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Abstract

The thesis is concerned with asymptotic analysis of static as well as dynamic problems
for a solid coated by a thin isotropic elastic layer with a high contrast in their mate-
rial parameters. First, the static anti-plane shear deformation problem is considered
with the layer being relatively soft or stiff in order to investigate the behaviour of
the coating. The two-parametric asymptotic procedure is introduced motivated by the
scaling obtained from the exact solution of a model problem. As a result, Winkler-type
behaviour appears for a relatively soft coating, whereas for a relatively stiff one, the
equations of plate shear are valid. Further, the formulation is extended to a 3D case
with vertical force applied at the surface aiming at asymptotic investigation of the
area of validity of the Winkler-Fuss hypothesis and the Kirchhoff plate theory. It is
established that the aforementioned theories are valid only at a rather high contrast
in stiffness of the layer and the half-space. However, a uniformly valid formula is de-
duced in case of a layer being soft, and for low contrast with the coating being stiff,
several approximate formulations are suggested based on the reduced problems for the
half-space. Then, the problem is considered in dynamic formulation yielding the higher
order effective boundary conditions modelling the presence of the coating layer. The
obtained results indicate again the inconsistency of the conditions earlier presented
in [22]. The validity of the asymptotic results is demonstrated by comparison with
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Abstract

the long-wave expansion of the exact solutions of plane and anti-plane time-harmonic
problems for the coating. Finally, the dynamic problem for a coated half-space with
clamped surface is considered. The exact solutions are obtained in an anti-plane and
plane strain formulations resulting in the range of material parameters for which the
sought for localised wave exists. The effective boundary conditions are obtained and
the model for Rayleigh wave field is applied for the layer being thin and soft, leading

to an explicit correction to the classical Rayleigh wave speed.
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Introduction

Coated structures find numerous applications in modern engineering and technology,
including, in particular, biomedical sciences and structural mechanics, see e.g. [20, 29,
67, 110, 134, 138, 163].

The presence of a coating layer usually motivates an asymptotic approach relying on
a geometric parameter namely the ratio between thickness of the coating and a typical
length. If this parameter is considered to be of order one, the coating is referred to a
“thick layer”, while a small parameter is a characteristic of a “thin” one. In case of a
dynamic problem, the typical length is in fact the wave length and the limits, therefore,

correspond to the short- and long-wave approximations, respectively.

Originally, asymptotic methods started developing in the field of statics and low-
frequency dynamics for plates and shells, see e.g. [4, 11, 12, 49, 57, 58, 59, 60,
65, 104, 148, 149]. Low-frequency approximations are characterised by polynomial
variation across the thickness of the plate. Asymptotic methods, including, in par-
ticular, the method of direct asymptotic integration of the equations in elasticity
[57, 58, 60], were also applied in more general dynamic problems with high-frequency
approximations considered for both long- and short-wave limits. In contrast to low-
frequency approximations, high-frequency ones involve sinusoidal thickness variation.

High-frequency long-wave approximations of modes arising in the neighbourhood of the
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cut-off frequencies or the so-called thickness resonance frequencies [14, 89, 109] were
later found for various problem formulations, including pre-stressed and anisotropic
structures, see e.g. [88, 92, 108, 131, 139, 140, 150, 151], high-frequency trapped
modes [66, 94, 116, 143, 161], layers interacting with media [90], bodies with clamped
faces [87, 91], and layered structures [35, 113, 153]. A high-frequency approximation
for short-wave motion was studied in [89, 93]. A similar asymptotic approach has been
recently implemented in [30, 31| for non-local elasticity, highlighting the importance of
incorporation of near-surface boundary layers.

Approximate 2D models of thin structures have found a great variety of fresh appli-
cations in recent years, inspired by exciting modern developments in high-tech domains,
for example, in the context of cloaking of waves, see e.g. [34] addressing an issue of
cloaking transformations for flexural waves in thin plates, [23, 132, 133] dealing with
cloaking of finite rigid inclusions in a thin elastic plate in the presence of incident flex-
ural waves. Studies on propagation of bending waves in a perforated thin plate are
presented in [125, 144]. We also mention considerations in [154, 155, aiming at inves-
tigation of the temperature distribution in a system of thin channels connected by thin
conducting walls. In addition, we note [52] focusing on the buckling of a uni-axially

compressed neo-Hookean thin film bonded to a neo-Hookean substrate.

