A further refinement is then introduced which ac-
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counts for stress interaction but requires the applied stresses to have a form which can
be reduced to a linear function of the two displacement potentials. While more limited,
this model does force convergence between the asymptotic and exact solutions in the

region of the Rayleigh solution.

The second refinement to the model is proposed in Chapter 7. This development
adds a second term to the existing leading order model, which has been shown to be

an improvement over the existing leading order model in a variety of situations.

Finally Chapters 3,4 and 6 each introduce novel metamaterials or metasurfaces
each designed to control wave propagation in different ways. These include the bridges
aimed at reproducing wave behaviour on the other side of a gap, rendering the gap
undetectable, and a resonator metasurface aimed at suppressing waves. Each of have

multiple practical applications of controlling wave propagation.

Therefore it is clear that this work has introduced new materials with real world
applications in wave suppression and control. This work has also made use of both
new and existing methods for simple systems in order to verify that the same methods

can be applied to more complicated problems to better analyse physical problems.

8.2 Future Work

The content in this thesis has several natural avenues of future work. The first of
these is to develop the bridging metamaterials which are a simple route to controlling
wave propagation and concealing voids and defects. However the materials used to
construct the bridges are ideal mathematical objects and are not fully realisable in
physical without further work. To see how functional these bridges are requires further
work with more realistic mathematical models and possible experimental work.
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The bridge metamaterials also each have many fundamental limitations. These
include restrictions of incident angle, inability to ideally bridge multiple wave types,
unintentional wave mode switching for the bulk wave bridge, and the single wavelength
requirements of the Rayleigh bridge. Many of these limitations arise from the funda-
mental construction of the bridge, which is intentionally simplistic. It may be possible
however to remove some of these restrictions with more sophisticated bridge designs,
based around improved system design itself, or more sophisticated use of multiple ma-
terials. There are also numerous opportunities to extend the same bridging ideas to
other systems. This may include other elastic media like flexural waves on plates and

beams or possibly to other fields entirely.

There is also scope to use the new Rayleigh wave models developed to investigate
more systems for linearly elastic half planes. This includes using the second order
model developed in Chapter 6 and the leading order multi-stress models developed in
Chapter 5. The second order model can more accurately investigate previous single
stress problems than the leading order model, or can be used to predict and analyse
more system characteristics than the leading order is capable of. Alternately the multi
stress models can be used to investigate more sophisticated systems than the existing
single stress model, particularly as most real physical systems will have both vertical
and horizontal stress components. Therefore these two new developments to the model
have made the asymptotic formulation much more applicable for physical systems and

can more be reliably used for problems with difficult exact formulations.

In order to apply the new higher order model to the beam resonator system pro-
posed in Chapter 5 would also require the higher order model to be able to treat both
vertical and horizontal stresses. Therefore a further avenue to consider is to develop

the higher order model to produce a multi-stress model using the methodology from
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8.2. FUTURE WORK

Chapter 5.

The final clear avenue for future work is to further develop the metasurfaces from
Chapters 5 and 6. This development can take either of two possible routes; either fur-
ther theoretical development with different resonators and boundary conditions which
can more accurately model real world systems or experimental work to determine

whether these metasurfaces are physically realisable.

While this experimental work could be conducted on a linearly elastic half plane,
the use of the leading order asymptotic model also allows for half plane experiments to
be conducted on membranes with appropriately constructed resonator analogues. This
allows for complicated resonator arrangements to be experimentally tested on a much

simpler and less expensive experimental setup.
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APPENDIX

A.1 Beam Boundary Conditions

At the end of a beam there are four conserved quantities that will affect the beam mo-
tion: Out-of-plane displacement, bending angle, moment and out-of-plane force. Each
of these corresponds to a derivative of the out-of-plane displacement. To determine
the boundary conditions it is useful to introduce a ‘dummy’ beam in the coordinates
(¢,m) occupying the domain 0 < { < —(;, 7 = m;. This beam will have out-of-plane

displacement u, and in-plane displacement .

It is self evident that if the beam is fixed to another object that the displacements
at the boundary between the two will match exactly. Similarly the flat end of the beam
will be perpendicular to the central axis so if the end of the beam is pressed to a flat

angled surface with in-plane displacement uy then from fundamental geometry,

uy _ Juy

= o (A.1.1)

Next find the bending moment M caused by flexing of the beam. This is given by,

2m hy/2

M :/ / rcosd occ v drdf. (A.1.2)

where o in the in-plane stress at the end of the beam. Using standard polar coordi-
nates r and 6, where r is the centre axis of the beam, suppose that the stress can be
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approximated around the centre of the beam by a Taylor series,
do
o¢c :UC<|,«:0+7’COSQ a—;g|7«:0+... . (A13)

From this expansion, a simple substitution shows that the first and third terms of the
series tend to zero, which leaves the second term as the dominant term in the vicinity
of the origin. Since the beams have a small cross section, this level of accuracy is

sufficient. The bending moment along at the edge of the beam will therefore be given

by,
21 rhp/2
M = / / r3cos*0 Gl drdf (A.1.4)
0 0 on
thl 80'@
= —2—= A.1.5
64 On ( )

To determine the sign of the moment and out-of-plane force at the end of the beam,

impose a displacement and gradient at each end of the dummy beam so that at { = 0,

Ouy _

? 8C

u, =0 0 and at ¢ = —(i, uy, = M1, Uy = 0. If the beam is infinitely stiff then

the second and third displacements at ¢ = 0 will be,

0*u,, _ 6 M Pu, _ 12 m
a¢? 27 a¢? G

(A.1.6)

