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Abstract vi

Abstract

The thesis deals with 1D and 2D scalar equations governing the dynamic be-
haviour of coated elastic structures. Low-frequency vibration of a composite rod,
beam, rectangular plate and circular plate are studied. The main focus is on physical
effects that occur in composite elastic structures with a thin coating. We start with

two auxiliary 1D problems for two-component rods and beams.

Then elastic waves localised near the edge of a semi-infinite plate reinforced by a
strip plate are considered within the framework of the 2D classical Kirchhoff theory
for plate bending. The boundary value problem for the strip plate is subject to an
asymptotic analysis assuming that a typical wave length is much greater the strip
thickness. As a result, effective conditions along the interface, corresponding to a
plate reinforced by a beam with a narrow rectangular cross-section, are established.
They support an approximate dispersion relation perturbed from that for the homo-
geneous plate with a free edge. The accuracy of the approximate dispersion relation
is tested by comparison with the numerical data obtained from the ’exact’ matrix re-
lation for a composite plate. The effect of the problem parameters on the localisation

rate is studied.

In addition, edge bending waves on a thin isotropic semi-infinite plate reinforced by
a beam are considered within the framework of the classical plate and beam theories.
The boundary conditions at the plate edge incorporate both dynamic bending and
twisting of the beam. A dispersion relation is derived along with its long-wave ap-

proximation. The effect of the problem parameters on the cut-off frequencies of the



wave in question is studied asymptotically. The obtained results are compared with
calculations for the case when the reinforcement takes the form of a plate strip.

Finally, a circular plate reinforced by a thin annular strip of the same thickness is
considered. Asymptotic treatment of a strip circular plate with a free outer edge and
its inner edge subject to prescribed deflection and rotation is presented. The effective

boundary conditions are derived, and approximate dispersion relation is deduced.
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Chapter 1

Introduction

Low-frequency mechanical vibrations of composite elastic structures have
been the subject of extensive studies, see e.g. the classical textbooks [51],[85], and
also [142] for a recent account. In the last few decades, composite elastic structures
have attracted significant interest of scientists due to the appearance of new appli-
cations connected to the development of multi-layered structures with high contrast
in the geometrical and mechanical properties. Multi-layered composite structures
with high-contrast material parameters possess many industrial applications. For
instance, in aircraft and aerospace engineering, multi-layered structures are widely
used, see e.g. [21],]22],[97]. Other obvious applications include solar panels and
laminated glass [15],[100]. We also mention a related sub-area of acoustic metama-
terials, see [32] and [132]. In addition, there are promising applications of coated
structures, related to rapidly developing fields in modern engineering and technol-
ogy, in particular, associated with structural mechanics and biomedical sciences, see

e.g. [23],28],[54],[86],[106],[109],[121], [135].
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Chapter 1. Introduction 2

Composite elastic structures are produced by combining two or more materials. These
may often have high-contrast properties, say, in stiffness, density and geometrical pa-
rameters. The main reason for the popularity of layered structures is that by putting
two or more materials together one may result in a structure with unique proper-
ties which are different from each of the individual materials’ properties. Thus, the
desirable properties of multi-layered structures, for example, increasing stiffness and
at the same time reducing the overall weight the of structure, can be obtained by
choosing an appropriate combination of materials. This provides a motivation for

investigation of the dynamics of such composite and layered elastic structures.

Propagation of waves in elastic sandwich plates are still among the popular research
directions of elasticity. Many types of sandwich plates have been the subject of
interest for a long period due to their wide implementation in civil and aircraft engi-
neering. The first analytical investigation of bending and buckling in sandwich plates
was seemingly made by Reissner in [117]. He considered a plate consisting of a core
layer with two facing membranes both identical, where his analysis relied on assump-
tion that the face-parallel stresses in the core and the face stresses over the thickness
of the membranes are negligible. Then, Reissner’s problem was modified, and the
governing equations for the sandwich plates with orthotropic cores were related to

the bi-harmonic equations from classical plate theory, see [30].
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Later, numerous papers studying vibrations in sandwich plates have appeared, using
mainly numerical computations, however, asymptotic methods have been employed
as well, for a review of these achievements see [26],[53],[103]. Among the relatively
recent contributions on the subject we mention [7],[15],[20],[27],[67],[94] dealing with
analysis of the dispersion phenomenon in sandwich structures. It is known that
the asymptotic structures in a single-layered plate for bending, extension, thickness
stretch resonance and thickness shear resonance phenomenon are preserved within
the multi-layer problem. A step forward in study of wave propagation in layered
structures has been made through a recently developed multiparametric analysis,
incorporating high-contrast properties, allowing unexpected low cut-off frequencies,
and, as a result, requiring special two-mode long-wave low frequency theories for the
bending of sandwich plates, see [67], resulting on the simpler considerations for elastic

rods [68],[72].

The presence of a thin layer in composite elastic structures, including coated ones,
stimulates the use of asymptotic methods in order to rely on a small geometric param-
eter, typically the ratio between the thickness of the layer and a typical length, which
emerges naturally in the analysis. Asymptotic methods have also been very popu-
lar in statics and low-frequency dynamics of thin plates [4],[43],[47],[116] and shells
[13],[14],[48],[80]. A number of contributions, applying asymptotic methods in more
general dynamic problems considering long-wave high-frequency [49],[52],[60] and

short-wave high-frequency [118] regions. In addition, the method of direct asymptotic
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integration of the equations in elasticity [50],[58],[59], were also applied in more gen-
eral dynamic problems with high-frequency approximations considered for both long-
and short-wave limits. We also mention here papers [5],[6],[10],[11],[12],[40] develop-
ing asymptotic approaches to contact problems in layered structures, pre-stressed
and anisotropic materials investigated in [2],[25],[59],[63],[83], [102],[111],[112],[119],
and bodies with clamped faces studied in [57],[62]. We also note the deep parallels
between long-wave asymptotic theories for functionally graded waveguides and peri-

odic structures observed in [33].

One of the popular asymptotic methods in modelling the effect of a thin coating
is to derive the so-called ”effective boundary conditions”, imposed on the interface
between the coating and substrate. Over the last few decades, a number of studies
of effective boundary conditions have been presented. Originally, Tiersten in [131]
was the first to derive such conditions using adhoc considerations originating from
the classical theory of plate extension. Three decades later the problem was revis-
ited in [24] and suggested that the results of [131] are not asymptotically consistent.
A perturbation scheme in [34], accounting for the influence of the coating, revealed
that the extra terms in [24] are in fact of a higher order, and also justified at leading
order the consistency of the original effective boundary conditions in [131]. It can be
seen that the boundary conditions in [24] were also discussed after the publication of
the critical comments in [34], e.g. see [46],[95],[141] along with [110],[143]. Among
numerous publications on the subject, we mention [18],[19],[101],[140]. Recently, the

refined effective boundary conditions were proposed in [74]. The effective boundary
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conditions illustrating the effect of an isotropic elastic layer are established in [137],
anisotropic elastic layer in [149],[150], and in particular orthotropic elastic layer in

[136],[139].

The effective boundary conditions provide an approximate formulation for studying
surface wave propagation in coated elastic solids, see e.g. [34],[66],[138], and also a
recent achievement [73], allowing surface waves in case of a coated half-space with a
clamped surface. One of the novel results in this thesis is related to consideration of

other types of localised waves in coated solids, i.e. bending edge waves.

Localised elastic waves have a long and interesting history. It began with the famous
paper [115] by Lord Rayleigh, describing the waves propagating along the surface of
an elastic half-space and decaying away into the interior. Then, after the discovery of
the Rayleigh wave in an elastic half-space, edge waves in semi-infinite elastic plates
were considered. Generally, edge waves occurring in elastic structures, can be divided
into two main parts, namely, into flexural and extensional edge waves. The exten-
sional edge waves are longitudinal ones propagating along the edge of a material, see
e.g. [113] and references therein. We also mention the fundamental contribution [43]
which derived the approximate boundary conditions at the free edge of the Kirch-
hoff plate. Konenkov [79] was the first to demonstrate the existence of flexural edge
waves in a semi-infinite isotropic thin elastic plate, see [104] discussing the interesting

history of discovery of flexural edge waves. It indicated that Konenkov discovered
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these waves within the framework of Kirchhoff plate theory. Unfortunately, his re-
sult was not widely known in the western scientific circles limited by the scarcity
of Soviet literature available at that time. After 14 years, the bending edge waves
were rediscovered independently by Sinha in [126] and Thurston and McKenna in
[130]. As found recently, there was also an earlier underlying work [55] within the
framework of the stability of elastic plates, for more details and a more recent review
of achievements see [84]. A related problem of edge resonance has been studied in

[45],[107],[120],[123],[133],[152].

In the following years, the edge bending wave on an elastic plate has received much
attention, taking into consideration effects of anisotropy, contact with elastic founda-
tions, and three dimensional dynamic phenomena. We also mention [44] and [93] deal-
ing with edge waves propagating along the edge of unsymmetrical plates. Among con-
siderations of edge waves within 3D formulation of elasticity, we cite [44],[69],[81] and
[151]. Another recent approach is related to development of asymptotic parabolic-
elliptic models for edge bending waves [64],[65],[70]. The latter consists of a parabolic
beam-like equation along the edge complemented with a ‘pseudo-static’ elliptic equa-
tion describing decay over the interior. They enable one extract the edge wave con-
tribution from the overall dynamic response and appear to be in line with a general
physical idea of edge wave phenomena. Its generalisation to the wave on a stiffened

edge of ‘plate-beam’ structures appears to be of interest.

Stiffened plates are important components of civil, aerospace and naval structures
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[42],[77],[98],[105],[125]. In spite of numerous contributions analysing their dynamic
behaviour, e.g. see [31],[89],[90],[92],[99],[114],[144],[147], the bending wave localised
near a reinforced plate edge has not yet been investigated. Such a wave has been
studied in a great detail for a homogeneous plate with a traction free edge, beginning
with the paper [79], see also the review articles [84] and [104] along with more recent

publications [61],[71] dealing with an elastically supported plate.

In contrast to the non-dispersive Rayleigh wave on an elastic half-space described by
a hyperbolic-elliptic formulations, the edge bending wave on a plate demonstrates dis-
persion governed by a specialised parabolic-elliptic model [65], [70]. Another distinct
feature for the bending edge wave is their remarkably low decay rate, degenerating
at zero Poisson ratio, see the references above. It might be expected that an edge
reinforcement would control the localisation of the edge wave. In many cases the
reinforcement apparently can be modelled by a plate strip or a beam attached to the

edge governed by 1D or 2D equations, respectively.

Static and dynamic behaviour of stiffened plates was intensively studied in numerous
publications within the framework of the classical bending theories for plates and
beams also taking into consideration beam torsion, see e.g. [37],[38],[91],[108],[122].
At the same time, to the best of the authors’ knowledge, edge waves in stiffened
plates have only been analysed in two papers [17],[96], dealing with a semi-infinite
strip with simply supported sides. Bending vibrations of an elastic strip were earlier

investigated in various setups, e.g. see [78]. We also mention the recent contributions
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[8] and [9] treating a semi-infinite plate reinforced by a beam or flexural strip along

the edge, more details of which will be presented in Chapters 3 and 4.

A further extension of our results is related to circular plates, originating from Airy
in [3]. One of the first studies of flexural vibrations of axially symmetric circular
disks was by Deresiewicz and Mindlin [35] where they have used the classical thin
plate theory as well as Mindlin plate theory to obtain mode shapes for free circular
disks. The free vibration of axisymmetric orthotropic non-uniform circular discs with
shear deformation has been studied in [128] using Chebyshev collocation technique
and Mindlin plate theory. A number of papers dealing with circular plates, include in
particular [29],[41] studying vibrations of plates with clamped edges, [56],[127],[153]
analysing vibrations within 3D framework, also accounting for the effects of nonlinear-
ity [129],[134], variable thickness [124],[145], edge supports [16],[88], as well as study-
ing vibrations in circular plates within the framework of Mindlin theory [87],[146].
The waves localised near the edge of a circular disk were studied by Destrade and Fu

in [36].

The present study is concerned with analysis of the propagation of flexural edge waves
in case of the edge stiffened by thinly coated plate. The particular focus of this work
is on physical effects which occur in composite coated elastic structures. First, two
auxiliary problems for a composite rod and composite beam will be considered in
Chapter 2. The continuity conditions are assumed between the components. The
analysis is carried out for the case of one end being fixed, and another subject to

external loading. Starting from the equations of motion for harmonic waves, the
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expressions for displacements for the left and right components are determined. The
asymptotic analysis is carried out by using the asymptotic integration method to
obtain the effective stress in rod and moment and shear force in the beam on the
interface between the components. In other words, the effective boundary condi-
tions are derived, replacing the effect of the loading through the geometrically small
components. In addition, the exact solution is also expanded in Taylor series and
compared with the asymptotic results in order to have additional verification of the

solution.

In Chapter 3 we restrict ourselves to a semi-infinite plate perfectly bonded with a
narrow strip plate of the same thickness, within the framework of the Kirchoff theory.
We develop an asymptotic approach based on the derivation of effective conditions
along the structure’s interface, similarly, in a sense, to the developments for a coated
elastic half-space, e.g. see [34], justifying at leading order the widely known effective

conditions in [131] established using adhoc arguments.

The main part of this Chapter 3 is concerned with asymptotic treatment of a flexural
strip with a free upper edge and its lower edge subject to prescribed deflection and
rotation. The long-wave limit is analysed assuming that a typical wavelength is
much greater than the strip width. In contrast to a coated half-space, the simplest
effective conditions for a reinforced plate follow only from a fourth order asymptotic
expansion in small width for deflection, since the shear force at the lower edge of
interest is proportional to the fourth order deflection derivative. The consistency

of the derived effective conditions is tested by comparison with the leading-order
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behaviour of the exact space and time-harmonic solution of the original problem for
a flexural strip. As might be expected, the derived effective boundary conditions
may be re-written in terms of a beam attached to the edge of the plate. The last

formulation was previously used for static and dynamic analysis of reinforced plates,

e.g. see [38],[39],[91],[108].

The proposed conditions are then adapted for obtaining an approximate dispersion
relation for the sought for edge wave. An explicit correction, expressing the effect of
the reinforcement, readily comes from the shortened relation and seems to be useful
for a better qualitative insight into the influence of the density and stiffness of the
plate strip material on edge wave propagation. Approximate results are displayed
along with the numerical data calculated from the full dispersion relation for a com-
posite plate taking the form of the determinant of a six-order matrix. The influence
of the density and stiffness of the plate strip material on the edge wave propagation
is discussed. In addition, we extend our work in two cases which are a clamped and

mixed upper edge, with its lower edge subject to prescribed deflection and rotation.

Chapter 4 is concerned with bending vibrations localised along the edge of a semi-
infinite plate, stiffened by a beam. A dispersion relation is derived together with its
long-wave asymptotic approximations. At the leading order the latter coincides with
the dispersion relation for the plate bending wave on a free edge [79]. Next order
solution reveals the influence of stiffening on the edge wave localisation. Using the
results of Chapter 3, a comparison of the dispersion relation for a plate reinforced

by a beam with a narrow rectangular cross-section and that for a plate reinforced
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by a flexural strip is performed, justifying the adapted ‘plate-beam’ formulation. As
might be expected the theory for a plate stiffened by a narrow beam is only valid
over the long-wave region, and as we move outside of it, the distinction between the

plate and beam reinforcement results becomes more pronounced.

The effect of material and geometric parameters on edge wave localisation is also
investigated. A special focus is on the asymptotic evaluation of the cut-offs of the
studied edge wave which have been earlier discovered in [17],]96]. The possible situa-
tion when the cut-offs are located outside the range of validity of the adapted classical

structural theories is addressed.

Finally, in Chapter 5 we extend the previous results to a finite circular plate per-
fectly bonded with a narrow annular strip plate of the same thickness. We focus
on asymptotic treatment of a thin annular plate strip with a free outer edge and its
inner edge subject to prescribed deflection and rotation. Following a usual procedure
described in Chapter 3, the effective boundary conditions are derived, along with the

approximate dispersion relation. Then we conclude in Chapter 6.



Chapter 2

Harmonic vibrations of a

composite beam and rod

This chapter describes harmonic vibrations of a composite beam and rod. In
Section 2.1, we review harmonic vibrations of a composite rod. We obtain the ex-
act solution for a two component rod in dimensionless variables and investigate it
asymptotically. We also tested the asymptotic results obtained. In Section 2.2, we
extend our work to investigation of vibrations in a composite beam. At the right end
of a composite beam, two cases of the boundary conditions are imposed. In the first
one we assume no transverse shear force at the right end while in the second case we
consider no moment in the same end. To do this we introduced appropriate scaling
for frequencies together with corresponding dimensionless spatial variables and ob-
tained the exact solution for a two component beam. Next, the asymptotic analysis
is carried out by using the asymptotic integration method to obtain the effective mo-

ment and shear force in the beam on the interface between the components. Then,

12



Chapter 2. Harmonic vibrations of a composite beam and rod 13

the validation of the asymptotic results are obtained and comparison of asymptotic

solution and exact solution is presented.

2.1 Harmonic axial vibrations of a composite rod

2.1.1 Problem statement

N

»x— F

[S—Y

0 I-H

FIGURE 2.1: A composite rod

For the 1D analysis of laminated structures we start with rather basic problem con-
sidering a linear elastic two-component rod of finite length. Both components are
assumed to be isotropic. Let the x axis be taken to lie along the rod with the length
of the components (I — H) and H with a force F' applied at the right end of the rod.

(see Figure 2.1).

Hereinafter the index 1 will be used to denote problem parameters and variables
corresponding to the right component, whereas the index 2 will denote the same for

the left component.