The effect of a thin coating can be modelled by imposing the so-called effective
boundary conditions along the surface of a substrate. These conditions first were de-
rived in [160] using adhoc assumptions originating from the classical theory of plate
extensions. Later on, it was suggested in [22] that the results of [160] are not con-
sistent, and refined boundary conditions were proposed starting from rather heuristic
arguments. The asymptotic procedure exposed in [36] justifies at leading order the

2
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consistency of the effective boundary conditions in [160] and also reveals that the extra
terms found in [22] are in fact of a higher order. Moreover, as it was briefly mentioned
in [36], the treatement in [22] is not asymptotically consistent at the next order as well.
It is remarkable that the boundary conditions in [22] were exploited not only before but
also after the publication of the critical comments in [36], e.g. see [114, 127, 170] along
with [56, 165, 168]. This is partly an inspiration for revisiting the original problem
for a coated elastic half-space aiming at establishing higher order effective conditions.
The idea of establishing effective boundary conditions representing the effect of a layer
was also implemented in [166] for an isotropic elastic layer and in [164, 167] for an
orthotropic one.

The effective boundary conditions can be then used to take into consideration the
effect of the coating. Indeed, in [36], for a coated half-space subject to surface loading,
the presence of a coating layer expressed through the effective boundary conditions is

incorporated, leading to an explicit model for the surface wave.

This model was originally derived in [95] using the symbolic Lourier approach, see
e.g. [89] and references therein, and then, was further developed in [86] using a multi-
scale procedure utilizing a slow time perturbation scheme applied to the eigensolution
for a homogeneous surface wave of arbitrary profile, see [26] and also earlier publications
(48, 157], as well as more recent papers, including [2, 99, 100, 101, 135, 136, 145, 152].
In a general setup, the aforementioned multiscale procedure is presented in [81, 82
dealing with Rayleigh and Rayleigh-type waves induced by surface stresses. The fact
that the eigensolution in [26] can be expressed in terms of a single harmonic func-
tion results in a hyperbolic-elliptic theory for Rayleigh waves induced by prescribed

surface stresses, which involves a wave equation for one of the Lamé potentials that
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governs propagation of surface disturbances along with pseudo-static elliptic equations
for calculating the Lamé potentials over the interior. The 2D formulation in [86] is
then extended to the 3D case, see [81, 82| employing the integral Radon transform.
A similar theory is also established for surface Rayleigh-type waves for a coated half-
space, for which a hyperbolic equation along the surface is regularly perturbed by a
pseudo-differential operator. The formulation has been applied to various moving load
problems, see [43, 76, 83]. The effects of anisotropy, pre-stress and mixed boundary
conditions have also been addressed in [42, 97, 130]. Recently, composite wave models
for elastic plates have been constructed, see [41], combining both equations of plate
bending over the long wave low-frequency region and surface waves over the short-wave
one.

It has been known though that the Rayleigh wave on a homogeneous elastic half-
space does not exist if the surface is clamped. Recent rigorous analysis of a layered
half-space with clamped surface in [33] demonstrates a possibility of a Rayleigh-type
wave for certain setups. Therefore, a part of the thesis is dedicated to the consideration
of a particular problem of a coated elastic half-space with clamped surface, in order
to produce a qualitative physical analysis of its behaviour using a multiparametric
treatment and investigate the existence of surface waves.

Often, in addition, there is a contrast in stiffness of the coating and the half-space,
which implies a material parameter, leading to two types of asymptotic behaviour
corresponding to a relatively soft and a relatively stiff coating.