Physically a sudden positive displacement applied to the negative end of a stiff beam
must cause a force in the positive direction and an anti-clockwise moment at the positive

end. This leads to the boundary conditions at ¢ = 0,

ou do du
By—2=-=2C" LB
b ac 87] ) b

b acg" =0, (A.1.7)

where H is the out-of-plane force.
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Figure A.1: A schematic representation of the system junction conditions, showing
the end of the beam above the edge of the half-space. The relevant half-space quanti-
ties and corresponding beam quantities are indicated with a single arrow indicating a

dimension of length and a double arrow indicating a dimension of stress.
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A.2 Leading Order Asymptotic Model

In this section the method and results produced in Kaplunov and Prikazchikov [63] for
the leading order model in §2.2.3 are summarised. This makes use of the governing
equations for a linearly elastic half plane taken in the form (7.1.1), which are restated

for ease of reference as

1
G111+ P33 — 504 =0,
51

(A.2.1)
1
Va1 + 33— 5 =0,
G
and boundary conditions at z3 = 0 (7.1.2),
Q@
2013 + Y11 — Y33 = —,
# (A.2.2)
_ _ P
(K 2 - 2)p11+ kK 2(15,33 +2¢3 = E,
for a specified tangential stress () and normal stress P and where
2 1 — 2
pr= G120k (A.2.3)
g 1—ap
Suppose that ¢ and ¢ have the two-term asymptotic expansions,
p=€"do+ o1, =€ "o+, (A.2.4)

where, if the resulting perturbed wave solution has some speed ¢, the small parameter
€ is given by the difference between the wave speed and the classical Rayleigh speed,
cr (7.1.4). Then on taking a usual multiple scales approach, introduce slow and fast

time variables, 7, and 7y respectively, given by (7.1.5),
T =1, T, = €t. (A.2.5)

from which the time derivative can be expressed as (7.1.6),

0 0 0
_:_+6

ot Irp 015 (4.2.6)
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Substitution of this operator identity into the bulk equations (A.2.1) yields the

perturbed bulk equations (7.1.7), again restated as,

2
2 € €
¢,33 + 043¢,11 - 2_2¢,Tfrs - _Q(bﬂ's‘rs =0,
1 1

(A.2.7)
2
€ €
/lp,33 + /812%1/},11 - 2gw,7f7—s - gwﬂ—s’rs = O
2 2

Taking these at O(1), the leading order terms of the displacement potentials are given

by,

¢0,33 + a?%¢071]_ == 0, w0733 + 6}2%17D0711 = 0 (A28)

If a harmonic function f(xy,z3) is defined by,
fan+a*fss =0, (A.2.9)

where a is a constant, then such a function obeys the Cauchy-Riemann identities,

fa=—afi,  fa=-fy  fT=-d (4.2.10)

where f* denotes the harmonic conjugate of f. Then, from this definition, it is clear
that ¢y and 9y are harmonic functions. Furthermore, from Chadwick et al., [14] the
displacement potentials along the surface can be expressed as a single plane harmonic

function, with relations between ¢ and v,

e .

. (A.2.11)

Similarly, at O(e) the perturbed bulk equations (A.2.7) give,

2 2
¢1,33 + Oé?{qbl,ll - C_QQSO,TfTSa ¢1733 + /6]2{/@01711 = g¢077f7'5' (A212)
1 2

Assume then that the second order terms of ¢ and ¢ consist of a complementary

solution and particular integral,

O1 = P10 + 23011, Yy = 1o + 23911, (A.2.13)
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where ¢1¢ and 11y are again harmonic functions. Then substitution into the perturbed
bulk equations (A.2.12) yields,

1 1
P11,13 = 500,177 Y1113 = < %0,17p7,- (A.2.14)

Then using the leading order relations for ¢y and vy yields,

1 1
P1111 = ——5 5903770 Vi = — 25 5%037 7 (A.2.15)
QRC RC2

Finally, substituting these into the surface conditions (A.2.2) at O(1) gives, for a ver-
tical stress (ie. P =0(1), Q =0),

2 2

2010113 — (1 + 512:5)7#10,111 = —55P013r7. — 5 %0,117s7s5 (A.2.16)
QR &)
4 1+ 6% P,
(1+ 52)¢10,111 — 210113 = — 35 P03 — —a55- Vo117 — —-  (A.2.17)
f (L4 Bg)es R ! f

Then on taking advantage of the harmonic function relations (A.2.10) and relations

between the potentials along the surface (A.2.11),

Qandion + (1 + B2l = (— L+ ¢ (A.2.18)
RP10,11 RV =\ o2 T g2 0,1775 5 2.
. 2 1+ p? P
(14 B&)¢r011 + 26rY1011 = <_2 - 2—2R> Yo1rpr, — —- (A.2.19)
¢ Bre H

Using the Rayleigh denominator (2.2.19), these solve simultaneously to give the leading
order relation for ¢y along the surface,

1 2
2€00,7,7, = —Ch QZgRP. (A.2.20)

Then from the time operator relation (A.2.6),

2 2
) 0 _ o 0? 2 0?
orp0ts  Ot? 87']? 01,07,

2 (A.2.21)

where, on assuming that the forcing produces a travelling surface wave, introduce the

travelling wave ansatz,

02, 0
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Then on substitution the leading order term of the previous relation at x3 = 0 is given

in terms of the original variables by,

1+ 3%

1
- — = P. A.2.23
¢,11 c%qb,tt 2,UB ( )

Following the same procedure for a horizontal stress (ie. P =0, Q = O(1)) yields,

1+ %
2 R
2607y, = Cp W, Q, (A.2.24)
yielding the leading order relation at x3 = 0,
1 1+ 5%
- = = — : A.2.25
Vi 2 Y oD Q ( )
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