The equations of motion can be written in the form [82]

d2uj w?

da? +c_§

u; =0, j=1,2 (2.1)
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where u; are the longitudinal displacements, c¢; = ,/% are the wave speeds, I are
J
the Young’s moduli, p; are the material densities for the relevant component of the

rod and w is frequency.

The boundary conditions are taken in the form

uy =0 at =0,

du
Eld_atl =F at z =1 (2.2)

Traction and displacement continuity at the interface between the components is

given by
Uy =uy at r=101—H,
and
du1 dUQ
Ei— = Ey,2—— at =[—H. 2.3
Vda > dx a (2:3)

The general solution of the linear ordinary differential equations with constant coef-
ficient (2.1) is given by

w

uj = AY cos —x + BY sin gx, j=12 (2.4)

Cj Cj

where AU) and BY are arbitrary constants.

Substituting (2.4) into the boundary conditions (2.2) and continuity relations (2.3)
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leads to A® = 0 and the system of three simulate equations

Fl
—ssin(s) s cos(s) 0 A —
Ey
cos(s1) sin(sq) — sin(sy) BO1=10 | (2.5)
—-F E -FE
Lsin(sy) —= cos(sy) 2 cos(sy) | \ B@ 0
C1 C1 Co
l l— H l—H
where s = w—, 51 = u, S9 = w(—, which possesses non-trivial solutions.
C1 C1 Co

Using Cramer’s rule, we get the exact solution as

& &

o F (ElcQ sin(sg) cos (% — sl) + Fscq cos(sg) sin (% — sl)>

T TR (Ercysin (s — s1) sin(—s3) 4+ Eacy cos (s — s1) cos(—s2))

. [(Tw
creoFsin | —
Ca

U = (2.7)

~ Eicawsin (s — 1) sin(—sy) + Fyciw cos (s — s1) cos(—s3)”

where AY) and BU) are presented in Appendix A.1.
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2.1.2 Dimensionless equations

In order to investigate exact solutions asymptotically, we convert all variables into

dimensionless form. We introduce the following dimensionless variables

1 H
flz(g_l)—JFla fzz—x sz—landgz—

< 1 is assumed to be small.

l
Now we can rewrite the exact solutions (2.6) and (2.7) in dimensionless form as

_ By Flsin(cf(e — 1)) cos (&) — EycFlcos(cf(e — 1)) sin (§19e)

= E2Qsin(Qe) sin(cQ(1 — €)) — By EacQ cos(Qe) cos(cQ(e — 1)) 7 (28)
e — Flsin (c£0(1 —¢)) (2.9)
27 By cos(Qe) cos(cQ(e — 1)) — EyQsin(Qe) sin(cQ(1 — )’ '
where ¢ = L.
(&)

In order to confirm our result we are setting x = [ — H which implies &, = 0 and

& =1 when € — 0 into (2.8) and (2.9), we obtain

tan(cf?),

U = Uy =

E2 )

which is an additional verification of the solution.
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2.1.3 Asymptotic analysis of a composite rod

In this section, we apply an asymptotic approach to obtain an approximate solution
for a two-component rod. In particular, we restrict our attention to perturbation
scheme for u;. To this aim, we use dimensionless variables in the above section to
rewrite the equation of motion (2.1) as

d2U1

dé?

+e2Q%u; =0, (2.10)

subject to

uy =uy, at & =0,

dU1 lF
———e— at =1 2.11
. 24
. Fl : : : .
where function uy = Toe0) tan(cf2) is a given displacement on the interface.
2C

A deflection u; can be expanded into an asymptotic series in terms of ¢ as

u =ul? +ulVe + ulPe? + Py ulVet (2.12)

Substituting expansion (2.12) into the boundary value problem (2.10)-(2.11), we ar-
rive at the problem formulated for various asymptotic orders n = 0,1, 2, ..., namely

d2u§")

ot 02" =0, (2.13)
1
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subject to

Ugn) - ug)v 51 = 07

dul” 10 ) 1 (2:14)
= t =
dé& E™ et

where quantities with the negative superscript are set to be equal to zero. The only

(n) [(n) p(n) ©) (SO ACO N b ‘
non-zero components uy;’ and o are uy’ = uy and —, respectively.
1

E}l) B E,

Substituting subsequently n = 0, 1,2, 3 and 4 into (2.13)-(2.14) we obtain corrections

for a displacement u; in the form

ul — uH,
U’ = _517

Ey

1

u? = QZUH( - 55% + §1>, (2.15)

IF 1 1
w = (g 50),

1 1 1

Finally, using expansion (2.15) together with the following relation

E1 du1

— 7 2.16
01 H dé, ( )
to obtain stress on the interface at £ = 0 in the form
O%E, 1 .5, 1EQ*
op=F+ uHa—i—EFQ € +§ UFE® + ... (2.17)
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Thus, the original problem may be reduced to consideration of the left component

only with the effective force (2.17).

2.1.4 Testing of asymptotic results

In order to validate the asymptotic results obtained in the previous section, consider
a problem for the right component over the domain [ — H < = < [. We take the
equation of motion (2.10) subject to boundary conditions (2.11). The solution of the
formulated problem is then sought for in the form (2.4) for j = 1, and we finally
arrive at a set of two linear algebraic equations which can be written in a matrix

form as

—sin COS 1) H
®) ) 4 EQ (2.18)
cos((1 —¢)Q) sin((1 —¢)92) BW Uy

The sought for constants A®) and B are presented in Appendix A.2.
Next, we rewrite the solution (2.4) for u; in terms of dimensionless variables and

expand it into Taylor series about € = 0 arriving at the asymptotic expansion

2 _ 2
Up =ug + Fblflg _ % ((51 . 2) leZUH) &2 _ (Fl& <§;E1 3) 9} )53
376 (@ - € +8) Rlune 0 (). 21

Clearly, the remainder also includes higher powers of €. It can be easily confirmed
that formula (2.19) coincides with asymptotic solution (2.12) which is an additional

verification of the asymptotic solution.
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Let us now test the stress on the interface at £; = 0. Substituting (2.19) into (2.16),

we obtain (2.17) as expected.

Now, we would like to find the asymptotic solution for the left component. We can

rewrite the equation of motion (2.1) in the following form

Pur 0 2p02, g 2.20
d_§22+( —5)0 Uz = U, ( )
subject to
us =0, at 52207
2.21
duy _ ﬂ(l —e) + FZQQ€2(1 —e)+ QzElg(l —e)(1+ l9252)u at § =1 >
i B 2F, E, 3 R

We also rewrite the general solution (2.4) in dimensionless variables for j = 2 as

uy = A® cos(Qe(1 — €)&) + BP sin(Qe(1 — €)&). (2.22)

Substituting (2.22) into the boundary conditions (2.21) leads to A® = 0 and

1 /FlI 022
B® — —(— 1— )1 )
mq E2< &)1+ 2 )):
where
O2E,

2

my = Qc(1 —€) cos((1 — €)ef2) — e(l—e)(1+ %9252) sin((1 — €)eQ).

Then we get the asymptotic solution for the left component as

3F1(Q%2 + 2) sin (c&0Q(1 — €))
20 (E1Qe (9262 + 3) sin(c(1 — €)) — 3¢B, cos(cQ(e — 1))

Uy = (2.23)
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where we assume that {2 is not a resonant frequency, so that the denominator is

non-zero. Now, we introduce new dimensionless variable

Thus, we can rewrite the scaled displacement s, following from the exact solution

(2.9) and the asymptotic solution (2.23) for the left component as

o sin (e&2(1 —€))
2 cos(Qe) cos(cQ(e — 1)) — EQsin(Qe) sin(cQ(1 —¢))’

(2.24)

M 3(22%e% + 2) sin (c£Q(1 — ¢))
? 2Q (EQe (222 + 3) sin(cQ(1 — €)) — 3ccos(c2(e — 1)))

+0(), (2.25)

where F = % Figures 2.2-2.7 demonstrate the exact solution of the left component
Uy (2.24), compared with the asymptotic solution (2.25) for the same component for
the values £ = 1, ¢ = 1 and several values of () and . Clearly, with large values of
the frequency €2 the oscillations are becoming more dense. Note that the substantial
difference between approximate and exact solutions in Figure 2.7 is possibly due to the
higher order powers of €2 in the reminder of (2.19). Also, for reasonably small values
of £, e.g. Figures 2.5, 2.6 the asymptotic solutions is providing a good approximation.
In order to illustrate it further, we present the following Figures 2.8-2.12 showing the
maximum error over 0 < & < 1 between the exact solution (2.24) and the asymptotic

solution (2.25) with respect to €2 and . All Figures 2.8-2.12 demonstrate that the

maximum error is monotonically increasing for increasing frequency.



Chapter 2. Harmonic vibrations of a composite beam and rod 22

0.8

0.2+

OO 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0

&2

FIGURE 2.2: Comparison of asymptotic solution (2.25) (dashed line) and exact
solution (2.24) (solid line) for Q =1, e = 0.6.

O L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0

13

FIGURE 2.3: Comparison of asymptotic solution (2.25) (dashed line) and exact
solution (2.24) (solid line) for Q@ = 1.5, ¢ = 0.6.
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2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
€2

FIGURE 2.4: Comparison of asymptotic solution (2.25) (dashed line) and exact
solution (2.24) (solid line) for Q =8, ¢ = 0.1.

0.2

$2

_02 | L L L | L L L | L L L | L L L | L L L |
0.0 0.2 0.4 0.6 0.8 1.0

13

FIGURE 2.5: Comparison of asymptotic solution (2.25) (dashed line) and exact
solution (2.24) (solid line) for Q@ = 10, e = 0.1.
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0.2
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_02 | L L L | L L L | L L L | L L L | L L L |

0.0 0.2 0.4 0.6 0.8 1.0

13

FIGURE 2.6: Comparison of asymptotic solution (2.25) (dashed line) and exact
solution (2.24) (solid line) for 2 = 20, ¢ = 0.05.
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-0.10u . . . 1 . . . 1 . . . 1 . . . 1 . . . 1
0.0 0.2 0.4 0.6 0.8 1.0
&2

FIGURE 2.7: Comparison of asymptotic solution (2.25) (dashed line) and exact
solution (2.24) (solid line) for 2 = 50, ¢ = 0.05.
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max error

0<é2<1)
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 2.8: The maximum error between asymptotic solution (2.25) and exact
solution (2.24) for ¢ = 0.6.

max error
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L L L r 1 1 L L L 1 L L L 1 L L L 1 L L L 1 L L Q
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 2.9: The maximum error between asymptotic solution (2.25) and exact
solution (2.24) for ¢ = 0.1.
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max error

0<é2<1)
0.00001
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6.x1076 -
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L

L

0.0

0.2

0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 2.10: The maximum error between asymptotic solution (2.25) and exact
solution (2.24) for € = 0.05.
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FIGURE 2.11: The maximum error between asymptotic solution (2.25) and exact

solution (2.24) for Q = 1.
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max error

0<é<1)
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0.4

0.0

FIGURE 2.12: The maximum error between asymptotic solution (2.25) and exact
solution (2.24) for Q = 1.5.
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2.2 Harmonic vibrations of a composite beam

2.2.1 Formulation of the problem

No

FIGURE 2.13: A composite beam

In this section we extend our work from a rod to a beam. We consider a linear elastic
two-component beam of finite length with the components labelled of 1 and 2. These
two-components are characterised with the same geometric small parameter ¢ < 1
as for a rod. Let the x axis be taken to lie along the beam with the length of the
components (I — H) and H and a moment G applied, along with the modified shear
force N at the right end. (see Figure 2.13). In view of the linearity of the problem,
below we consider two cases separately. In the first case the excitation is purely
moment-type, i.e. N =0, G # 0. The second case is associated with excitation due

to the modified shear force only, thus G = 0, N # 0.

Hereinafter the index 1 will be used to denote the quantities corresponding to the
right component, whereas the index 2 will denote the same for the left component.

The equation of motion can be written in the form

O*w; _
Djﬁ — 2p;hw*w; = 0, ji=1,2 (2.26)
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2E;h?
3(1—1v?)

J

where w; are the transverse displacements, D; = are bending stiffness, F;

are the Young’s moduli, p; are the material densities for relevant components of the

beam and w is frequency.

The boundary conditions at the clamped left end of a beam are taken in the form

Ows

o 0, at z=0. (2.27)

'LUQZO,

At the right end of a beam two cases of the boundary conditions are imposed .

We consider two cases. In the first one we assume no transverse shear force at the

end (N =0),

82w1 8311)1
Dy— o =G, o 0, at =1, (2.28)

and in the second case we assume no moment at the end (G = 0),

0w, Py
=0, D
61’2 ) 1

=N, at x=I. (2.29)

Traction and displacement continuity relations at the interface between the compo-

nents are given by

ow;  Owsy 0%y 0w,
Wy =Wy o= D182_D282’
8311}1 (9 Wao
D =D =({—-H). 2.
181‘ 2= 83;3 at x (l ) ( 30)

The general solution of linear ordinary differential equations (2.26) is given by

w; = ot sinh(B;z) + o)) cosh(B;x) + o)) cos(Bx) + a ay sm(ﬁ] ), j=1,2 (2.31)
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where ozz(j )

D.

J

1
2 hu? ¢
, i =1—4 are arbitrary constants and ; = < P ) .

2.2.2 First case (excitation by bending moment)

Substituting general solution (2.31) into the boundary conditions (2.27), (2.28) and
continuity relations (2.30) leads to the relations ozz(f) = —aéZ), osz) = —a?), which
simplifies the original 8 x 8 system to a set of six linear algebraic equations which

can be written in a matrix form as
Q> a=1U" (2.32)

G T
where o = (a% L af? oY ol of? ),a§2)> U = (0 D ,0,0,0 0) are vectors
1

and QP is a 6 x 6 matrix with the non-zero components given by

QY = cosh(il), QY =sinh(Bil), QY5 =sin(Bil), QY = — cos(Bil),
Q51 = sinh(B1l), Q3 = cosh(Bil), Qa3 = —cos(Bil), Q5 = —sin(Bl),
Q31 = sinh(B1(1 — H)), Q3 = cosh(Bi(l — H)),

Q33 = cos(Bi(l — H)), Q34 =sin(pi(l — H)),

Q35 = sin(Ba(l — H)) — sinh(Bo(l — H)),

Q36 = cos(Be(l — H)) — cosh(Ba(1 — H)),
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Q= Bicosh(Bi(l — H)), Q= Brsinh(Bi(I — H)),

Qs = —frsin(Bi(l = H)), Qhy = Picos(Bi(l — H)),

Qs = Ba(cos(Ba(l — H)) — cosh(Ba(l — H))),

Qs = —Ba(sin(Bo(l — H)) + sinh(Bo(1 — H))),

Q31 = Diftsinh(By(1 — H)), Q% = Diff cosh(Bi(1 = H)),
Q%3 = =D 57 cos(Bi(l — H)), Q34 =—Dif7sin(Bi(l — H)),
Qs = —Dsf5 (sin(Bo(1 — H)) + sinh(f(1 — H)),

Q36 = —D2f3(cos(Ba(l — H)) + cosh(Ba(1 — H))),

Q4 = D1} cosh(Bi(l — H)), Q= Difffsinh(By(1 — H)),
Q% = D1 sin(Bi(l — H)), Qg = —D1f5} cos(B1(l — H)),
Qs = — D253 (cos(Ba(l — H)) + cosh(Ba(1 — H))),

Qs = Daf5 (sin(Ba(1 — H)) — sinh(Bo(1 — H))). (2.33)

The sought for constants agl), aél), Oéél), ail), a§2), agz) are presented in Appendix B.1.