Usually, if a layer is considered to be relatively soft compared to a substrate, the
model of elastic foundation is implemented, for example, that based on the Winkler-
Fuss assumption treating a continuum as a system of vertical springs. For further

4
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historical remarks on the Winkler-Fuss model the reader is reffered to [50]. A detailed
critical review of the Winkler-Fuss, as well as other elastic foundation models, can be
found in [69]. Another useful review of foundation models is presented also in [96],
taking into account viscoelastic behaviour. One of the focuses of the recent monograph
3] is on the asymptotic analysis of layered and inhomogeneous foundations. In addi-
tion, we mention [124] as an example of modelling thin interlayers using Winkler-Fuss
assumption. The Winkler-Fuss approximation is widely used in civil engineering, e.g.
see [39, 54, 111, 128, 171, 173] and also in contact mechanics, including, in particular,
analysis and interpretation of the experimental results for a depth-sensing indentation,
see [19] and references therein.

Depth-sensing indentation means that the relation between the load applied to
an indenter and the displacement in a material sample is continuously monitored. We
specially mention nanoindentation technique, see e.g. [47], which is currently of interest
for estimation of mechanical properties of small specimens or very thin films for which
conventional testing is not feasible. For the latter, there is a great potential for using
asymptotic methods. Dynamic indentation tests have been also shown to be useful in
application to biological tissues, such as articular cartilage. The study of the dynamic
indentation stiffness of an articular cartilage tissue modelled as a viscoelastic material
is reported in [8] aiming at formulation of a criteria for evaluation of its quality. We also
mention a recently published book [10] that presents a unifying approach to analytical
evaluation of properties of biological materials.

For a relatively stiff layer lying on a half-space, a variety of problems in structural
mechanics are modelled by a thin Kirchhoff plate resting on an elastic substrate, e.g. see

(61, 62, 63, 69, 70, 106]. In addition, we cite an influential paper [18] and also a useful
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survey of mathematical techniques for treating plates on a linear elastic foundation in
[142]. Among modern considerations on the subject, we also mention [16] inspired by
modelling of advanced resonant devices, and [17, 24, 37, 51, 55, 158] tackling a variety

of vibration and stability phenomena.

As a rule, the Winkler-Fuss model and the Kirchhoff plate theory may be imple-
mented provided that there is a high contrast in the stiffness of a substrate and a
coating, i.e. when the substrate is much stiffer or softer than the coating, respectively.
At the same time, for a thin coating supported by an infinite substrate, a limited
amount of effort has been made to provide a mathematical justification of both mod-
els, see e.g. [102, 115]. The effect of high contrast in stiffness was briefly addressed
in [5], studying a contact problem for a coated half-space, without linking it to the
relative thickness of the coating. In addition, we refer to [6], also accounting for the
importance of high contrast limit. These contributions appreciate the general chal-
lenge, however, they do not take into consideration a two-parametric nature of the
problem, involving geometric and material parameters expressing relative thickness
and stiffness, respectively. For a stiff coating, only very few papers, e.g. [25], explicitly
take into account the limitation associated with a specific asymptotic ratio of plate and
substrate stiffness. The Winkler-Fuss assumption, in turn, was only fully validated for
a layered foundation clamped at the bottom, although without a special emphasis on
the contrast properties of the layers, see [3]. Thus, in order to investigate the area of
validity of the Winkler-Fuss model and the Kirchhoff plate theory in application to
coated solids, a multiparametric asymptotic treatment is required, and one of the aims
of the thesis is to develop it, allowing a variety of scenarios depending on the relation

between the dimensionless thickness and stiffness.
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Similar multiparametric approach in plate dynamics has been recently reported
in [84, 146], analysing elastic wave propagation in a three-layered plate with high-
contrast mechanical and geometric properties of the layers for four specific types of
contrast. In addition, we note [141] studying scattering of plane elastic waves by
arrays of circular cylindrical inclusions connected to the surrounding medium via a
thin soft elastic layer, and [53] considering propagation of non-linear travelling waves
in a coated elastic half-space with both the coating and half-space composed of neo-
Hookean materials of the same density but of different shear moduli. We also mention
considerations focusing on strongly inhomogeneous multi-layered and multi-component
structures, see, for instant, asymptotic developments on the subject in [15, 21, 77, 85,
105, 162, 169], along with [7, 126] using adhoc layerwise theories, and [28] developing
finite-product approximations to the exact Rayleigh-Lamb dispersion relation for a
three-layered plate. Related problems for homogenization of high-contrast periodic
structures are reported in [32, 45, 75, 156]. Similarity of the asymptotic procedures
underlying multi-layered plate theories and homogenization for periodic media has been
recently addressed in [35].