Using Cramer’s rule to solve (2.32), we get the exact solution as

I ( — (% — %) G( — <(1 +i)cos((l —x)B1) +icos ((1+4)H — il 4+ ix)P1)

—cos (1 +4)H — 1 +2)p;) — (1 + 1) cosh (I — x)B,) — i cosh (((1 YO)H — il
+ix)51> +cosh ((L+i)H — 1+ 2)5y) ) (cos (I = H)Bs) cosh ((I — H)pPs)

—1) D?B} + 2D, Dy f3, <i<cosh (H—=14+x)B1)sin(HpB) —cos ((H—1+x)p)



Chapter 2. Harmonic vibrations of a composite beam and rod 32

xsinh (HB) ) (sin (1+)(1 = H)B,) = sinh (1 +3)(0 — H)5)) B2
—(cos(((1+i)H—il+i:U)ﬁl)+icos(((1+2')H—l+x)51)

+ cosh (((1 FOH il + ix)51> +icosh (((1+4)H — 1+ 35)61)) sin (1 — H)fs)
x sinks (1 = H)8) oy — (cosh (Hy)sin ((H — 1 +2)81) + cos (H)

sinh ((H —1+2)f4) ) (sin ((L+1)(1 = H)B2) + sinh (1+)(L— H)B) ) 3) 5
+((1 + i) cos (I — 2)B1) — i cos (1 + ) H — il + iz)fy)

+cos (1 44)H — 1+ 2)B,) — (1+1) cosh (I — z)5,)

+icosh (14 i)H — il +iz)3) — cosh (1 + i) H — | + x)5;) ) (cos (I = H)p2)
x cosh (L — H)B) + 1) D38 ) ) (D15 (2 (cos (H3) cosh (Hy) — 1)

x (cos ((H — 1)) cosh ((H — 1)) — 1) D5

+D1D262((sin (1 +49)HB) + sinh (1 + ) HB,))

(sin ((1+ ) (H — 1)) — sinh (1 +0)(H — 1)3,)) 5

—dsin (H) sin (H — 1)B,) sinh (HBy) sinh (H = 1)) Bafs

+ (sin ((1 +4)HpBy) — sinh (1 +4)HBy))

(sin (1 +4) (H = )f%) + sinh ((1+)(H — 1)82)) 83 ) s +2( cos (H)

x cosh (HB,) + 1) (cos (H — 1)B5) cosh (H — 1)B5) + 1) Dgﬁg))l, (2.34)
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and

- <G<2 (sinh (Bsz) — sin (o)) (531)1 (51 (sin (B, H) + sinh (8, H))

x ((cos (Ba(H — 1)) — cosh (B(H — 1)) ) = B (cos (81 H) — cosh (8, H)

X (sin (Ba(H — 1)) -+ sinb (S(H — 1)) ) + 53D (1 (sin (8 H) — sinh (8, H))
x (cos (Ba(H — 1)) + cosh (Ba(H — 1)) + B (cos (B H) + cosh (5, H))

X (sinh (Ba(H = 1)) = sin (B2(H —1))) ) ) = (cosh (8x) — cos (Ba))

x (2551)1 (@1 ( sin (8, H) + sinh (5, H) ) (sinh (Bo(H — 1)) — sin (Bo(H — 1))
~ B2 (cos (B H) — cosh (8, H)) (cos (Ba(H — 1) = cosh (Bo(H — 1) )
23Dy (B (sin (B, H) — sinh (8, H)) (sin (B2(H — 1)) + sinh (8 H — 1))
2 (cos (5 H) + cosh (81 H)) (cos (By(H — 1)) + cosh (5(H 1)) ) ) ) )

X (452 (%ﬁgﬁlDlDz (512 (sin (1 +4)B,H) + sinh (1 + 1) 8, H))

x (sin (1 +9)Ba(H — 1)) — sinh (1 +)Ba(H — l)))

48,31 sin (B H) sinh (8 H) sin (B5(H — 1)) sinh (B,(H — 1))

83 (sin (L+0)8H) = sinh (1 + 0)8H) ((sin (1 +0)Ba(H — 1))

+sinh (1+8)B,(H 1)) ) ) + B{D3 (cos (B H) cosh (B H) — 1)

x (cos (Ba(H — 1)) cosh (Ba(H — 1)) = 1) + 43D} (cos (B H) cosh (B H) + 1)

 (cos (Ba(H — 1)) cosh (Ba(H ~ 1) +1) )) (2.35)
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2.2.2.1 Dimensionless equations

We convert all variables into dimensionless form in order to investigate the exact solu-
tion asymptotically. We introduce the following dimensionless variables and problem
parameters

_ 2ptha?lt x 1 x

Q4
D, 7

Now we can rewrite the exact solutions (2.34) and (2.35) in the dimensionless form

as

w = (- (% + %) G (1 (cos(v(e — 1)) cosh(u(e — 1)) + 1)
X (cos (€Q (€1 — 1)) + cosh(e€) (cos (€Q€,) — cosh (€Q1)) — cos(eQ2) cosh (eQ%))
— sin (€06, sinh(eQ) + (sinh(e92) — sin(eQ)) sinh (eQ€;) )D§p4 +2v ( sinh(e9)
X (Cosh(v(e — 1)) sin(v(e — 1)pQ)<U2 cos(eQ) cosh (e (& — 1)) p?
+cos (¢0€1) — sin(e€) sinh (€2 (6 — 1)) ) ) + sinh(v(e — 1)p2)

x (= cos(u(e = 1)p2) cos (e6261) + vp( cosh (€2 (& — 1)) (vp cos(e)

x cos(v(e — 1)pQ) + sin(eQ) sin(v(e — 1)pQ) — sin(v(e — 1)p9) sin (Q6;) )
(cos(v(e — 1)p9Q) sin(eQ) — vp cos(eQ) sin(v(e — 1)p2)) sinh (€Q (&, — 1)) ))
+ cosh(eQ) ( cosh(v(e — 1)pQ) sin(v(e — 1)pQ) (U2p2 ( sin (€Q€))

+ cos(Q) sinh (€Q (6 — 1))) — cosh (eQ (& — 1)) sin(eQ)>

+sinh(v(e — 1)p0) (cosh (€ (€ — 1)) (cos(v(e — 1)p2) sin(e)

—vpcos(eQ) sin(v(e — 1)pQ)) + Up( — cos (eQ€;) sin(v(e — 1)p2)
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and

+upcos(v(e — 1)pQ) sin (€Qy) + (vp cos(eQ) cos(v(e — 1)pQ)
+ sin(eQ) sin(v(e — 1)pQ)) sinh (€2 (& — 1)) ) ) ) ) DiDap — (cos(v(e — 1)p2)
% cosh(v(e — 1)pQ) — 1) ( cos (€ (& — 1)) + cos(eQ) cosh (€Q€))

— cosh(e) (cos (€Q€,) + cosh (€Q€,)) + sin (€Q€, ) sinh ()

+(sin(eQ) + sinh(eQ)) sinh (eQ€,) )Df)) (Q%l ((1 + i)t

x (cos(e€2) cosh(eQ) + 1)(cos(v(e — 1)pQ) cosh(v(e — 1)pQ2) + 1) D3p*
-I—v(cosh(eQ) sin(eQ)( (0% + i) sin((1 + i)o(e — 1)pQ)

+ (v2p? — i) sinh((1 + i)o(e — 1)pQ>)

~(1+ i) sinh(e62) ( (v29% — 1) cos(e) cosh(v(e — 1)p2) sin(v(e — 1)pf2)

+( (20 + 1) cos(eQ) cos(v(e — 1)p2)

+20psin(eQ) sin(v(e — 1)pQ)> sinh(v(e — 1)pQ)>>D1D2p + (1 + i) (cos(eQ)

x cosh(e€?) — 1)(cos(v(e — 1)pQ2) cosh(v(e — 1)pQ2) — 1)D%>>1, (2.37)

wy = <Gl2< (sinh (V€1 — €)) — sin (VELp2(1 — €))) <U3D2p3(cos(Qe)

4 cosh(Qe)) (sin(vpQ(1 — €)) — sinh(vpQ(1 — €))) + v2Dyp?(sin(Qe)
— sinh(Qe))(cos(vpQ2(e — 1)) + cosh(vpQ(e — 1)))
+vD1p(cos(Qe) — cosh(Qe)) (sin(vpQ2(1 — €)) + sinh(vpQ(1 — €)))

+ D1 (sin(Qe€) + sinh(Qe))(cos(vp2(e — 1)) — cosh(vp(e — 1))))
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— (cosh (v62pQ(e — 1)) — cos (v€apQe — 1)) ( = v*Dap(cos(e)

+ cosh(€e))(cos(vpQ(e — 1)) + cosh(vpQ(e — 1))) + v2Dyp? (sin(Qe)

— sinh(Qe))(sin(vpQ(1 — €)) + sinh(vpQ(1 — €)))

+Dy (sin(Qe) + sinh(Qe)) (sin(vpQ(1 — €)) — sinh(vp(1 — €)))

—vD1p(cos(Q2e) — cosh(Qe)) (cos(vpfd(e — 1))

— cosh(vpQ(e — 1)))))) (2va2 (U4D§p4(COS(Q€) cosh(Qe) + 1)(cos(vpQ(e — 1))
x cosh(vpQe — 1)) + 1) + lepr( — sinh(€¢) (Sinh(UpQ(e - 1))( (%% +1)
x cos(Qe) cos(vpQe — 1)) + 2upsin(Qe) sin(vpQ(e — 1)))

+ (2% — 1) cos(Qe) sin(vpQ(e — 1)) cosh(vpQ(e — 1)))

+ (% + %) sin(€2e) COSh(Qe)( (1 —iv?p?) sin((1 + i)vpQ(e — 1)) + (=1 — iv?p?)

x sinh((1 4 )vpQ(e — 1)))) + D3 (cos(§2e) cosh(2e) — 1) (cos(vpQd(e — 1))

« cosh(vpQ(e — 1)) — 1)))_1, (2.38)

Now, we test our result by setting x = [ — H, implies that & = 0 and & = 1, into

(2.37) and (2.38) for € — 0, we obtain

B GI? sin(vpQ) sinh(vpQQ)
— 02Dyp202(cos(vpfY) cosh(vp) 4 1)’

w1 = W2

which is an additional verification of the solutions.
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2.2.2.2 Asymptotic analysis a composite beam

In this section, we apply an asymptotic approach to obtain an approximate solution

for linear elastic two-component beam. We restrict our attention to perturbation

scheme applied to w;. To this end, we use dimensionless variables (2.36) to rewrite

the equation of motion (2.26) to get

subject to

where functions

and

WHe =

@4’(,01
a—&l - €4Q4w1 = O,
ow
w1 = WH, (1_5)£_6wf1§17 at fl = U,
82w1 8311}1
1 aé_% y ag% ) a gl )
G1? sin(vpQ2) sinh(vp2)
wyg =

2Dy p?Q%(cos(vpd) cosh(vpQd) + 1)

GI? cos(vpf2) sinh(vpQ) + GI? sin(vpQ) cosh(vp)

vDypQ) + v Do) cos(vpS2) cosh(vpl)

are given on the interface.

Deflection w; can be expanded into an asymptotic series in terms of ¢ as

wy = w§°) + w§1)8 + w§2)52 + w§3)53 + w§4)54 + ...

(2.39)

(2.40)

(2.41)
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Substituting expansion (2.41) into the boundary value problem (2.39)-(2.40), we ar-

rive at the problem formulated at the various asymptotic orders n = 0,1,2,...,

namely
84w§”) 4 (n—4)
subject to
wi™ = wiy, & =0,
o (n) O (n—1)
wl — wl glg at 51 = O,
&1 &1 !
925" (2.43)
Dl—l = G(n)l(n) at 51 = ]_,
33
83w§n)
=0 at =1
86% a 61 )

where quantities with the negative superscript are set to be equal to zero. The
onl _ t (n)  (n) d G n) 0) _ 1 _ d
Y LON-ZEro components wy’, Wy, an are Wy = Wy, Wy, = Whe, an

G2 = GI2, respectively.

Substituting subsequently n = 0, 1,2,3 and 4 into (2.42)-(2.43) we obtain

’LUl — wH7
w) = wre 1,
1GI?
w?) — nglfl + §D_1§%, (244)

3
wg ) = wH§1£17

1 1 ) 1
w§4) = wye,§1 + ZQ4U}H€% - 694wH5f + ﬁQLLwail-
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Finally, using expansion (2.44) together with the following relations

D1 02w1

= —=— 2.45
"TOH? 9¢2 (2.45)
N = Do (2.46)
"TOHS agd ‘
to obtain moment and shear force on the interface at & = 0 in the form
D4 9
D Q4
Ny = ———wge+... (2.48)

l3

These formulae above present the expansion of the moment and shear force for € on

the interface.

2.2.2.3 Testing of asymptotic formulae

In order to validate the asymptotic results obtained in the previous section, consider
the right component over the domain [ — H < x < [. We take equation of motion
(2.39) subject to boundary conditions (2.40). The solution of the formulated problem
is then sought for in the form (2.31) for j = 1, and we finally arrive at a set of four

linear algebraic equations which can be written in a matrix form as

QP -a=TUb, (2.49)
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T _
where a = (dgl),dgl),dg),df)> , Ub = (0,Gl2,wH,wH§1)T are vectors and QP is a

4 x 4 matrix with its non-zero components given by

an = cosh(), Qb12 = sinh(€),

les = sin(€2), Qbm = — cos(Q),

Qby, = Q%Dy sinh(Q), Qb,, = 02D, cosh(9),

szzs = —QQDl 005(9)7 C?724 = —Qle sin(Q),

Qb3 = sinh((1 — £)), Q3 = cosh((1 — £)Q),

QP33 = cos((1 —¢)Q), Q3 =sin((1 —¢)Q),

Qb = (1 —e)Qcosh((1 —€)Q), Qbyy = (1 —e)Qsinh((1 —)Q),

Qs = —(1 —)Qsin((1 —€)Q), Qb44 =(1—-¢)Qcos((1—-¢)Q). (2.50)

The sought for constants alV, = 1,2,3 and 4 are presented in Appendix B.2.

7 Y

Next, we rewrite solution (2.31) for w; in terms of dimensionless variables and expand

it into Taylor series about € = 0 arriving at the asymptotic expansion

GIP¢} 2 3
wy = wg +§Whe €+ 5D, T §Siwpe, | €7+ wpe &1
1
1
+ <ﬂ§f ((fl — 4) 51 + 6) Q4wH + fllUH&) 84 + O (85) . (251)

It can be easily checked that formula (2.51) coincides with asymptotic solution (2.44)
which is an extra validation of the presented derivation.

Let us now test the moment and shear force on the interface at & = 0, substituting
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(2.51) into (2.45) and (2.46) we obtain (2.47) and (2.48).

Now, we seek to find the asymptotic solution for the left component. We rewrite the

equation of motion (2.26) in the following form

4
0 22 M1 — e)tuwy = 0, (2.52)
0&;

subject to

we =0, at & =0,

% = 0, at 52 = 0,

&2

8211)2 1 Gl2 (25?))
= 4Q4 1 — 2.2 _ 1 — 2 -1

—8522 21} wa( )% _Dz( e)°, at & ,

8311)2

= + U QMwy(1 —e)’e =0, at &H=1.
3

We also rewrite the general solution (2.31) in dimensionless variables for j = 2 as

wy =P sinh(prQ(1 — £)&) + al? cosh(puQ(1 — €)&) + agz) cos(pvQ(1 — €)&y)

+a'? sin(puQ(1 — €)&,). (2.54)
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Substituting (2.54) into the boundary conditions (2.53) leads to the fourth order

system

where

0o 1 1 0 al? 0
1 0 0 1 al? 0
= .., (2.55)
o @ Gl
m My —Mo —Mg3 02 D_2
my ms mg  mr ) \af 0

1
m = (p*v*Q* — 59452) sinh(pvQ(1 — ¢)),

my =

my =

—~

ms =

my =

mys =
me =

my =

(p*v* Q% — 39452) cosh(pv§(1 — €)),

(P*V*Q* + 39452) cos(pvQ2(1 — ¢€)),

(P*V*Q* + %(2462) sin(pvQ2(1 — ¢)),

(p*v? cosh(pvQ(1 — €)) + Qe sinh(pvQ(1 — ¢)),
(p*v? sinh(pvQ(1 — €)) + Qe cosh(pvQ(1 — ¢)),
(p*v? sin(pvQ(1 — €)) + Qe cos(pvQ(1 — ¢)),

(p*v? cos(puQ(1 — €)) — Qesin(pvQ(1 — ¢€)).
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Above system has non-trivial solution provided that the related determinant equals

zero, using Cramer’s rule, we get the asymptotic solution for the left component as

w = (% - %) & (0 (cos (1 i) pr2(e — 1)
+i (cos ((1 4 i&) poQ(e — 1)) — (1 — i) cos (& — 1) pr€l(e — 1))))
—p3v3<cosh (1= i&) poQe — 1)) + i(cosh (14 &) prQ(e — 1))

—(1 — i) cosh (&2 — 1) puQ(e — 1)) )) + Qe(sin (1 — i&) prS2(e — 1))
+isin (14 i&) poQ(e — 1)) + (1 + 1) sin (& — 1) poQ(e — 1)))
—|—Qg<sinh (1 — i) puQ(e — 1)) + isinh (1 + i&) pr(e — 1))
+(1+4) sinh (& — 1) po§(e — 1)) ))) <D2p2v292(2p3U3
+2cosh(prQ(e — 1)) (p0° cos(puQ(e — 1)) + Qe sin(puQ(e — 1))

Qe sinh(prQ(e — 1)) (prQe sin(puQ(e — 1)) + 2 cos(prQ(e — 1)))))1.

(2.56)

Now, we introduce new dimensionless variable

- Wo D2
W = —5— .
T e Qg

Thus, we can rewrite the exact solution (2.38) and the asymptotic solution (2.56) for

the left component as
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(%)

and

— (((sinh (v&2p2(1 = 2)) = sim (vEap (1 — 2)) (v*p* (cos(C2e)

+ cosh(2e)) (sin(vpQ(1 — €)) — sinh(vpQ(1 — €))) + v?p*(sin(Qe)

— sinh(Qe))(cos(vpQ(e — 1)) + cosh(vpQ(e — 1))

+0°p(cos(Qe) — cosh(Qe)) (sin(vpQ(1 — &) + sinh(vpQ(1 — )

o (sin(Qe) + sinh(Qe))(cos(vp(e — 1)) — cosh(vpQ(e — 1))))

~ (cosh (v2pQe — 1)) — cos (vEpQ(e — 1)) ( = v Dp’ (cos(C2e)

+ cosh(2e))(cos(vpQ(e — 1)) + cosh(vpQ(e — 1))) + v?p*(sin(e)

— sinh(Qe)) (sin(vpQ(1 — €)) + sinh(vpQ(1 — &)))

+u(sin(Qe) + sinh(Qe)) (sin(vpQ(1 — €)) — sinh(vpQ(1 — €)))

08 p(cos(Qe) — cosh(Qe))(cos(vpQ(e — 1)) — cosh(vpQ(e — 1))))))
X (22}/)92 <U4D§p4(cos(fze) cosh(Qe) + 1) (cos(vpQ(e — 1))

x cosh(vpQ(e — 1)) + 1) + U5p( - sinh(QE)(sinh(va(s - 1))( (v%p% + 1)
x cos(Qe) cos(vpQ(e — 1)) + 2vpsin(Qe) sin(vpQ(e — 1)))

+ (12p* — 1) cos(Qe) sin(vpQ(s — 1)) cosh(vpQ(e — 1)))

+ (% + %) sin(02) cosh(€2e) (1~ i) sin((1 + $Jup(e — 1)

+ (=1 — i) sinh((1 + )opQ(e — 1)) ) + v¥(cos(22) cosh(02e) — 1)

-1

X (cos(vpQ(e — 1)) cosh(vpQd(e — 1)) — 1))) : (2.57)
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Wy = ( (% . %) <p3U3<COS (1 — i&) puQ(e — 1))
i (cos (1 + i) prQ(e = 1)) = (1 = i) cos (& — 1) o= ~ 1))) )
—p3v3(cosh (1 — i) puQ(e — 1)) + i(cosh (1 + i€2) poQ(e — 1))
—(1— i) cosh (& — 1) poQ(e — 1)) )) + Qe(sin (1 — i) poQ(e — 1))
+isin (14 i&) poQ(e — 1)) + (1 + 1) sin (& — 1) poQ(e — 1)))
+Qg<sinh (1 — i&) puQ(e — 1)) + i sinh (1 + i&) poQ(e — 1))
+(1+ ) sinh (& — 1) poQ(e — 1)) ))) (p2U692(2p3U3
+2 cosh(pvQ(e — 1)) (p*0° cos(pvQ(e — 1)) + Qesin(pvQ(e — 1)))
Qe sinh(puQ(s — 1))(p0Qe sin(puQ(e — 1)) + 2 cos(prQ(e — 1)))))_1

+0 (). (2.58)

Figures 2.14-2.18 demonstrate the exact solution of the left component ws (2.57) and
the asymptotic solution (2.58) for p = 1, v = 1 and several values of Q and ¢. It
can be seen that with reasonably small values of epsilon, the asymptotic solutions
are providing a good approximation. The following Figures 2.19-2.23 showing the
maximum error over 0 < & < 1 between the exact solution (2.57) and the asymptotic
solution (2.58) with respect to  and e. All Figures 2.19-2.23 demonstrate that the

maximum error is monotonically increasing for increasing frequency.
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0.14

W2 0.08F

0.06

0.04

0.02
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0.0 0.2 0.4 0.6 0.8 1.0

13

FIGURE 2.14: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for Q =1, e = 0.5.

0.25

0.20

0.15

0.05F

OOO I | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | |
0.0 0.2 0.4 0.6 0.8 1.0

)

FIGURE 2.15: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for Q@ = 1.5, ¢ = 0.5.
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FIGURE 2.16: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for Q = 1.5, ¢ = 0.1.
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0.000 &
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0010 ——
0.0 0.2 0.4 0.6 0.8 1.0

)

FIGURE 2.17: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for 2 = 10, ¢ = 0.05.
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FIGURE 2.18: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for 2 = 20, ¢ = 0.05.

max error

0<é<1)
0.010

€=0.05
0.008 -
0.006 -

0.004 -

0.002 -

I L . T I I I | I I I | I I I | I I I | I I Q
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 2.19: The maximum error between asymptotic solution (2.58) and exact
solution (2.57) for € = 0.05.
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max error

0<é2<1)
0.020

0.015
0.010 -

0.005 -

L v T | L L L | L L | L L L | L L | L L Q
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 2.20: The maximum error between asymptotic solution (2.58) and exact
solution (2.57) for ¢ = 0.1.

max error
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 2.21: The maximum error between asymptotic solution (2.58) and exact
solution (2.57) for € = 0.5.
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max error
0<é2<1)
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0.12

T

0.10F
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T
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0.04
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I I | I I I | I I I | I I I | I I I | €
0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 2.22: The maximum error between asymptotic solution (2.58) and exact
solution (2.57) for Q = 1.

max error

0<é2<1)
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0.3
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I I | I I I | I I I | I I I | I I I | €
0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 2.23: The maximum error between asymptotic solution (2.58) and exact
solution (2.57) for Q = 1.5.



Chapter 2. Harmonic vibrations of a composite beam and rod 51

2.2.3 Second case (excitation by modified shear force)

Substituting (2.31) into the boundary conditions (2.29) and (2.30), we finally arrive

at a set of six linear algebraic equations which can be written in a matrix form as
Qv =P, (2.59)

T N T
where Y= <7§1)7 7§1)7 7§1)7 74(11)7 752)7 W§2)> ) Ub = (W’ 07 07 07 07 O> are vectors and
1

QP is a 6 x 6 matrix with the non-zero components given as (2.33).

Using Cramer’s rule to solve (2.59) and using the dimensionless variables (2.36), we

get the exact solution as

w = G + %) NP (1 (2 cos(v(e — 1)) cosh(v(e — 1)p2) +2)
X (sin (e (& — 1)) + cosh(eQ) sin (€Q€,) — cos (eQ€;) sinh(eQ)
+ cosh (€0€,) (sin(eQ) + sinh(eQ)) — (cos(€2) + cosh(e€)) sinh (€Q€;) >D§p4
4 ( cosh(eQ) ( cosh(v(e — 1)pQ) sin(v(e — 1)pQ)
X (qﬂ sin(eQ) sinh (e (&, — 1)) p* + cos (€Q€,) + cos(e) cosh (eQ (&1 — 1)))
— sinh(u(e — 1)p) ((cos(v(e — 1)p2) cos (e0261)
+ cosh (€2 (£, — 1)) (cos(eQ2) cos(v(e — 1)p€2)

+vpsin(e)) sin(v(e — 1)pQ2)) + vpsin(v(e — 1)p2) sin (eQ2;)

+vp(cos(eQ) sin(v(e — 1)p) — vpcos(v(e — 1)pQ) sin(e?)) sinh (e (& — 1)) ))
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—i—sinh(eQ)(cosh(v(e — 1)p9) sin(v(e — 1)pQ) (vz<cosh (€Q (& — 1)) sin(eQ)
+sin (eQ€) )p2 + cos(eQ) sinh (€9 (&, — 1)) )

+sinh(v(e — 1)pQ) (Up( — cos (€Q€)) sin(v(e — 1)pQ)

+cosh (€92 (& — 1)) (upcos(v(e — 1)) sin(e) — cos(e) sin(v(e — 1)p8))
+upcos(u(e — 1)pf2)sin (€061) ) — (cos(e€2) cos(v(e — 1)p2)

Fupsin(eQ) sin(u(e — 1)pQ)) sinh (eQ (&, — 1)) )))Dlsz

+(2cos(v(e — 1)p9) cosh(v(e — 1)pS) — 2)( ~sin (eQ (& — 1))

+ cosh(e) sin (¢Q€,) + cosh (eQ€;) (sin(eQ2) — sinh(eQ)) — cos (€Q¢; ) sinh(e)
+(cosh(eQ) — cos(eQ)) sinh (eQ¢;) )D%)) <93D1 ((1 +i)ut

x (cos(€€2) cosh(e€2) + 1)(cos(v(e — 1)p) cosh(v(e — 1)pQ) + 1)D2p*

+v ( cosh(e) sin(eQ)( (0?0 + 1) sin((1 + i)v(e — 1)pQ)

+ (v2p? — i) sinh((1 + i)o(e — 1)pQ))

—(1+1) sinh(eQ)( (0% = 1) cos(eQ) cosh(v(e — 1)pQ) sin(v(e — 1)pf2)

+ ((v*p* + 1) cos(e92) cos(v(e — 1)p€2) 4 2vpsin(e) sin(v(e — 1)pN))

x sinh(v(e — 1)pQ)>>D1D2p + (14 4)(cos(€Q) cosh(eQ) — 1) (cos(v(e — 1)p€)

x cosh(v(e — 1)pQ) — 1)df>>1, (2.60)
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and

wy = (Nz3((cosh (0EapQe — 1)) — cos (vEapQ(e — 1)) ( — 03 Dyp? (sin(Qe)
+sinh(Qe))(cos(vpQ(e — 1)) + cosh(vpQ(e — 1))
— 12 Dyp?(cos(Qe) + cosh(Qe)) (sin(vpQ(1 — €)) + sinh(vpQ(1 — €)))
+uDyp(sinh(Qe) — sin(Qe)) (cos(vp(e — 1)) — cosh(vpQ(e — 1))
— D (cos(e) — cosh(Qe)) (sin(vp(1 - €)) = sinh(vpQ(1 — €))) )
— ((sinh (VP21 — ) = sin (VEpQ1 — €)) ) (V7 Dap’ (sin(2e)
+sinh(Qe)) (sin(vp(1 — €)) — sinh(vpQ(1 — ¢)))
— 02 Dyp?(cos(Qe) + cosh(Qe)) (cos(vpQ(e — 1)) + cosh(vp(e — 1))
+u Dy p(sin(Qe) — sinh(Qe)) (sin(vpQ(1 — €)) + sinh(vpQ(1 — €)))
— D (cos(2e) — cosh(Qe)) (cos(vpQ(e — 1)) = cosh(vpQe 1)) ) ) )
X (zupm (U4D§p4(cos(gze> cosh(Qe) + 1)(cos(vpQ(e — 1)) cosh(vpQ(e — 1)) + 1)
~|—UD1D2,0< - sinh(Qe)(sinh(va(e - 1))( (0202 + 1) cos(Qe) cos(vpQ(e — 1))
+2upsin(Qe) sin(vpQ(e — 1))) + (v2p? — 1) cos(Qe) sin(vpQ(e — 1))
x cosh(upf(e — 1)) + (% + %) sin(Q2e) cosh(Qe) ( (1 - iv?p?)
xsin((1+ DJupf(e — 1)) + (= 1= iv*?) sinh((1 + D)opQ(e — 1)) ) )

+ D3 (cos(Qe) cosh(Qe) — 1)(cos(vp(e — 1)) cosh(vpQ(e — 1)) — 1)))_1, (2.61)

1 1

D\ 1 1

where v = <—1) and p = (@> .
D, P1

In order to check our result we are setting x = [ — H which implies &, =0 and & =1

when € — 0 into (2.60) and (2.61), we obtain
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_ N3(cos(vp) sinh(vpQ) — sin(vpQ) cosh(vp2))

Wy = We V3 Dy 3§23 (cos(vps2) cosh(vp2) + 1) ’

which is an additional verification of the solutions.

2.2.3.1 Asymptotic analysis a composite beam

Consider the equation of motion (2.39) subject to

ow
w1 = Wy, (1-{:‘)%1 :€U}H£1, at fl :0,
. - ! (2.62)
w1 w1 3 3
8&% 3 1 3{% € ) a gl )

where functions

_ NI3(cos(vpQ) sinh(vpf2) — sin(vpQ)) cosh(vp))

o 3 Dap3Q3(cos(vpQ) cosh(vp) + 1)

and

B N3 sin(vpQ?) sinh(vpQ)
02 Do p?Q2(cos(vp2) cosh(vpQd) 4 1)

WHe =

are given on the interface.

The deflection w; can be expanded into an asymptotic series in terms of € as (2.41).

Substituting expansion (2.41) into the boundary value problem (2.39)-(2.62), we ar-

rive at the problem formulated at the various asymptotic orders n = 0,1,2,...,
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namely
84 (n) e
521— — Q' =0, (2.63)
1
subject to
wgn) = wg—?)a 51 = 07
8w§") ngnfl) (n)
afl - 851 = wH§1 at 51 = Oa
82w§n) (2.64)
——— =0 at =1
86% a 61 )
83 (n)
D, azgé — NOPB® at g =1,
1

where quantities with the negative superscript are set to be equal to zero. The only
non-zero components wgl), w{,@l and NMWPBEM are wl(g) = wy, wgél = wpye, and

N®PBG) = N3 respectively.
Substituting subsequently n = 0,1, 2, 3,4 into (2.63)-(2.64) we obtain

U)(O) = W
1 — WH,

1
w§ ) = Whe &1,

wi? = wpe, &1, (2.65)
1 N3 1N
wgi’») = walgl — §D—1§% + aﬁgf,

1 1 1
w§4) =wye, &1 + ZQ4UJH£% - 69410}15% + ﬁ94wH§f-
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Finally, using expansion (2.65) together with the relations (2.45) and (2.46) to obtain

moment and shear force on the interface at £ = 0 in the form

4

D0

M, = —Nle + 2112 wget + ..., (2.66)
D,Q*

Ny=N— 2" wye+.. (2.67)

/3
Note that the formula above which present expansion of moment and shear force on

the interface will use later to find the asymptotic solution for the left component.

2.2.3.2 Testing of asymptotic formulae

In order to validate the asymptotic results obtained in the previous section, consider
the right component over the domain [ — H < x < [. We take equation of motion
(2.39) subject to boundary conditions (2.62). The solution of the formulated problem
is then sought for in the form (2.31) for j = 1, and we finally arrive at a set of four

linear algebraic equations which can be written in a matrix form as
Q-5 =T, (2.68)

T _
where 7 = (ﬂ”ﬂé”ﬂé”ﬂ?) , Ub = (Nl3,0,wH,wH§1)T are vectors and QP is a
4 x4 matrix with its non-zero components given as (2.50) and the sought for constants

%.(1), 1 =1,2,3,4 are presented in Appendix B.3.
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Next, we rewrite solution (2.31) for w; in terms of dimensionless variables and expand

it into Taylor series about € = 0 arriving at the asymptotic expansion

3 . 2
wi = wy + g e + Swng e + (l N (EIDI 3) & + £1ng1> g
+ (igf (& —4)& +6) Qwy + gle&) e+ 0 (). (2.69)

It can be easily checked that formula (2.69) coincides with asymptotic solution (2.65)
which is an extra validation of the presented derivation.
Let us now test the moment and shear force on the interface at & = 0, substituting

(2.69) into (2.45) and (2.46) we obtain (2.66) and (2.67).

Now, we seek to find the asymptotic solution for the left component. We rewrite the

equation of motion (2.26) as (2.52) subject to

we =0, at & =0,

(‘;—?2 = 0, at 52 = 0,

822;2 1 NP (270)
9 §Q4v4w2(1 —g)%e? = D—2(1 —e)’e, at & =1,

Pw N3

(%32 + QMtwy (1 — €)’e = E(l —e)3, at & =1

We also rewrite the general solution (2.31) in dimensionless variables for j = 2 as

(2.54).
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Substituting (2.54) into the boundary conditions (2.70) leads to the fourth order

system
0o 1 1 0 al? 0
1 0 0 1 al? 0
= 2.71
_ . . . @ NZS ’ ( )
m m; —Mgy —Mg Qg D—2€
— — (2) N3
my m m m Q —_—
4 5 6 7 4 Dy
where

m = (p*0*Q2 — %(241)452) sinh(pv(1 — ¢)),

= o et

o = (P00 SN con{p(1 - )

s = (P20 + QM) sin(pu0(1 - 2)),

i = (" cosh(puQd(1 - &) + Quesinh(pvQ(1 - <),
ms = (p*sinh(pvQ(1 — €)) + Que cosh(pvQ(1 — €)),
mg = (p°sin(pvQ(1 — ¢)) + Que cos(pvQ(1 — ¢)),

mr = (p* cos(pvQ(1 — ¢)) — Quesin(pvQ(1 — ¢)).