The thesis consists of five chapters, concluding remarks and bibliography.

Chapter 1 contains basic equations and key problem parameters used throughout
the thesis, formulations of the Winkler-Fuss hypothesis and the Kirchhoff plate theory,
as well as description of main types of guided waves.

In Chapter 2, an anti-plane shear deformation of an elastic half-space coated by a
soft or a stiff elastic layer is considered. Analysis of an anti-plane shear is of interest
within linear and nonlinear solid mechanics, since it allows establishing a simpler math-
ematical setup without loss of essential physical features, see e.g. [72]. First, we derive

7
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the exact expressions for anti-plane deformations caused by a sinusoidal shear load.
Then, a multiparametric asymptotic scheme for an arbitrary shear load is adapted for
a coated elastic half-space, considering two problem parameters. The first of them is a
geometrical parameter e, characteristic of thin plates and coatings [3, 36, 44, 60]. The
second parameter, i, stands for the contrast in stiffness of the layer and the half-space.
The static behaviour of the coated structure is studied depending on the value of pa-
rameter « relating the quantities above by the formula p = €. The original scaling of
displacements and stresses within the adapted asymptotic technique is motivated by
the exact solution, see [3, 9, 60] for more detail. An asymptotic classification following
from the relation between the two analysed parameters is established. The results for
anti-plane displacement and stress components are obtained. In particular, we focus
on the relation between the shear load and the displacement, which results in Winkler-
type behaviour for a rather soft coating and involves the equations of plate shear in
case of a soft layer. The derived asymptotic formulae are compared numerically with

the exact solution for a shear sinusoidal load.

In Chapter 3, we extend the methodology presented in Chapter 2 to a 3D problem.
Again, we operate with two small parameters, corresponding to the relative stiffness
and thickness of the layer, adapting an asymptotic procedure. The limiting forms of the
original equations for various ratios between these two parameters are derived. First,
we establish the asymptotic behaviour of displacement and stress components for a
model plane strain problem in case of a vertical sinusoidal load. Next, we adapt the
initial settings coming from the model problem to the general 3D setup. As a result, a
3D problem in linear elasticity for a soft or stiff layer attached to a substrate is treated

for a broad range of ratios between relative stiffness and wavelengths, resulting, in



Introduction

particular, in the justification and refinement of the Winkler-Fuss hypothesis and the

Kirchhoff plate theory for a soft and a stiff layer, respectively.

It is shown that the Winkler-Fuss model is justified only for a rather high contrast,
when « > 1, while for lower contrast (0 < a < 1) it fails already at leading order.
A robust alternative approach valid at 0 < o < 1 is proposed starting from the
transmission of the prescribed load to the interface between the layer and the half-
space. Asymptotic corrections to the Winkler-Fuss hypothesis are also presented over
various intervals of parameter «, including that corresponding to the refined Pasternak

model, see [74, 129, 137].

For a stiff layer, initially, the procedure was developed for Neumann boundary value
problems for plates and shells assuming prescribed stresses along the faces. Later on, it
was extended to Dirichlet and various mixed boundary value problems, characteristic
of thin coatings and interlayers, see e.g. [3] and references therein. For both setups, the
displacements and stresses are expanded into series in the thickness variable, resulting
in the 3D to 2D dimension reduction. The peculiarity of the studied configuration
is that the contact with the substrate results in asymptotic consideration of a rather
sophisticated boundary value problem for the thin layer. In particular, we confirm the
scaling in [25] corresponding to a coupled problem for a Kirchhoff plate resting on an
elastic half-space, and for a softer substrate we arrive at leading order at an uncoupled
problem for plate bending. At the same time, for a stiffer substrate, which is still
much softer than the layer, any plate bending theory fails. In the latter case, however,
we formulate a set of boundary value problems for a homogeneous half-space. Among
them, in particular, there are effective boundary conditions originally derived in [160]
and later justified in [36]. The validity of all the shortened approximate formulations

9
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is justified by comparison with the exact solution of the aforementioned plane strain
problem.