Above system has non-trivial solution provided that the related determinant is non-
zero. Then, using Cramer’s rule, we get the asymptotic solution for the left compo-

nent as
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wy = ((i + 2)131\1((1 e (2,02129 + e <U3Q3 + 2)) sin ((@ - 1>,0UQ
x(e=1)) + (1= )& (vQ +2) = 2200 sinh ( (& — 1) poQe — 1))
'@t sin (1= igg) prQ(e — 1)) + v'Q'esin ( (1+i&) poQ(e — 1))
—iv' Qi sinh ( (1 - i) pfd(e — 1)) + v Q1 sinh ( (14 &) p&fe — 1))
200 sin ( (1 - i€) poQ(e — 1)) + 200 sin ( (1 +i€) prQ(e — 1))
—2iu0¢? sinh ( (1 — i&) puQ(e — 1)) + 200¢ sinh ( (1 + i) puQe — 1))
+2p36< e ((1 &) puQe — 1)) + cos ((1 i) puQe — 1))
(1= i) cos (& — 1) p&d(e — 1)) ) + 2ipPecosh ( (1= igz) pr&d(e — 1))
—9p3ecosh ( (1 + i) puQ(e — 1)) + (2 — 2i)pe cosh ( (€2 — 1) poQ2(e — 1))
—~2ip*22sin ( (1 - i&) puQe = 1)) + 20200 sin ( (1 + &) pu&d(e — 1))
+2ip*0?(? sinh ( (1 — i&) puQ(e — 1)) — 2p*?(?sinh ( (1 + i) pQ2
(e — 1)))) (szwm (2p3 + 2cosh(puQ(e — 1)) (,03 cos(puQ(e — 1))

+vQesin(pvid(e — 1))) — vQesinh(pvQ(e — 1))(pvQesin(pvd(e — 1))

12 cos(puQ(e — 1)))))‘1. (2.72)

Now, we introduce new dimensionless variable

N_UJQDQ
Wo = l3 N

Thus, we can rewrite the exact solution (2.61) and the asymptotic solution (2.72) for
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the left component as

—~

(%)

and

— (((cosh (v&ap2(e — 1)) = cos (vEapQe — 1))) (= v*p* (sin(2e)
+sinh(Qe)) (cos(vpQ(e — 1)) + cosh(vpQ(e — 1)) — v*p?(cos(Qe)

+ cosh(Q€)) (sin(vpQ(1 — €)) + sinh(vpQ(1 — €)))

+v°p(sinh(Qe) — sin(Qe))(cos(vpQ(e — 1)) — cosh(vpQ(e - 1)))

—u' (cos($2e) — cosh(Q2e))(sin(vpQ(1 — €)) — sinh(vpf(1 — ))))

—( sinh (vE2pQ(1 — €)) — sin (vEapQ(1 — €)) ) <U3p3(sin(Q€) + sinh(Qe))
% (sin(vpQ(1 — €)) — sinh(vpQ(1 — €))) — v Dap?(cos(2e)

+ cosh(92¢))(cos(vpQ(e — 1)) + cosh(vpQ(e — 1))) + v°p(sin(Qe)

— sinh(Qe))(sin(vpQ(1 — €)) + sinh(vpQ(1 — €)))

—v*(cos(§2e) — cosh(Qe)) (cos(vpQ(e — 1)) — cosh(vpQe 1)) ))

X (2va3 <U4p4(cos(Qe) cosh(Qe) + 1)(cos(vpQ(e — 1)) cosh(vpQ(e — 1)) + 1)
+U5p< - sinh(Qe)(sinh(va(e - 1))( (022 + 1) cos(Qe) cos(vpQ(e — 1))
+2upsin(Qe) sin(vpQe — 1))) + (12p* — 1) cos(Qe) sin(vpQ(e — 1))

x cosh(vpQ(e — 1))) + (% + %) sin(Qe) cosh(Qe)( (1— iv2p?)
xsin((1+ DJupf(e = 1)) + (= 1= iv*?) sinh((1 + )opQe - 1)) ) )
08 (cos(Qe) cosh(Qe) — 1)(cos(vpQ(e — 1)) cosh(vpQ(e — 1)) — 1)))_1,

(2.73)
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W2

(0o s (o 2o (6 st )
+(1 = (& (0°9% +2) — 20200 sinh ( (& — 1) p(e — 1))

i@t sin (1= ig) prQ(e — 1)) + v'Q'esin ((1+i&) poQle — 1))

—iv' Qi sinh ( (1 - i) pufd(e — 1)) + v Q1 sinh ( (14 &) p&fe — 1))
200 sin ( (1 - i€) poQ(e — 1)) + 2006 sin ( (1 + &) prQ(e — 1))
—2iuQe? sinh ( (1 — i) puQe — 1)) + 200¢? sinh ((1 i) puQe — 1))
+2p36< — jcos ((1 &) puQ(e — 1)) + cos ((1 i) puQe — 1))
—~(1—i)cos (&= 1) poQe 1)) ) + 2ipPecosh ( (1 = i&) prQ(e — 1))
—9p3e cosh ( (1 + i) puQ(e — 1)) + (2 — 20)pe cosh ( (€5 — 1) poQ)(e — 1))
~2ip?2sin (1 i&) puQe — 1)) + 20200 sin ( (1 + &) pu&d(e — 1))
+2ip*0%0? sinh ((1 — i) puQe — 1)) — 2p*?(?sinh ( (1 + &) puQ(e — 1)))
(p%m? <2,03 +2cosh(puQ(e — 1)) (p® cos(puQ(e — 1)) + vQesin(prQ(e — 1)))

—vQesinh(pvQ(e — 1)) (pvQesin(pvQ(e — 1)) + 2 cos(pvd(e — 1)))))1 (2.74)

Figures 2.24-2.27 demonstrate the exact solution of the left component wy (2.73) and

asymptotic solution (2.74) for p = 1, v = 1 and several values of 2 and €. As an

example Figure 2.28 shows the maximum error over 0 < & < 1 between the exact

solution (2.73) and the asymptotic solution (2.74) for Q@ = 1. Clearly, as in the

previous case of a rod the maximum error is monotonically increasing for increasing

E.
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FIGURE 2.24: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for Q@ =1, e = 0.1.
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FIGURE 2.25: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for Q@ = 1.5, ¢ = 0.1.
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FIGURE 2.26: Comparison of asymptotic solution (2.58) (dashed line) and exact

solution (2.57) (solid line) for Q =1, e = 0.5.
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FIGURE 2.27: Comparison of asymptotic solution (2.58) (dashed line) and exact
solution (2.57) (solid line) for Q@ = 1.5, ¢ = 0.5.
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FIGURE 2.28: The maximum error between asymptotic solution (2.58) and exact
solution (2.57) for = 1.
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In conclusion, 1D problems for a composite rod and composite beam have been con-
sidered in this chapter. In section 2.1, we studied harmonic axial vibrations of a
composite rod. We assumed the boundary conditions (2.2), corresponding to the
fixed left end and the right end subject to external loading, and also the continuity
conditions (2.3) are assumed, corresponding to the perfect contact of two compo-
nents. Then, we obtained the exact solutions (2.8), (2.9) for a two component rod in
dimensionless variables. The asymptotic integration method has been used to obtain
the effective stress (2.17) on the interface between the components. Comparison of
asymptotic solution (2.25) and exact solution (2.24) has been performed, showing
a good agreement. In section 2.2, harmonic vibrations of a composite beam have
been investigated. Two cases of the boundary conditions have been imposed, one
corresponding to absence of the modified transverse shear force at the right end and
another one with no bending moment at the same end. Exact solutions have been
obtained for both sections. Then, a perturbation scheme has been established. The
effective moment and shear force (2.47), (2.48),(2.66), (2.67) on the interface between
the components have been derived. Finally, comparisons between the asymptotic so-

lutions and the exact solutions have been presented for both cases.



Chapter 3

The elastic bending wave on the
edge of a semi-infinite plate

reinforced by a free strip plate

In this chapter, elastic waves localised near the edge of a semi-infinite plate reinforced
by a strip plate are considered within the framework of the 2D classical theory for
plate bending. In Section 3.1, the governing relations are presented, and then the
exact dispersion relation for a composite plate is derived. In Section 3.2, the boundary
value problem for the strip plate is subject to asymptotic analysis, assuming that a
typical wavelength is much greater than the strip thickness. As a result, effective
conditions along the interface corresponding to a plate reinforced by a beam with
a narrow rectangular cross-section are established. In Section 3.3, the asymptotic
results are validated by considering a model boundary value problem for a strip

plate. Finally, in Section 3.4, the approximate dispersion relation is derived. The

66
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accuracy of the approximate dispersion relation is tested by comparison with the
numerical data obtained from the ‘exact’ matrix relation for a composite plate. The

effect of the problem parameters on the localisation rate is also studied.

3.1 Statement of the problem

Consider a thin isotropic elastic semi-infinite plate of thickness 2h, reinforced by a
strip plate of the same thickness and width H with A << H. The origin of the
Cartesian coordinate system is chosen to be on the midplane of the composite plate
with the xr—axis directed along the edge of a strip plate and y—axis directed into the

interior as shown in Figure 3.1.

FIGURE 3.1: A semi-infinite plate with the edge coated by a strip plate.

The governing equation of motion in the classical Kirchhoff theory can be written as

[9]
0*w;

55 =0 J=12 (3.1)

Dj <(‘94wj 9 (9411]]‘ 6421)]'

2p;h
ox* + 0x20y? + oy* ) +2h
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where ¢ is time, w; are midplane deflections, p; are mass densities, and D; are bending

stiffnesses given by

b 2B
I 3(]. — I/j>7

where F; are the Young’s moduli and v; are the Poisson’s ratios; hereinafter index 1
is used to denote parameters corresponding to the strip plate, whereas index 2 stays
for the semi-infinite plate.

The boundary conditions on the free edge y = 0 are imposed in such a way that both

bending moment and modified shear force are set to zero, i.e.

O*w O*w PPw PPw
L 1 1 +<2_V1)31:T31y =0. (3.2)

The continuity conditions along the interface y = H for perfectly bonded plates are

taken as

w, = wa,
Owy _ Oy
oy oy’
(3.3)
82101 82’11]1 . 8211)2 8211)2
Dl( oy? T 0x? > _DQ( 0y? v Ox? >’
D,y Py 3w, F3ws
D ( o7 T2 V1)8x28y> = D o7 T2 ”2)ax2ay>‘

The conventional harmonic travelling wave solution of plate bending equation (3.1)
is given by

wj(z,y,t) = wi(y)e =D j=1,2, (3.4)
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where w is the frequency and k is wave number.

Substituting the latter into (3.1), we have

d'w;(y) d*w;(y) 2phw?
— 2k —L2 4 (K — T )w;(y) = 0. 3.5
Then

w] (y> — C](_j)ek)\ljy _'_ Céj)e*k)\ljy + Cg()j)ek/\gjy + Cij)efk)\gjy’ (36)

w [2p;h
where A\i; = /147, Ay =+/1—1, N7 2 Dj
\ L

As a result, the deflection of each of the plate may be presented as
wj(x7 v, Zf) _ pilkz—wt) <C’£j)6k')\ljy + CQ(j)e—k’)\ljy + C«éj)ek/\zjy + Cij)e—k)\2jy>7 (3.7)

where ij ), Céj ) , C’éj ) and C’f ) are arbitrary constants. For the decaying at infinity
solution corresponding to the sought for edge bending wave, we set C’f) = C§2) =0.

From the definition of \y; it follows that 1 —~; > 0, j = 1,2 and using v; = 4/ %’yg,

D
where D = D—l, p= &, resulting in a condition for material parameters of the plates
2 P2

This condition ensures localized waves.
Next, we insert formulae (3.7) into the boundary conditions (3.2) and continuity rela-

tions (3.3) leads to a homogeneous system of order six with the non-zero components
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of 6 x 6 matrix M given by

My = Mo = )\fl —vy, Mz =Myay= /\31 -

Myy = =My = Ai(M; + 11 — 2),

Myy = =My = Ay (N3 4+ 11 — 2),

Mz = Ane™, My = —Aje ™0 Mgy = Agpe’®'’,

Msg = —Xg1e %, Mg = Ape 2%, Mag = Appe 22,

My =M My =e 0 My = e,

My = e My =—e 2 My =—e ™,

Msy = D(X], —1)eM®, Msy = D(N], — vy)e M,

Mss = D(X3, —11)e™°, Msy = D(X3, — vy)e

Mss = —(Ay — 19)e ™12, Mz = —(A, — va)e 2,

Mgy = DAy (N2, + vy — 2)eM® Mgy = —DA (M2 4+ vy — 2)e 110,

Mg = DAy (N2, + vy — 2)e?®, Mgy = —DXoy (M2, 4+ 1y — 2)e 20,

Mes = Ma(N2y + 15 — 2)e™™M20 Mg = Mo (A2, + 1 — 2)e 220,
where

D:%, p:%, § = kH, (3.8)

and a relation



Chapter 3. The elastic bending wave on the edge of a semi-infinite plate reinforced
by a strip plate 71

has been used, which has non-zero solutions provided that det (M) = 0. As a result,

we deduce the dispersion relation

D2( — sinh(A1) sinh(8har) (1 — A2,)2A8, + 2<Cosh((5)\11) cosh(6ar) — 1)
xA1(A2] — ) (A2 4+ vy — 2)A5, — sinh(6Aq;) sinh(d)g1)

x (A?l A — 2N — (11— 2)(3 + 2)N2, + 2(v — 2)y12> AL
—4<cosh(5/\11) cosh(dAg) — 1))\11()@1 — ) (AN v — 2)A

+sinh(6Ar) sinh(6)a1) (2m§31 4 (1 — 2) (301 + 2)N,

+4(1y — 2)2n ], — (1 — 2)2yf))\§1 + 2<cosh((5)\11) cosh(dAg1) — 1)

x(v1 = 2)nd1(v1 — A2 (A2 + vy — 2) A1 — sinh(6Aq;) sinh(d)g1)

K V2NZ (N2 + vy — 2)2) + D()\H)\gl <<()\§2 2 + zyg) AL

(08 = 208 (0% = 4) = 4 ) X + 2] (0, + 20 — 2) + 20004 (X, - 2)
2, (1 — A2 (1 — A2) (Afl A2 20 — 4) 4 2 (vy — 1)

X ( — A 20, = A5 223, +2(v — 2)y1) — 7 ((Afl + A2, +4)A5,
120 = 208, + 33 +4)) + (= 05— 2) (M - 03+ 04 - )
=20, (M = 228, + X = 28, = 4) ) ) + sinh(0a1) (osh(d11) sz + Aaa)
(A1 — Aa1)(An + Aar) (AHAQQ(AZ{I Y= 2) (1 — A2) — (i — AN
x(A2 + vy — 2)) + sinh(6A1;) (y2(y1 AN+ (2(A§2 Y — 2N,
(2= 3 — (M = 2 +2)) 4%, + 1 (O, + 3 — 2) — 4 ) )2,

H = (2= B — (0%~ 20+ 2)) Xy — 201 - 2) (233
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+3vy —4) — 21/2> M+ (v — 2 (1/1()\32 + 20y —2) — 21/2>>)\%1

02 (N2 + vy — 2) (yl(/\§2 420y — 2) + (N2 — 2)) + 2, (QA;g

—(n + 2N+ yf)xgl + ( (2N, — A — 2N+ (1 — 2);/12)A§1
U2 (02 4 — 2)) + Ao <(V1 AN+ <2X{1 (2 - 3m)A2,

P (B = )X+ (=A% (2= Bv)Ad = 20— 2)(3n - 2N

12 — 2) (11 — 1)V1)A§1 2 (2, o — 2)(N2, + 20 — 2))))

+ cosh(é)\gl))\gl(sinh(d)\ll)()\m + das) (M1 — Aan)(Ar + Aan) (A%l()\fl Y —2)
X (11— A3y) = Madaa (1 — A3 (NG + vy — 2)) + cosh(é)\11))\11< - ((A§2 —9)
X2, + m)xgl + <41/2 %, - 2N (N2 — 4))A§1 — WA, + 20 — 2)
20 A2 (N2 —2) = A%, (1 — A2) (1 — A3 (AN + A5, 20 —4) — 20000
x(on = 1) = M+ 238 = M 20+ 200 — 2 ) + (N + AR + X
1205 = 208, + X +4)) + 1 ( (M — 2 — 4X, + 2, — 03)

o\ — 202 1AL - 262 - 4))))) + ( . (()\12 4 o)? — 2) "
A (A2 s + 2)) ( A3+ sinh(A) sinh(6Xa1)

(i — A2)AL, + A (2 cosh(5A11) cosh(8Aa1) (A2, — 1) + 2) A3

— sinh(6A1;) sinh(6Aa1) (x;l 2 — 202, — (1 — 2)VI>A§1

—i—)\n( — A1; + 2A], + 207 — 4vy — 2cosh(6A11) cosh(G A1)

(M4 01 = 2)01) ) A + sinb (@A) sinh(GAa1)vi A (N + 01 = 2)) = 0. (3.9)
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Equation (3.9) at H = 0 coincides with Konenkov’s dispersion relation [79], [34].

Indeed, we obtain from (3.9)
)\%2>\g2 + 2(1 — VQ))\lQ)\QQ — 1/22 = 0,

resulting in

)\12)\22 =V 1— C4, (310)

with

1

c= [(1 - y2)<3y2 12202 — 20+ 1)}1.

The last dispersion relation can be re-written as
Dyk*ct = 2pyhu?. (3.11)

The goal of the chapter is to derive a perturbation to the above mentioned Konenkov’s
edge bending wave on a homogeneous plate, assuming that H < [, where [ is a typical
wave length for a travelling harmonic wave. Instead of studying a pretty tedious
dispersion relation (3.9), in what follows we reduce the influence of the plate strip
to effective boundary conditions along the interface y = H, similarly to those for a

coated elastic half-space, e.g. see [34].
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3.2 Effective Boundary Conditions

In order to obtain effective boundary conditions we first aim at expressing the bending
moment and the modified shear force at the interface y = H through given deflection
and angle of rotation. The strip plate is considered separately as shown in Figure
3.2, having traction free upper face and prescribed displacement and rotation angle
on the lower surface of the plate. Thus, for the strip plate we are solving the equation
of motion (3.1) subject to the traction free boundary conditions (3.2) at y = 0. At

the interface y = H we have

W1 |y=H = WH, - == —GH, (312)

where functions wy = wg(z,t) and Gy = Ggy(x,t) are assumed to be known.

=

Iy

FIGURE 3.2: A strip plate with free upper side and loaded lower side considered
separately

Below, we adapt the asymptotic methodology similar to that for thin elastic struc-
tures, e.g. see [1], [34] and references therein. First, introduce the following dimen-

sionless variables

(3.13)
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where 7 has been introduce in such a way that it would asymptotically balance a

fourth order plate bending equation.

In terms of new variables the governing equation (3.1) becomes

(94w1 8411)1 8471)1 (92w1
- 422 4 =0 3.14
it aga - (G + ) 0 o

subject to the boundary conditions

0 w1 2 82’(1}1 0 w1 2 8311)1
=0, — =0 at =0,
o TS T g TTP Mg, T M m
(3.15)
awl
w, = wy, — =eGy at m =1,
om
where a small parameter £ has been introduced as
H
£=—.
l
A deflection w; can be expanded into an asymptotic series in terms of ¢ as
wy = w” + wVe + w?e? 4 w®ed 4 wWet (3.16)

Substituting expansion (3.16) into the boundary value problem (3.14)-(3.15), we ar-

rive at the problem formulated for various asymptotic orders n = 0,1, 2, ..., namely

84w§n) 84w§"72) 84w§"74) 8%05"74)
+ 2
oni oE2om; o or?

=0, (3.17)
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subject to

2w 2w B P!

+v =0, +2—-1)—=—==—=0 at =0,
(n) '
m _ 9w _
= — = t =1
wy Wy, B H at m )

where quantities with the negative superscript are set to be equal to zero. The only

non-zero components wg) and G’gl) are wl(g) = wy and Gg) = (i, respectively.

Substituting subsequently n = 0,1, 2, 3,4 into (3.17)-(3.18) we obtain

@ _  nlm—1)Pwy
wy; " = — y
2 0¢?
3) _ 82GH (1/1 — 2) 1241 (2 - 31/1) 4 — 51/1
= 5 ( ; i‘"+5nf+ 5T , (3.19)
4) i 8410}[ B 82wH 4 V1(1/1 — 2) 6411)[{ 3
RV (2m -1 oer  ore Jui + 6 oct h
2 94 4
vi Pwy lawH_ 5 _ 0*wy
4 get ! 6<8ﬁ (6 =40 '06%4)m
1 2 8411}]-1 18211)]{
+ﬂ(141/1—101/1—3) 864 —g (97'2 .

Now, using expansion (3.16) together with continuity conditions for moments and
shear forces on the interface, we obtain effective boundary conditions for the semi-

infinite plate at 7o = € in the form

83w2 I 8311;2>

0&§20m; ony
6211}2 82w2

Dy (V2 —052 + —8173

twy  0%ws )

D2<<2 — ) o¢* or?

- —ng((1 )

83w2

8528772 '

(3.20)
) — —eDi2(1— 1)
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Returning back to the original variables, effective boundary conditions at y = H can

be re-written as

83102 83’11)2 8411}2 2p1h 82w2
Dy( (2 —wy) + =—-D1H ((1 )5+ > ) >

0x20y  0y3
82w2 8211)2 a37~U2
Dg <V2 8;52 + ay2 > = —DlH 2(1 — V1>—8x28y.

The right hand sides of the above equations can be re-written to demonstrate anal-
ogy with the problem for a semi-infinite plate reinforced by a beam with a narrow

rectangular cross-section 2h x H, taking the form

8311)2 83w2 84’(1)2 821112
D < 2 — ) = _FE. ] —= _ -2
2= r2) 500, T G H gt T M g (32
D < 8221)2 n 02’LUQ> 83w2
Vy—— + —— | = —
2\ 922 Oy? Y920y
where A is the area of the beam’s cross section, G; = — 1 is the shear modulus

2(1 4+ 1y)

of the beam, I, is the area moment of inertia, and J; is the torsional constant, given

by

2
A =2hH, I, = th3, J, = §Hh3.

To conclude, the formulae (3.22) are, to within the inertial terms, identical to the
boundary conditions in [38],[39],[91],[108], written for a beam with an arbitrary cross-
section. It is worth noting that the rotation inertia does not appear at the second

equation (3.22) at the leading order approximation.
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3.3 Testing of effective boundary conditions

For validating the asymptotic results obtained in the previous section, consider a
model boundary value problem for a strip plate over the domain 0 < y < H. We take
an equation of motion (3.1) for j = 1 subject to homogeneous boundary conditions

(3.2) at y = 0 and impose the boundary conditions

8w1

AR e 3.23
o |, H (3.23)

W1 |y=H = WH,

at y = H with functions wy(x,t) and Gy(x,t) specified as travelling waves wy =

Aeitkr=wt) and Gy = Belh*=+1)  regpectively.

The solution of the formulated problem is then sought for in the form (3.7) for j = 1,
and we finally arrive at a set of four linear algebraic equations which can be written

in a matrix form as

Q-C=1, (3.24)
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T
where C = (C’fl),C’Q(l), C’él),C’f)> , U=1(0,0, A, k;B)T are vectors and QQ is a 4 x 4

matrix with the components given by

Qu = Q12 = ()\%1 - Vl), Q13 =Quu = (Ail — 1),

Qo = —Q = A} — (2— 1)1,

Qo3 = —Q21 = A3 — (2 — 1) a1,

Qs =M, Qu=eM" Qg =" Qy=e
Qu = A1eM°, Quo = —Ape M,

Qa3 = )\216)‘216, Qua = —Agre 10,

The sought for constants C’i(l), 1 =1,2,3,4 are presented in Appendix C.1.

Next, re-write a solution (3.7) for wy in terms of dimensionless variables and expand it
into Taylor series about § = 0, where 9§ is defined in (3.8), arriving at the asymptotic

expansion

wy = &) (A +6B(m — 1) + 5%4%(771 —1)?

— S lm = 1P (= 25— 4
(3.25)

A
+ 54%(771 = 1)?((0f + 201 — )i + (29% + 40f — 4y = 2)m
+ 3y + 1407 — 100, — 3)) + ...
It can be easily demonstrated, that at £ = ¢, i.e. at [ = 1/k the last formula coincides

with the expansion (3.16) with the coefficients (3.19), in which functions wy and Gy

are defined as wy = A’ and Gy = Bellé~n7),
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Let us now test the derived effective boundary conditions for the chosen wy and Gg.

To this end, express first the continuity conditions (3.3) as

83w2 83102 1 6321}1 _9 83w1
Do =gy, + g ) =P gy 0 ) (3.26)
OPwy | Pwy\ 0%y 0%y
D2 <l/2—a€2 + —8’[73 ) = D1 (Vl—afz + (5 87’/% )

Substituting expansion (3.25) into the right hand sides of the above equations, and

keeping only O(6) terms, we obtain effective boundary conditions (3.20), where wy =

. 0 )
wy = Ae'&n7) and g _ Gy = Be'®n7) are inserted into the right hand side of

T2

equations (3.20), namely

83w2 83w2

Dy (2 — v +
(=) 5e +
82’11]2 82102
D 2
2<V2 €2 + on3

) = ODIA(E + v — 1) + O(8%),

) = —62D,B(v; — 1) + O(8?).

Clearly, the right hand side of the last equations is small as § — 0, showing the
effect of a thin coating plate. The purpose of approach is restricted to the long wave

domain given by the strong inequality § < 1.
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3.4 Approximate dispersion relation

We aim at finding an asymptotic dispersion relation over the domain H < y < o0
by using the derived effective boundary conditions (3.21) together with equation of
motion (3.1). The solution is sought for in the form of a travelling harmonic wave
(3.7). As a result, we deduce an approximate dispersion relation, which could be

re-written in dimensionless variables as

21—\l =B +1 -9 — 13

Setting 6 = 0 in the above equation, we obtain the well-known dispersion relation of

(3.27)

the bending wave on a free edge of a semi-infinite homogeneous plate [79]. Introducing
new notation

o Vi-0 (3.28)

2 )
9

above equation (3.27) can be presented in the form

vi (¢0°13 +20(1 — 1n) — 1)

+64/2(1+ ¢3) (D(1 — ) (L + vy +2¢13) — p (1 — ¢*v3) ) = 0.

(3.29)

H 1
In this equation § = kH ~ T < 1 where [ ~ z is a typical wavelength which is

much greater due the original assumption. Expanding ¢ into a series about 6 = 0

¢ =0+ p10+... (3.30)
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and substituting it into dispersion relation (3.29), we obtain

1205 - 20+ 1
— . :

®o
2

b= T L) v 200d) = o1 = )
= 2 ’

V23 (govs — va + 1)

where ¢ corresponds to Konenkov’s wave on a free edge of a homogeneous semi-
infinite plate, while ¢, is associated with the correction due to the effect of a strip

plate.

Figures 3.3 and 3.4 demonstrate the solutions of the exact dispersion relation (3.9)
and its asymptotic expansion (3.30) for several values of the relative stiffness D and
relative density p of the strip plate. In Figure 3.3 the function ¢ is plotted at p = 1.0
and D = 1.0, 1.1, 1.3. In Figure 3.4 D = 1.0 and p = 1.0, 0.95, 0.8. Figure 3.3
shows that decay of ¢ is greater at larger D and, hence, the localisation of the edge
wave becomes more pronounced. Similarly, in Figure 3.4, the decay rate decreases at

larger p, and as a result, the edge wave has a greater spread over the interior.
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To summarize this chapter, a semi-infinite plate with the edge reinforced by a strip
plate has been studied. For a strip plate, an asymptotic procedure has been developed
to derive effective boundary conditions at the interface. The associated approximate
dispersion relation for edge bending waves have been analysed. The obtained results
have been compared with the exact solution of the original problem for a composite
plate. The results obtained in this chapter motivated us for considering a simpler
setup, namely, a plate with edge reinforced by a beam, which is exposed in the next

chapter 4.



Chapter 4

The edge bending wave on a plate

reinforced by a beam

The chapter is organized as follows. In Section 4.1, the edge bending wave on a thin
isotropic semi-infinite plate reinforced by a beam is considered within the framework
of the classical plate and beam theories. The boundary conditions at the plate edge
incorporate both dynamic bending and twisting of the beam. Then, in Section 4.2, a
dispersion relation is derived along with its long-wave approximation. The effect of
the problem parameters on the cutoffs of the wave in question is studied asymptoti-
cally. Finally, in Section 4.3, an illustrative example of comparison of the dispersion
curves for a composite plate-plate structure and a plate reinforced by a beam is pre-

sented.

85



Chapter 4. The edge bending wave on a plate reinforced by a beam 86

4.1 Statement of the problem

Consider a thin isotropic elastic plate stiffened by an elastic beam along the edge.
The Cartesian coordinate system is chosen in such a way that x and y are in the

midplane of the plate with = going along the interface, see Figure 4.1. The equation

FIGURE 4.1: Plate reinforced by a beam

of motion for the midplane deflection w, in the classical theory for plate bending is

D2 (841112 9 6411)2 84w2 82?1}2

205h = 4.1
Rl 8y4>+ ol =0, (4.1)

where D, is bending stiffness of the plate, h is the half thickness of the plate, and ¢
is time. Also, in what follows p; are mass densities, £; are Young’s moduli, G; are
shear moduli, v; are Poisson’s ratios, 7 = 1,2. Indexes 1 and 2 correspond to the

beam and plate, respectively.
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The boundary conditions for the plate edge y = 0 maybe obtained by considering the

beam flexure and twisting, see for example [108], resulting in

8411}2 02w2 . 63w2 83w2
33w2 'LU2 .
gz, _W t28 ( 2 002 )

where I, and J are the area and polar moments of inertia of the beam’s cross section,

J; is the torsional constant, and A is the area of the beam’s cross section.

4.2 Dispersion relation

The solution of the equation (4.1) is sought for in the form of a conventional harmonic

travelling wave as

wa (@, y,t) = wa(y)e Y, (4.3)

where w is frequency, and k is wave number. Substituting (4.3) into (4.1), we arrive

at the edge wave in the form

wy(y) = Cre MY 4 Che 2y

where C and C5 are arbitrary constants, and

2p2h
AM=V1+%, A=y1-7 n= k;2 22
2
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Now, on substituting (4.3) into the boundary conditions (4.2) we arrive at the 2 x 2

set of linear equations, leading to the general exact dispersion relation

(A1 e + 1)2 — (A + )\2)2 —(1- 7/2)2
— (M + o) (a1vap — BoAids — B1)dn
— Balonysp — Br)0 — s pAida(Ar + A2)6)

+ axvap(auvap — Bi)dx = 0,

where
_ Ei, Gy A J
61_ hDQ’ ﬁ2_ hDQ’ al_2h27 a2_2h47
and 0, = kh, p = ay
P2

Setting d, = 0 in (4.4) and returning back to original variables we get the well known

relation for a free plate edge, see e.g. [79]
Dokt = 2p2hw2,

where

c= [(1 — 1/2)(31/2 —1+2¢/2v2 — 2uy + 1>}1/4.

Let us next introduce a new unknown function by

A2
o= VI (4.5)

2

corresponding to the appropriately normalised attenuation rate which is not sensitive
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to the value of a Poison’s ratio. This is seemingly the most relevant characteristic of

slowly decaying edge bending waves. Hence, equation (4.4) can be re-written as

(1+ 120)? = 2v5(1 + 12) — (1 — 11y)?
— /201 4+ v39) (alp (1 - V§¢2) — Bavi — 51) on
= B (a1p(1 = 13¢%) = B1) 6, (4.6)

— agvap(l — 15079\ /2(1 + V30)d;

+agp (a1p(1 = 13¢%) — B1) (1 —156°) 6, = 0.

At ¢ =0 (72 = 1) we have for cut-off values
Vi + (cup — 1) (V304 + o} — azpdt) = 0. (4.7)

Over the range of validity of thin plate theory (d;, < 1) we get at leading order

2
vy

S —
" \/5(51—041/))

Q

(4.8)

Thus, in the considered case of no contrast in material parameters (oy ~ 81 ~ p ~ 1),
the cut-offs under investigation (at zero wave number) should satisfy 0 < §; < 1,
provided that 15 < 1 and 81 > aqp. Higher-order cut-offs, considered in paper [17]

are outside of the validity of the present consideration.
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Next, expanding ¢ into a series about d;, = 0
O =0¢o+ 10n+ ... (4.9)
and substituting into the dispersion relation (4.6), we obtain
— 14 /202 -2 1
pp= 2tV AT (4.10)
)
and
((1 - V%%)P@l - b= 52V22¢0) 2(1 4 v3 o)

2560 — 2(12 — )3

It is worth noting that (4.8) and (4.9)-(4.11) do not contain the parameter ay involv-

ing rotational inertia of the beam. This is inline with the asymptotic analysis of a

similar problem for the edge reinforcement in the form of a plate strip in [9]. In ad-

dition, (4.8) also does not depend on parameter [, expressing the effect of torsional

rigidity.
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4.3 Example (Comparison of the dispersion curves
for a composite plate-plate structure and a

plate reinforced by a beam)

In this section we present the results of numerical comparison of the dispersion curves
for a plate reinforced by a beam and a composite ‘plate-plate’ structure, in order to
validate the ‘plate-beam’ model in the previous section. To this end, consider bending
of a semi-infinite Kirchhoff plate reinforced by a strip plate along the edge as shown
in Figure 4.2, assuming that for the strip plate H > h. For the latter, the equation

of motion follows from (4.1) by substituting 1 instead of 2 in all the suffices.

FIGURE 4.2: Plate reinforced by a strip plate

Traction free boundary conditions on the edge y = 0 are given by

82w1 82w1 83w1 83w1
8y3 + (2 — 1/1)

0. (4.12)
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The continuity conditions at y = H are
w1 = Wa,
Owy _ 0w,
dy Oy’
(9211)1 8211}1 8211}2 8211)2
DG+ 1) = D )
! oy? + 0x? 2 oy? 2 2
83w1 83w1 03102 63w2
Dy 2= v)o) = Dy (S + (2 ).
! oy? + Vl)@xzay 2 oy? + V2)8x28y
The related dispersion equation is
det M = 0, (4.13)

with the non-zero components of the 6 x 6 matrix M given in Appendix C.2, where

the notation

is introduced.

For a plate reinforced by a beam with a narrow rectangular cross section the quantities

I,, J, J;, and A in (4.2) are defined as

2 1 8
I,=-h*H, J=-hH? J,=_-h*H, A=2hH.
3 6 3
Taking into account the relations
2FE;:h3 E;
Di=—2 Gi=——21— =1,2
I3 —2) IS0ty T T
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we have

1
ap =1, Q= EU37 B = D(l - V12)777 By = 2D<1 - V1)777 (4-14)

where n = H/h. Substituting the above formulae into (4.6) we obtain dispersion

equation

(1+v30)* = 2v(1 + 1v3¢) — (1 — 15)* — \/2(1 + 15¢) x
(p(1 —v36%) — D(1 — 1) (1 + 11 + 2039)) O
—2D(1 — ) (p(1 — v4¢?) — D(1 —v})) 6% (4.15)

1
— 1—2(1 - V§¢2)V22P¢\/m5§1

L (1= ) p(p(1 — vA?) — D(1— v2))8h = 0,

T

where 0y = kH < 1. Now, the cut-off at leading order is given by the formula

= DG ) o

which readily follows from (4.8) and is valid provided that v3 < 1 and D(1—v3) > p.

Also, the asymptotic expansion for ¢, analogous to (4.9), becomes

&= o+ di10m + ..., (4.17)
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where ¢y = ¢ in (4.10) and

¢ = 2(1 + v3¢o) x

( (1 —v3d2) — D(1 —vy)(1 + vy + V§¢0)>
205 (1 — vy + V3 o) .

In Figures 4.3 and 4.4 the function ¢ is plotted against dimensionless wave number
dp. In these figures the dispersion curves for a plate reinforced by a beam (4.15) and
by a strip plate (4.13) are plotted together with those corresponding to the two term
asymptotic approximations (4.17). Numerical examples are presented for v; = 0.31

and vy = 0.35.

As might be expected, both beam approximation (4.15) and its two-term asymptotics
(4.17) are robust only over the long wave range (0 < 1), see the curves for D = 2.3
in Figure 4.3 and p = 0.2 in Figure 4.4, for which the asymptotic formulae (4.16) gives
7 = 0.08 and 07 = 0.12, respectively. Outside the long wave range, the deviation
between the results for plate and beam edge reinforcement become more substantial.
In particular, as follows from formula (4.7) with (4.14) the beam reinforcement does
not assume a cut-off under the condition D(1 — v?) — p = 0 since the analysis is in
the long-wave low-frequency region, which is satisfied for the curves corresponding
to D = 1.11 in Figure 4.3 and p = 0.9 in Figure 4.4. At the same time, for both of

these scenarios the strip plate reinforcement predicts cut-offs at 67, ~ 1.
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FIGURE 4.3: Comparison of dispersion relations (4.13) (solid line), (4.15) (dashed

line) and asymptotic expansion (4.17) (dotted line) for p = 1.0 and D = 2.3, 1.25,

1.11.
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FIGURE 4.4: Comparison of dispersion relations (4.13) (solid line), (4.15) (dashed

line) and asymptotic expansion (4.17) (dotted line) for D = 1.0 and p = 0.2, 0.7,
0.9.
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In this chapter we have studied edge bending waves in a plate with an edge reinforced
by a beam. We have also compared these results with those achieved in chapter 3 for
a more general setup of reinforcement by a strip plate. Predictably, it is shown that

the beam model is a good approximation in case of narrow strip reinforcement.