In Chapter 4, as in [36], using asymptotic methodology, we validate again the
results in [160] at leading order. At next order, we arrive at refined effective conditions.
They are tested by comparison with the exact solution of a plane strain time-harmonic
problem. As it might be expected, the comparison demonstrates that the boundary
conditions in [22] are not consistent at higher order.

Chapter 5 is concerned with dynamics of a coated elastic half-space with clamped
surface. First, an anti-plane and plane strain problems are considered leading to the
exact dispersion relations. Analysis of the obtained dispersion relations makes it pos-
sible to evaluate the range of parameters, for which the sought for surface wave exists.
Then, for a relatively small thickness of the coating, similarly to [36], we perform an
asymptotic analysis resulting in effective boundary conditions on the surface of a ho-
mogeneous half-space. Then, assuming the layer to be much softer than the substrate,
the problem is reduced to a regularly perturbed hyperbolic equation for Rayleigh-
type waves using earlier established asymptotic technique, e.g. see [36, 82]. Finally,
an explicit correction to the classical Rayleigh wave speed is derived. The produced

asymptotic results are compared numerically with the exact solution.
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Chapter 1

Preliminaries

Basic equations of elasticity theory are summarized in this chapter, along with param-
eters used throughout the thesis. Brief descriptions of Winkler-Fuss hypothesis and
Kirchhoff plate theory are also given together with derivations of Rayleigh, Rayleigh-

Lamb and Love waves.

1.1 Equations of elasticity theory and main param-

eters

In the present study, we consider a composite solid consisting of a layer of thickness h
and a substrate, see Figure 1.1. Both media are considered to be linearly elastic and
isotropic. In what follows, the parameters of the coating are denoted with superscript
“—7 and that of the half-space with “4”.

We contemplate the absence of body forces, therefore the conventional stress equa-

tions of motion can be taken as, see e.g. [1],

+ + + o+ 4+
Oiiq T Oing + 033 = P Uiy, (1.1)

+
ij

+

where o7 are Cauchy stresses, u;" are displacements and p* denote volume mass densi-

11



Chapter 1. Preliminaries

T
— 0 P h
+ / /
X2
/_\/—‘;;\___/ﬁ\\

Figure 1.1: Layer on a substrate

ties of the layer and the half-space. Here and below, i, j = 1,2, 3 and comma indicates
differentiation along the associated spatial coordinate or time.

tk(z1=ct) “then equations

If the motion is considered to be time-harmonic, i.e. uf ~ e
(1.1) become

+ + + 4+ o2 4
Oi11 T Oigg + 033 = —p Wi, (1.2)

where

w = kc (1.3)

is a radian frequency, k£ and c represent a wave number and a phase velocity, respec-
tively.

The Hook’s law for an isotropic material is given by

03 = NE0y(ehn + e + €53) + 207 e, (1.4)
where 6?; are strain tensors, ¢;; is the Kronecker delta defined as

0, @#7,
L, i=17,
A* and p* are the Lamé elastic constants, which can be represented as

IS s B (1.6)
T2 P T oAy ‘

12



1.1. Equations of elasticity theory and main parameters

with £* and v* denoting the Young’s modulus and the Poisson’s ratios, respectively,
of the layer and the substrate.

Strain tensors are expressed as

= LoE k) (1.7)

ij = g\t T U

therefore, the Hook’s law (1.4) together with the strain-displacement relations (1.7)

lead to the constitutive relations adopted in the form
+ + + + + ++ +
05 = A0 (uiy + ugg + ugy) + (v + ugy). (1.8)

Substituting the latter into (1.1), we obtain equations of motion in terms of dis-

placements

(AF 4 pF) grad (divu®) + pFAu* = piujftt, (1.9)

where A is the 3D Laplace operator in z;, 7 and z3 and u* = (u;°). The latter can

be also rewritten as

(c1)?grad (divu®) — (¢z)*curl (curlu™) = u?,. (1.10)

I \* 2+ =

+ + +

G = ————, G =4 — (1.11)
1 P 2 ot

are longitudinal and transverse wave speeds, respectively. We also introduce

where

, (1.12)

with x* being a ratio of aforementioned speeds, i.e.