Chapter 5

The elastic bending wave on the
edge of a semi-infinite circular
plate reinforced by an annular

plate

This chapter is developing the previous results taking into account the effect of cur-
vature. More specifically, it is concerned with the propagation of bending edge waves
on a thin isotropic elastic circular plate perfectly bonded with a narrow annular plate
of the same thickness. We focus on the asymptotic treatment of a narrow plate with
a free outer edge and its inner edge subject to prescribed deflection and angle of
rotation. In Section 5.1, a review of the equations of motion and statement of the
problem are presented. Then, the exact dispersion relation is obtained. In Section

5.2, we introduce appropriate scaling for the space variables and derive the effective

97



Chapter 5. The elastic bending wave on the edge of a circular plate reinforced by an
annular plate 98

boundary conditions. Finally, in Section 5.3, the approximate dispersion relation
is deduced and comparison of approximate dispersion relation and exact dispersion

relation is demonstrated.

5.1 Statement of the problem

Consider a thin isotropic elastic circular plate of thickness 2h and radius R, reinforced
by an annular plate of the same thickness and width H with h << H as shown in

Figure 5.1.

FIGURE 5.1: A semi-infinite circular plate with the edge coated by an annular
plate.

The equation of motion can be written as

D- 84wj 4 3 84U)j i i@‘*wj i 3 83wj i 283wj i i@zwj
I\ ort r20r20602  rt 004 r3ordf?  r Ors r2 Or?
82’11)]‘

ot?

+2p;h =0, j=1,2, (5.1)

where t is time, w; are deflections, p; are mass densities, and D; are bending stiffnesses

given by

b _ 2Bl
I 3(1 — I/j>,
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where £ are the Young’s moduli and v; are the Poisson’s ratios; hereinafter index
1 is used to denote parameters corresponding to the annular plate, whereas index 2
stays for the inner plate.

The boundary conditions on the free edge r = R are imposed in such a way that
both bending moment and modified shear force are set to zero,

0%y N v1 Jw, ﬂ@le 0 PBPun lﬁzwl N 1 Pwn
or? roOr  r2 0602 7 9r3 o Or2  r29rdb?

—0. (52

The continuity conditions along the interface r = R — H for perfectly bonded plates

are taken as

w1 = Wa,
Qi _ Owp
or  Or’ (5.3)

8211}1 1241 6w1 141 82101 o 8211)2 125) awg 125) 82102

DG + 5% Trae) = DG t T )
8311)1 1 8211)1 1 0311)1 8311)2 1 8211)2 1 831,02

o )-o )

o 7ot T2 oroe o 7ot 2 orog

The solutions of plate bending equation (5.1) is given by
w;(r,0,t) = w;(r) cos(kf)e™, j=1,2, (5.4)

where w is the frequency and k is circumferential wave number.

Substituting the latter into (5.1), we have

[(82 +13—k—2)2—A4]wj(r):o. (5.5)

or2  ror r?
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Then we get [145]

w;(r) = CO T (A1) + COY(Ar) + CO L(Ar) + CP K (M), (5.6)

Qth

where A3 = w ;and  Ji(A;7), Yi(Ajr) are Bessel functions and I (\;r), Kip(A;r)

J

are modified Bessel functions.

As a result, the deflection of each of the plate may be presented as

w;(r,0,t) = <Cl(j) Ji(Ajr) + C’éj)Yk()\jr) + Céj)fk()\jr) + C’ij)Kk()\jr)) cos(kf)e™",
(5.7)
where C’fj), CQ(j), Céj) and Cf ) are arbitrary constants. For a solid plate with no
hole at r = 0, one requires that C§2) = f) = 0, Since Yy, (\;7) and Kj(A;r) becomes
unbounded as 7 — 0.
Next, we insert formulae (5.7) into the boundary conditions (5.2) and continuity rela-
tions (5.3) leads to a homogeneous system of order six with the non-zero components

of 6 x 6 matrix S given by
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Sii= D (e — 1)*(Je—2() — 2Jk(Q) + Ji42(Q)) — 41 (Q(e — 1) Jp—1 ()
+k(k — e+ 1)J,(),

Sy = Q% (e — 1)2(Vi_o() — 2Yi(Q) + Yiya(Q)) — 401 (Q(e — 1)Y51(Q)
(k- e+ 1)Yi(Q)),

Siz = Q%(e — 1)*(Li—2(Q) + 2L(Q) + L142(Q)) — 401 (Qe — 1) L1 ()
+k(k — e+ 1)1(Q),

Sia =4y (e — D) EKp_1(Q) + k(=k + & — 1) Ki(Q)) + Q%(e — 1)*(K_2(Q)
+ 2K () + Kip2(9),

So1 = 4k2(Jps1 () — Ji 1 () + Qe — 1)(Q(e — 1) (Jr_5() — 3Jp_1()
+ 3Jk41() = Jip3(€)) = 2(J5—2() — 2Jk(Q) + Jr42(92))),

Sa2 = 4k (Y1 (Q) — Yiea () + Qe — 1)(Q(e — 1)(Yi-5(Q) — 3Yi-1(Q)
+3Y5e41 () = Yays(2) — 2(Ve2() — 2Vi(Q) + Yi42(2))),

Sa3 = Qe = (e = 1)(Le-5() + 3(Te-1(2) + [e11(2)) + Li43(2))
— 2(Tx-2(Q) + 21k(Q) + Tx42(R)) — 4k (I-1(Q) + Te41(2)),

Sos = 4R (K 1(Q) 4+ Ki1(Q) — Qe — 1)(2(Kx_2(Q) + 2K4(Q) + Kiy2(Q))
+ (e = D(Kr-3(€) + 3(Kp-1 () + K1 (Q)) + Ki43(2))),

S31 = J(Q1—¢)), Ssp=Ye(Q —¢)),

Saz = (A1 =€), Sss = Ki(Q(1 — ),

Sss = _Jk'(pDQ(l - 5))7 S36 = _Ik(pDQ(l - 8)))
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Sy = —%Q(s (e (Q = £9Q) — Jea (2 — £),

St = —5 e~ De(Yia (2~ £0) — Yiepa (2 — 202),

Sy = —%Q(e (T (Q = £Q) + T (2 — £Q)),

Suy = %Q@ (K1 (Q — 2Q) + Kir (2 — 2Q)),

Sis = e(DpUe — 1) Jp1(~D(e — 1)pQ) + kJi(~D(e — 1)pQ)).

Sis = e(Dpe — DIy (—D(e — 1)pR) + kIy(—D(e — 1)pR2)),

Sy1 = D' ( (n — 1) (= Q) Jp 1 (Q — £9)
— (k(k + Doy — k(k 4+ 1) + Q%(e — 1)) Jo(Q — eQ)),

o = iD452 <4y1((Q — Q)Y (2 — Q) — k(k + DYi(Q — £Q))
F02(e — 1)2(Yio(Q — £Q) — 2Yi(Q — £Q) + Yiro(Q — eQ))),

ey = ip‘*g? (41/1((9 Q) i1 (Q — 2Q) — E(k + 1) I(Q — £Q))
4022 — 1)2 (Lo — £Q) + 21,(Q — £Q) + T o(Q — gQ))),

Sey = iD%? (41/1(9(5 DK (2 — Q) — k(k + 1)K (Q — £Q))
+ 02 — 1)2(Kp_a(Q — £Q) + 2K4(Q — £Q) + Kjia(Q — m))),

S = 52( (D2p202(= — 1) + k(k + vy — k(k + 1)) Je(—D(= — 1)pQ)
+ D (s — 1) pQ(e — 1) g1 (—D(e — 1)/)9)),

Sys = &2 (D (s — 1) pUe — 1)1 (=D (e — 1)pS)

— (D*p* (e — 1)+ k* — (k+ ks + k) I(—D(e — 1)pQ)),
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Sgr = D&l <k (=2k + Q%= — 1)2 — 1) Ju(Q — Q)

Qe = 1= = 1) = Qe — 1)+ D1 (Q - 20)),

1

Sz = C8Q(e — 1)

D4g3((16k (=22 + k + 1) + 8(2(k — 1)k + 1)Q%(z — 1)2
— T — 1)4)Yk,l(9 — Q) + Qe — 1)V5(Q — Q)
—20(c — 1) (4k(2k + 1) — (5k — 2)Q%(e — 1)) Yia(Q — EQ)>,

Sey = D3 <Q(1 — &) (e — 1)> +1) L1 (2 — £Q)
—k(2k+ Qe —1)2 4+ 1) L(Q — sQ)),

Sea =

P (9 = 1) Kis(2 = £2) = 200(= = 1)((5k — 2)0%(= - 1)?
4 Ak(2k + 1)>Kk_2(Q — )+ (8(2(k — 1k + 1)02(e — 1)2 + 16(k — 1)k(2k + 1)
LT — 1)4>Kk_1(Q . m)),

Ses = —%53< — DpQ(e — 1) (—2D*p* (e — 1) + k* + 2) Jy_1(—D(e — 1)pQ)
—k(2(=DpQ(e = 1)+ k+ 1)(DpQ(e — 1) + k + 1) Jp(—D(e — 1)p2)
+ DhpQ(e = 1) Jyi(~D(e = 1)p02)) ),

Ses %g?’ (Dofae — 1) (D02~ 1)* +1) (s (~D(= — 1))
+ Ty (—D(e — 1)pQ)) + 4k, (— D(e — 1),09)),

where

0= Al
)\2 == )\1pD,
1/4
- (3)"
Dy
(p2>1/4
P = — )
1
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which has non-zero solutions provided that

det (S) = 0. (5.9)

5.2 Effective Boundary Conditions

The goal of the section is to obtain effective boundary conditions by expressing the
bending moment and the modified shear force at the interface »r = R — H through
given deflection and angle of rotation. First, let us take in a separate consideration
the annular plate, having traction free outer edge and prescribed displacement and
rotation angle on the inner edge. Thus, for the annular plate we are solving the
equation of motion (5.1) subject to the traction free boundary conditions (5.2) at

r = R. At the interface r = R — H we have

81111 1
Wi |p=i-H = WH, - = Gu, (5.10)
or |,_p.y R—-H

where functions wy = wg(0,t) and Gy = Gy (0,t) are assumed to be known. Ac-

cordingly, we introduce the following variables

r 1 r Dy t
Ri= (L1241, Ry=
1= (oL Re=pp b B2 ST R
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In terms of new variables the governing equation (5.1) becomes

8411}1 8411)1 8311}1 2 28411}1 84'11}1
4 -1 2 -1 2
OR] re(um Vorr * aRi;) +e (6~ 1) oRT T oRzoe
63/(1)1 02w1 3 (94 84’LU1
—1)—— 4 -1 4 1) ——
F6(R = D) Gps + 8R2> Fe(am -1y aR4 A =) g
PPy o, 0wy 0%y oty
+2 aRlaez +6(Ry —1)° G +2(Ry — 1)—8}%% ) +54<(R1 — 1) o
841111 8411)1 83w1 8311)1
2 oy gwr 13
+2(R1 1) 8R§86’2 + BY + 2(R1 1)8R1892 + 2(R1 1) 8Ri1)’

+(R, — 1)2%2};”; + 8;“;1) ( (Ri — 1)8; ) ( (R — 1)28(;Tu;1)

( (R, — 1) a;f) + 58< ) (5.12)

subject to the boundary conditions

3 w1 8w1 9 0 w1 83'LU1 82/1111 9 8311)1
Rz TMom, T e T am Ttome T amoer — 0 M T
ow ow
w1 = Wy, 8—R1—58—R1 €GH at R1:O
(5.13)

A deflection w; can be expanded into an asymptotic series in terms of ¢ as

wi = w” + wVe + wPe? + wPe? +wVel + . (5.14)
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Substituting expansion (5.14) into the boundary value problem (5.12)-(5.13), we ar-

rive at the problem formulated for various asymptotic orders n =0, 1,2, ..., namely

8411)5")
OR?

8211)5"72)

83w§"71)
OR?

83w§"73)

8411}%"72)
OR200°

+2

84w§"74)

0w

(n—4)
1

064

8311)5"_2)

OR? OR1062

6’4w§"_1)

or?

84w§”_3)

+(Ry — 1)(4 +6

OR!

83w§n_4)

IR

82w§n_3)

+2 +2 +4

82w£"_

+4

5)

OR? OR,00?

34w§n_2)

o2

)

33w§"_3)

84w§n_4)

OR200?

8211)5”_4) (n—6)

1

9*w

+(Ry — 1)2(6 +6

OR]

34w§n_3)

OR

+ 2

33w§n_4)

+4

(92w§n_7)

oot ore 0T om

HR = P (45
1

34w§n_4)

ORI

OR3
(92105”_8)

or?

(R = 1 (

)

subject to

82w§n) 8w§"71) 82105"72)

=0,

83w§")

)

or2

(5.15)

a2w§"*1) 83w§"72)

orz TV em T o

Hw'™ B Hw!" Y

OR,y OR,

(n)

n) _
= wy’,

Gy

wi

OR?

at

=0 at R =1
OR? ' OR,002 =g
Rl - 0,

(5.16)

where quantities with the negative superscript are set to be equal to zero. The only

(n)

non-zero components wy;’ and Ggl) are w

©0) _
o=

wy and Gg) = Gy, respectively.
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Substituting subsequently n = 0,1, 2, 3,4 into (5.15)-(5.16) we obtain

wl” = wy,

wgl) = GyRy,

w® = _1 : (382”2” + G ) B + Gy,

w§3) = 1(%% +1nGy — aagiH)R?’

+ %(Vl(ul — 1)6;?21{ +u(nn —2)Gy+ (1 - )aagéH>R2 +Guhy,

+ %((1 )8:;94 - )8292 T2 = )G = igf + a;g{)R?
A Y R L N - TR o]
G125 2y o

(5.17)

Now, using expansion (5.14) together with the continuity conditions for moments and

shear forces on the interface, we obtain effective boundary conditions for the infinite

plate at Ry = 1 in the form
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9w, Ows 0w, 02w, B,
DQ( OR3 + V2832 TV 002 ) =D, (Vl(V1 — 3>W + (v — 4)8_}%2
83’11]2
(0 5mp,)°

(5.18)

33102 8211)2 33102 8471)2 82w2 (9w2
D =D ((1=1)—2— i Wt
2<0R§ o " 092832) (=) Gt = (e 8R2)
83w2 8211]2
00°0R, 07 )

+ (3 —11)

Thus, at the interface we have above the effective boundary conditions in terms of
displacements. We note that there is an additional term at the right hands at these
formula, demonstrating the influence of the coating. Clearly, in case of a soft annular

plate, when D; is small, effect of the coating is also diminished.

5.3 Approximate dispersion relation

We aim at finding an asymptotic dispersion relation over the domain 0 <r < R— H
by using the derived effective boundary conditions (5.18) together with equation of
motion (5.1). The solution is sought for in the form of (5.7). As a result, we deduce
an approximate dispersion relation, which could be re-written in dimensionless vari-

ables as
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(2D*k*v1e — k (2D*K’e — k* + k 4+ 1) + D*Q% — (k 4+ 1)k*10) Ju(D(e — 1)pQ)

x Iy(D(e — 1)pQ) + ( — D*k%vie® + D® (k%) & — D*k*e + D*Q)* (5 (D*k*e — 1)

+ e — 1)4) + D22 — 1)2 (2D* ke — k(k +2) + 1) + 1a (—k2<D4k2e + 1)

+ DA + D2k + 2)p°0% (e — 1)2) v D4k21/15<2D4k45 — DY — 2D 2

% (e — 1)+ K2y + k:2> n k:2> Je(D(e — 1)p)Ix_1(D(e — 1)pQ) + Jo1(D(e — 1)p9)
X (21)3/)393(5 — 1)* (D*Rvie + D* (k) & — v + 1) Iy (D(e — 1)pQ)

+ (DK = DI (e (D% — 1) + p'le = 1)') + k2 (DW'e® + D'k — 1)

+ D% (e — 1)2 (2D ke — k(k +2) +1) — D4k2y15(2D4k45 — DQe
+2D%kp?02 (e — 1)% + K2y + k2> + <D4k4g — DQe

+ D*(k + 2)kp*Q%(e — 1)% + k2>>lk(D(e - 1),&)) ~0.

(5.19)

Figures 5.2-5.5 demonstrate the exact dispersion relation (5.9) and the approximate
dispersion relation (5.19) for € = 0.05, v; = 0.31, v, = 0.35 and several values of the
relative stiffness D and relative density p of the annular plate. Since the solution is
periodic along the angle, we only plot sets of discrete points, depicting the frequency
Q) over the wave number k. Clearly the presented sequence show monotonic increase

behaviour.



Chapter 5. The elastic bending wave on the edge of a circular plate reinforced by an
annular plate 110

k

FIGURE 5.2: Comparison of approximate dispersion relation (5.19) (blue square)
and exact dispersion relation (5.9) (red circle) for p =1 and D = 1.

FIGURE 5.3: Comparison of approximate dispersion relation (5.19) (blue square)
and exact dispersion relation (5.9) (red circle) for p = 0.95 and D = 1.
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k

FIGURE 5.4: Comparison of approximate dispersion relation (5.19) (blue square)
and exact dispersion relation (5.9) (red circle) for p = 0.8 and D = 1.

FIGURE 5.5: Comparison of approximate dispersion relation (5.19) (blue square)
and exact dispersion relation (5.9) (red circle) for p =1 and D = 1.3.
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In this chapter the previously achieved results have been developed further, for the
case of a circular plate with reinforcement of annular shape. FEffective boundary
conditions were derived, leading to an approximate dispersion relation. The exact
and asymptotic results have been compared, illustrating the validity of the derived

explicit approximations.