+ +

L G 2 -2
L R iy 1.13
S Vi e (1.13)

13



Chapter 1. Preliminaries

The displacement field can be decomposed according to the Helmholtz theorem as
ut = gradp® + curly™, (1.14)

where o* and ¢t = (%i) are scalar longitudinal and vector transverse elastic poten-
tials, respectively. Substituting the latter into equations of motion (1.9) and taking

into account that divgrad = A and div curl = 0, we have
grad [()\i +2uF) AT — pigoi?t] + curl [,uiA@bi - pi@bft] = 0. (1.15)
If we apply the divergence operator to (1.15), we derive the wave equation
()*Ap™ — 7 =0, (1.16)
whereas utilization of the curl leads to
(c3)?Agp™ —ap7, = 0. (1.17)

The dimensionless coordinates can be written as

where &5 is applicable for the layer and & for the half-space. In the above, [ is a typical
length (e.g. wave length in case of a dynamic problem or a length scale related to the
load variation along the coordinates x1,xs in case of a static problem) and m = 1, 2.

In view of (1.18), constitutive relations (1.8) can be rearranged as

AT+ 2u0 AT AT
o :—'uu —U,., t+t ——Uu
mm l m,m l n,n h 3,3
AT A A+ 2um
03:TU11+TU2,2+ 3 3,3 119)
1.19
T
0227(u12+u21),

14



1.1. Equations of elasticity theory and main parameters

for the layer, and

1
Oopm = 7 (AT 207 )uy o+ A+ Augy),

mm l

1

O (A*ufl + )\JFUIQ + (AT + 2,u+)u§f73),

o~

(1.20)

L
0-:13 = T(u'r—i_@,?) + uf—;m)a

for the half-space, with n = 1,2; n # m.
Introducing the dimensionless time as

.
n= %, (1.21)

basic relations (1.1), then, can be written in dimensionless form as

! wo B
- - - — + + + +
Oiq T Oigg t+ Eo-iS,S = Tuimn’ 011 T Oing + 033 = Eui,nm (1.22)

where

p=1 (1.23)
In case of a static problem, equations (1.22) yield
Oi1t Tingt+ %‘72‘3,3 =0, Uz’+1,1 + ‘7;5,2 + 05,3 =0. (1.24)
For time-harmonic type of motion, the dimensionless variables can be expressed as
0F = —, K = kh, (tF=—. (1.25)
2
In this case, accounting for (1.18), equations of motion (1.2) become

_ 7 I Wl o, wtl _
Ojiq T Ot Eai3,3 = _?(Q )2%‘ ) O-i+1,1 + ‘715,2 + ‘75,3 = _?(QJF)Qui . (1.26)

Note, that taking the dimensionless variables as (1.25) results in having the dimension-
less time in the following form

tey

h = (1.27)

15



Chapter 1. Preliminaries

instead of (1.21) introduced earlier.

Let us also specify here that if the problem is considered in an anti-plane formulation
then ui = uf = 0 and uf = ui (v, 23,t), where ui are known as anti-plane shear
deformations. In case of a a plane strain assumption, uét =0 and uf = uf (2,23, 1),
s=1,3.

If the thickness of the layer is assumed to be small compared to a typical length [,

a small geometrical parameter can be introduced
e=-<<1 (1.28)

The presence of a contrast in stiffness of the coating and the half-space, in turn, implies

a material parameter p, which can be expressed as
K
Jr
p=<H <1, (1.29)
ut

where the first line corresponds to the case of the layer being softer than the half-space,

and the second line is for a relatively stiff coating.

These geometrical and material parameters above can be related to each other as
p=e, a >0, (1.30)

where for a fixed e, « represents the level of the contrast, i.e. with an increase of
a, the contrast in stiffness of the layer and the half-space becomes more pronounced.
Note, that the limiting case a = 0, associated with a non-contrast setup p = 1, is also
included.
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1.2. Models of elastic foundation

1.2 Models of elastic foundation

If a high contrast in stiffness of the layer and the half-space is assumed with the
substrate being much stiffer, the model of elastic foundation is often implemented.
The simplest and apparently the most popular structural model of an elastic foun-
dation is based on the Winkler-Fuss assumption treating a continuum as a system of
vertical springs. Such a foundation is equivalent to a liquid base. In fact, as men-
tioned in [106], N. Fuss came to this hypothesis studying a beam floating along the
surface of an incompressible fluid, whereas E. Winkler [172] considered a foundation
as a mattress consisting of non-connected elastic springs, see also [40] for more detail.
According to the hypothesis, the relation between the applied load P and the deflection

of the surface wy is governed by the equation
P = ruwy, (1.31)

where 7 is the foundation modulus or specific weight of the liquid base, and the deflec-
tion wqy corresponds to the vertical displacement of the surface of the foundation, i.e.

wo = Us 240 5€€ Figure 1.2.

X

Wo

222
===

Figure 1.2: Winkler-Fuss foundation

T3

It is also crucial that, according to the Winkler-Fuss hypothesis, the resulting dis-

17



Chapter 1. Preliminaries

placements occur only under the applied force, with the neighbouring area not affected.
Therefore, in order to find a physically closer representation, some more advanced
foundation models have been developed assuming some kind of interaction between
the spring elements for the Winkler model. For example, the Filonenko-Borodich foun-
dation [46] suggests a connection of the top ends of the independent springs with a
stretched elastic membrane subjected to a constant-tension field. The Hetenyi model
[68] is concerned with accomplishing the interaction by embedding an elastic beam or
plate, which deform in bending only. The Pasternak foundation [137] proposes the
existence of shear interactions between the spring elements, which may be achieved
by connecting the ends of the springs to a beam or plate consisting of incompressible
vertical elements deforming only by transverse shear. Thus, the relation between load

P and the deflection of the surface wy is given by

P= rwo — TAlng, (132)
where
0? 0?
Ajg = — + 1.
2 042 * dx3 (1.33)

is the Laplace operator in z; and x5. The second term on the right-hand side of (1.32)

is due to the effect of shear interactions of the vertical elements.

1.3 Kirchhoff plate theory

In the opposite scenario, if the coating is considered to be much stiffer than the sub-
strate, the model of a thin elastic plate is suggested by physical intuition as a natural
approximation.

18



1.3. Kirchhoff plate theory

Let the mid-plane of the plate lie along the two in-plane dimensions with the normal

extending along the vertical dimension, see Figure 1.3.

Figure 1.3: Kirchhoff plate

One of the most widely used theories for thin plates is the Kirchhoff plate theory
98], see e.g. [13] for a detailed review. It is based on assumptions dealing with the
kinematics of a normal material line, i.e., a set of particles initially positioned in the
direction normal to the mid-plane of the plate. A fundamental assumption of Kirchhoff
plate theory is that the normal material line is infinitely rigid along its length, i.e.,
no deformations occur in the direction normal to the mid-plane. Also, during the
deformation, the normal material line is assumed to remain straight and normal to the
deformed mid-plane of the plate.

An investigation of the governing equations of Kirchhoff plate theory indicates that
the initial problem can be separated into two simpler ones: in-plane and bending. The
bending problem, in turn, can be reduced to a bi-harmonic partial differential equation

for the deflection of the plate w, as

DA}w, = P, (1.34)
where
E-h3
D—__— " 1.
20— ()2 (1.35)

is the bending stiffness of the plate, P is the applied load, and the deflection is related
to the transverse displacement, i.e. w, = u; .
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Analysis of 3D equations of elasticity for bending of a thin layer also shows that the
Kirchhoff theory is revealed as the leading order approximation of asymptotic expansion

of the exact solution in the long-wave low-frequency limit, see [89].

1.4 Guided elastic waves

Considering dynamic problems for an elastic solid, we may distinguish three fundamen-
tal types of guided waves: Rayleigh [147], Rayleigh-Lamb [107] and Love waves. Brief
derivations of these are given in this section, for detailed reviews see e.g. [1] and [89].
Rayleigh waves of arbitrary profile and hyperbolic-elliptic model for Rayleigh waves

induced by surface stresses are also discussed in what follows.