Chapter 6

Conclusions

In this thesis, low-frequency vibrations of coated elastic structures have been inves-
tigated. First, harmonic vibrations of a composite rod and a composite beam have
been considered. Exact and approximate solutions found using asymptotic methods
have been analysed. Effective boundary conditions for thin end attachments have
been derived. They appeared to be useful for tackling more general 2D problems for

thin plates in the main body of the thesis.

An asymptotic procedure for a strip plate leading to effective boundary conditions
(3.21) is established. Along with the traditional long-wavelength assumption, it
adapts the time scale specific to bending waves, see (3.13). It is also worth noting
that the derivation of leading-order effective boundary condition relies on a fourth-

order expansion of the deflection, see (3.16), because of a peculiarity of the studied

113
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boundary value problem (3.1),(4.12), and (3.12) for a plate strip. The proposed ef-
fective conditions are tested in Section 4 by asymptotic analysis of the exact solution
for a plate strip subject to a kinematic loading in the form of travelling harmonic

waves along its lower face.

The aforementioned effective boundary conditions may be interpreted in terms of a
beam with a narrow rectangular cross-section perfectly bonded to the edge of a semi-
infinite plate, see equations (3.22). Therefore, these conditions may also be derived
using a less formal physical approach similarly to the derivation in [131] for a coated

half-space, starting from the classical theory for plate extension.

The approximate dispersion relation (3.27) is derived starting from the effective
boundary conditions (3.21). It perturbs the well-known dispersion relation (3.11)
for the edge bending wave on a homogeneous plate. A good agreement between
exact and approximate solutions is demonstrated numerically using the dispersion
relation (3.9) for a composite plate. In addition, the influence of the relative stiff-
ness and density of a strip plate on the localisation of the edge wave is investigated,

indicating a possibility for the edge wave control.

We studied the edge wave problem for a semi-infinite plate reinforced by a beam
taking into account both bending and twisting vibrations of the beam. The explicit
asymptotic formulae for the cut-offs of the edge waves are presented. The validity
of the chosen approximate formulation starting from the classical plate and beam
theories is also addressed. A detailed dispersion relation is obtained and the long-
wave approximation is derived. The numerical results are validated by comparison

with the more general dispersion relation for a reinforcement in the form of a strip
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plate, which is also treated on the basis of the 2D Kirchhoff theory. The developed
framework may be extended to more general setups including anisotropic structures

as well as more elaborated structure models, e.g. see [104, 148].

We also studied the elastic bending wave on the edge of a circular plate reinforced
by an annular plate. We focused on the asymptotic treatment of a narrow plate with
a free outer edge and its inner edge subject to prescribed deflection and rotation.
We derived the effective boundary conditions along with approximate dispersion re-

lations.

The developed setup allows various extensions and generalisations. In particular, a
similar problem may be formulated for elastic waves localised near a reinforced edge
of a thin shell, e.g. see [76]. Also, strong contrast in the material properties of the
components of a composite structure may be analysed. It is of particular interest
to consider the high-contrast setup, having ”soft” coating subject to clamped edge
boundary conditions, developing further results achieved recently for the Rayleigh
wave, see [75]. Finally, the derived effective conditions appear to be of interest for a

broad range of problems for thin plates.
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The constants in the system of equations (2.5) are

A
= o =2
A’ B A’ AN

where

Cc1

A =

lw (E1c2 sin (H“’> sin (“JUZ—;D) + Esc; cos (g—;’) cOS <"J(H7

Cc2

C% Co

A [ sin (w(lc_QH)> coS (‘”(lc;lH)> Essin (w(lc;lH)> coS
1= F —

I—H)

(=52)

1

Cc1 Cc2

Eico

sin (M) sin <M> FEs cos <“’(IC;IH)) cos (L

AQIFZ —+

@]
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Eicy
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Appendix A.2

The constants in the system of equations (2.18) are

A*
B — =2
A+’ A*’

where

A* = —cos (4€) ,

_ Fsin (Q(1 —¢))

A*
! 6191

— uy cos (),

_ Feos((e—1))

AY =
2 e1{)

118

—uysin ().

(10)



Appendix B.1

The constants in (2.32) are

p_ A Dy Ay A g Ay ) Ag

( — —
Ofl A,

Qg " = —=, Q3" = —, O = —=, O = —=, Q" = —=

A A’
where

B = 48351 (5505 DuDs (55 (s ((1-+0)3,H) + sinh (1 + )5, H))
% (sin (1 +0)Ba(H — 1)) — sinh (1 + 0)Bo(H — 1))
— 4f2B1 sin (81 H) sinh (81 H) sin (82(H — 1)) sinh (52(H — 1))
+ B3 (sin (1 +4) 1 H) — sinh (1 +14) 51 H))
X (sin (14 0) By (H = 1)) + sinh (1 + ) B2(H — 1)) )
+ B DY (cos (81 H) cosh (81 H) — 1) (cos (B2(H — 1)) cosh (Bo(H — 1)) — 1)

+ By D3 (cos (81 H) cosh (81 H) 4 1) (cos (Bo(H — 1)) cosh (B (H — 1)) + 1)),

119
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A= (1+ z')51520<i5;*1)§(sin (B1((1 + i) H — il))
+sinh (By(—1 + (1 +4)H)) + (1 + i) sinh (W))
x (cos (B(1 = H)) cosh (By(1 = H)) = 1) + 288Dy Dy ( 57 sin (8 H) sinh (8, (1 — H))
x (sinh ((1+)Bo(1 — H)) = sin (1 + i)l — H)))
+ BoBysin (Bo(l — H)) sinh (Ba(l — H)) (sin (B (1 + i) H — i) —sinh (B1(~1 + (1 + i) H)))
+ 183 cos (8 H) cosh (84(1 — H)) (sin ((1+1)Ba(l — H)) + sinh (1 +0)3a(l — H)) )
+ zﬂng (sin (B1((1 4+ 4d)H —il)) 4+ sinh (81 (=1 + (1 +i)H)) — (1 + ¢) sinh (11))

x (cos (Bl — H)) cosh (Ba(1 = H)) +1) ).

B85 = (1= 0)B15G (BD? (cos (B1((1 + i) H — i)
— icosh (B(—1 + (1 +14)H)) — (1 — i) cosh (ﬁlz))
x (cos (B2(l — H)) cosh (Bx(1 — H)) — 1)
+ D3 cos (Bu((1+ i) H — il)) — icosh (By(—1 + (1 + i) H))
+ (1 — ) cosh (511)) (cos (Ba(l — H)) cosh (Bo(l — H)) + 1)
+ 268Dy Dy (i85 cos (B, H) sinh (51 (1 — H))
x (sin ((1+4)y(1 — H)) + sinh (1 4 1)Bo(I — H)))
+ Bisin (81 H) cosh (B1(1 = H)) ( sinh (1 +1)Bo(1 = H))
= sin ((1+0)B2(1 = H)) ) + BBy sin (Bo(1 — H))sinh (55(1 — H))

% (cosh (By(—1 + (1 + ) H)) — i cos (B1 (1 + ) H — il))) ))
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By = B15a(=G) (=1 + )LD} ((cos (Br(—L+ (1 -+ 8) H)) + i cosh (B (1 + i) H — il))
— (1+ i) cos (Bil) ) (cos (By(1 — H)) cosh (By(1 — H)) — 1)
— (1 —i)B3D3 (cos (Br(—1 + (1 +4)H)) +icosh (B ((144)H — il)) + (1 + ) cos (B11))
X (cos (Ba(l = H)) cosh (Bo(1 = H)) + 1) + (2 + 20) 88 D1 Dy (52 sinh (51 H)
x cos (B1(L — H)) (sin (1 +1)Ba(l — H)) = sinh (1 +)Bo(1 — H)))
4 i35 cosh (B1H) sin (B (1 — H)) (sin ((1 + 1) Bo(l — H)) + sinh ((1 4 9)32(l — H)))
+ Bofhsin (Ba(l — H)) sink (Ba(0 — H)) ((cos (Bi(=1+ (1+ ) H)

—idcosh (B1((1+14)H —il)) )))’

Ay=(-1- z’)ﬂlﬁzG< - w;@%(sm (B1(—1 + (1 +4)H)) + sinh (B, (1 + 4)H — il))
(14 3)sin (Bi0) ) (cos (B(1 — H)) cosh (Bo(1 = H)) — 1)
268Dy Dy (B2 sinh (8 H) sin (81 (1 = H)) (sin (1 +)B2(1 = H)) = sinb (1+9)Ba(0 ~ H)))
+ Bafysin (Ba(l — H))sinh (By(l — H)) (sinh (B((1+ 6)H — il)) — sin (By(~1 + (1 + i) H)))
— i3 cosh (B H) cos (By(1 — H)) (sin ((1+1)Ba(l — H)) + sinh (1 +0)3a(l — H)) )
— By D2 (sin (B (=1 + (1 +4)H)) 4 sinh (B ((1 + ) H — il)) — (1 + 1) sin (B11))

x (cos (Ba(l — H)) cosh (Ball = H)) +1) ).
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As = —2/3§D1G(ﬁfpl (ﬁl(sm (B, H) + sinh (/311{))
x (cos (Ba(H — 1)) = cosh (Ba(H ~ 1)))
~ B (cos (8 H) — cosh (8 H) (sin (Ba(H — 1)) + sinh (5a(H — 1)) )
+ B35 (B (sin (8 H) — sinh (8 H)) (cos (8a(H — 1)) + cosh (Ba(H — 1))

+ B (cos (B H) + cosh (8, H)) (sinh (Bo(H — 1)) = sin (B(H = D))) ) ).

Ag = 55910(2@121)1 (ﬁl (sin (B, H) + sinh (8, H)) (sinh (Bo(H — 1))
— sin (B(H ~ 1)) ) = B (cos (8 H) — cosh (8, H))
x (cos (Ba(H = 1) = cosh (Ba(H ~ 1))) )
— 263D, (1 (sin (81 H) — sinh (8, )
X (sin (By(H — 1)) + sinh (Bo(H — 1))

+ B2 (cos (B1H) + cosh (61H)) (cos (Bo(H — 1)) + cosh (B (H —1))) ))
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The constants in (2.49) are

Aj Ay Ay Ay Ay \
6451): 21 g 22 ) 28 S0 24 o) Z5 0 o) 26

A* Qo A* v Q3 A* Ay A* ) 1 A* Qo A*

where

A* = —2D,Q%(e — 1)(cos(§2e) cosh(Qe) + 1),

At = (—% + %) Q( - D@(Q(e — D)wy (sin(Qe + 7)) + (1 + i) sinh(Q — Qe)
+ sinh(Q + iQ€)) + (1 + ¢)wpe, (cosh(2 — Qe) — sinh(Q) sin(Qe)
+ cosh(Q) COS(QG))) ~ GP(e — 1)((1 + i) sinh(9) + sinh(€ — (1 +7)Qe)

+isinh(Q — (1 — z)m))),
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Ay = D, (Wl (— sinh(Q — Q€) — sinh(€) cos(2e) + cosh(€) sin(Qe))
— Qe — 1wy (cosh(Q — Qe) + sinh(2) sin(£2e) + cosh(Q2) cos(Qe)))
1

_ (5 — §>Gl29(e — 1)((1 +14) cosh(2) + cosh(2 — (1 + 7))

+icosh(Q — (1 —4)Qe)),

Az = D,0? (Q(—(e — 1))wy (cos( — Qe) — sin(€) sinh(e)
+ cos(2) cosh(Qe€)) — wpe, (sin(2 — Qe) — cos(£2) sinh(Qe) + sin(€2) cosh(Qe)))
+ (% - %) GI*Q(e — 1)((1 4 14) cos(Q) + cos(2 — (1 + 1))

+icos(Q2 — (1 —1i)Qe)),

A% = D, Q? (ngl (cos(2 — Qe) + sin(Q2) sinh(Qe) + cos(£2) cosh(Q2e))e)
— Q(e — Dwg (sin(Q — Q + cos(Q) sinh(Qe) + sin(Q) cosh(Qe)))

+ (% — %) GI*Q(e — 1)((1 4 14) sin(Q) + sin(Q2 — (1 4+ 4)Q + isin(Q — (1 — 7)Qe)).
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The constants in (2.68) are

SO Ay 50— A U = A5 50 = Ay 5@ = Ay 52— Ay
1 AGE ) 2 AGE ) 3 A\ ) 4 A\ ) 1 A\ ) 2 A **

where

A = —2D,Q%(e — 1)(cos(Qe) cosh(Qe) + 1),

A = NI? (—% + %) Q( — DlQ<Q(e — Dwpg (sin(Q(e +14)) + (1 +7) sinh (2 — Q)
+ sinh(Q +iQ¢)) + (1 + ¢)wpe, (cosh(2 — Qe) — sinh(Q) sin(Qe)
+ cosh(Q) cos(Qe))) — (e — 1)((1 + ) sinh(€) + sinh(€ — (1 +)Qe)

+isinh(Q — (1 — i)Qe))),
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Ay = DN (wH&(— sinh(2 — Qe) — sinh(£2) cos(Q2€) + cosh(£2) sin(Qe))
— Qe — 1wy (cosh(Q — Qe) + sinh(Q2) sin(2e) + cosh(2) COS(QG)))
1 4

_ <§ _ §>Q(€ — 1)((1 + 1) cosh(€Q2) + cosh(2 — (1 + 7))

+ i cosh(2 — (1 —4)Qe)),

Abr = DlQZNF’(Q(—(e — 1))wp (cos( — Qe) — sin(€) sinh(€e)
+ cos(2) cosh(Qe€)) — wpe, (sin(2 — Qe) — cos(£2) sinh(Qe) + sin(€2) cosh(Qe)))
+ (% - %) Qe — 1)((1 +14) cos(2) 4 cos(2 — (1 +)Qe)

+icos(Q2 — (1 —1i)Qe)),

AR = DiQ*NI? (ngl(cos(Q — Qe) + sin(2) sinh(Qe) + cos(£2) cosh(£2e))e)
— Q(e — Dwg (sin(Q — Q + cos(Q) sinh(Qe) + sin(Q) cosh(Qe)))

+ (% - %) Qe — 1)((1 +14) sin(Q) + sin(Q — (1 +)Q + isin(Q — (1 — §)Qe)).
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The constants in (3.24) are

where

N =2 COSh((S()\H - )\21))()\11 + )\21)2

X ((=A3) +11)A5 — 201 (1 — D)dgr + 1 (A, + 1 — 2))

— 2cosh(§(A11 + Aa1)) (A1 — Aar)?

X (=M1 + ) A5 + 200 (1 — Doy + (A + 11— 2))

— 4)\21)\11(—/\1111 — )\31 + 2V12 + 2)\%1 + 2)\31 - 4V1),
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Ny = (AXgy + B) (M1 + Ag1)e 2
X (A3, 4+ 1), — 2200 (v1 — Doy + 1 (X2 + 11 — 2))
+ (A1 — B)(A11 — Mgy )
X (=M, + )3 + 201 (1 — DAy + (A2 + 11 — 2))

= 2(AN1 + B ar (A5 + w1 = 2)(=25, + w)e M,

Ny = (AXa1 + B)(A11 — Agp)e
X (=X 4+ v)A2 + 2001 (v — DAgy + 1 (A + vy — 2))
+ (AXgy — B)(A11 + Agp)e
X (=3 4+ v1)As, — 220 (v1 — Doy + 1 (X2, + 11 — 2))

— 2(14)\11 — B))\Ql()\gl + v — 2)(—)\31 + Vl)ea/\ll,
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N3 = (A1 + B) (M1 + Agp)e M
X (=3 + v)A, — 221 (v — D Aar + 1 (N3 + 11 — 2))
— (AX1 — B) (M1 — Agp)e?
X (=A%, + )N + 2001 (v — DA +v1(A3 + 11 — 2))

= 2(AXa1 + By + w1 = 2)(=AT, + e,

Ny = —(AX1 + B)(A;1 — Ay )e” M
X (=3, + v, + 2011 (v1 — D Aoy + 11 (A3, + 11 — 2))
+ (A1 — B)(A11 + Agp)e?
X (=3 + 1), — 221 (v — Doy + 11 (N3, + 11 — 2))

— 2(14)\21 — B))\11<)\%1 + vy — 2)(—)\%1 =+ Vl)ea/\”.
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The entries of the matrix M in (4.13) are given by

Mll

M21

2 2
:M12 :)\11—7/1, M13:M14:)\21—V1

= —MQQ = )\11()\%1 -+ vV — 2),

3 = —M24 = )\21()\%1 -+ vy — 2),

AS A6
= Apet My = —Ajpe” 0

A216 “A21d
= Mg M3y = —Agre” 7210,

X196 —A220
= Aige” M2 Mg = Agge™ "220H

— A idH

=e 0 My = —
= D(\3, — vy)eton

= D03, — )i,

= —(A —vp)e 20,

A6
, My =e " Myz =

_ 6)\21511
e*/\IQJH’ M46 — _6*)\226H’
Msy = DA}, — vy)e 1108,

Mz = —

M61 = D>\11<>\%1 + v — 2)6)\116H,
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Mgy = —DA 1y (N + vy — 2)e 1208
Mgz = DAy (N2, + vy — 2)e?%n
Mgy = —DA21(A§1 + v — 2)6_)‘215"’,
Mes = Mo (M2 + v — 2)e 120

M66 = )\22()\32 + V9 — 2)67)\226}1,

where

A =V14+7, Ay =+1-—1,

and

Vi = 12 77
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