1.4.1 Rayleigh surface waves

Let us start with a plane strain problem for an elastic isotropic half-space, see Figure

1.4.
ol =0 Z
+ 0
T3

Figure 1.4: Plane strain problem for an elastic half-space

The surface is supposed to be traction free, therefore, the boundary conditions at
r3 = 0 are written as

ok =0. (1.36)

The wave potentials are sought for in the form of travelling time-harmonic wave

20



1.4. Guided elastic waves

solutions, namely

ot = Aeihlwr—ct)—katas Pt =0, m=1,2, Py = Beik@i—ct)=kB s (1.37)

m

decaying as x3 — +oo. Substituting (1.37) into wave equations (1.16) and (1.17), we

derive

(1.38)
Using (1.8) with (1.14) and (1.37), and substituting the result into (1.36), we have

2iat A+ (1+ (8)%)B =0,
(1.39)
(1+ (87)2)A — 2iB+B =0,

which possesses a non-trivial solution provided that the related determinant equals

Zero, i.e.

4atpt — (14 (BH)H)?* =0. (1.40)

It is known that (1.40) has a unique solution ¢ = cg called the Rayleigh wave speed,

see e.g. [82], hence,

at = ap=4/1- i Bt = Bp=4/1— i (1.41)
(cf)? V@ |

Since the phase velocity is constant, the Rayleigh wave is non-dispersive.

1.4.2 Rayleigh waves of arbitrary profile

In the previous subsection the wave was considered to be time-harmonic (sinusoidal
shape). Now, let us present the generalized version for an arbitrary profile, see [82].

Let us study the elastic potentials of the form

QOJF - QOJF(‘TI - Cta Ig), w; - 07 1/}; - w;(xl - Ct7 I3)7 (142>
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Chapter 1. Preliminaries

corresponding to a wave of arbitrary shape propagating at a phase velocity c.

The boundary conditions (1.36) then can be rewritten as

290,JEB + w;n - 2/’§F,33 =0, (77 - 2)90?51 + 7790?53 + 21/’;,13 =0, (1-43)

where v~ is introduced in (1.12).

The wave equations (1.16) and (1.17) can be reduced to the elliptic equations

9033 + (0‘+)2%0j1 =0, 1/’:—’:33 + (B+)2¢?—:11 =0. (1.44)
Thus, the eigensolutions for the elastic potentials are

ot =T (x1 — ct,atws), Vi = (zy — ct, BT x3), (1.45)

which are harmonic functions.

Let us now employ the Cauchy-Riemann identities

fo= H(f1), 1= %H(ff,), H(H(f) = f (1.46)

for a harmonic function f(z;,7yz3) being a solution of the equation

fas+7°f11 =0, (1.47)

where H(f) is a Hilbert transform of function f, which is in fact its harmonic conjugate.

Applying aforementioned identities to the boundary conditions (1.45), we get

_204+H(%0j1> +(1+ (5+)2>¢§:11 =0,
(1.48)
(1+ (BJF)Q)SO,E + 25+H(¢§t11) =0.
Then, after taking the Hilbert transform of the first equation, the solvability of (1.48)

leads to Rayleigh equation (1.40). Hence, the sought for harmonic eigenfunctions are

ot = o (z1 — cpt,agrs), Y =¢F (v1 — crt, Brrs), (1.49)
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1.4. Guided elastic waves

where ag and g are given in (1.41).
From boundary conditions (1.43) we obtain the relations between the potentials

along the surface 3 =0

2 1_|_62
Uiy = —ﬁ@} Uiy = 5 Eot, (1.50)
which after applying Cauchy-Riemann identities become
2ar QﬁR
by M), et = H(y). (1.51)

T T
Hence, the displacements along the surface x5 = 0 can be expressed in terms of a single

plane harmonic function, for example, in terms of the potential ™, as
1+ B2 2
F=(1- " T=(1- : 1.52

1.4.3 Hyperbolic-elliptic model for the Rayleigh waves induced

by surface stresses

In this section we discuss the hyperbolic-elliptic model for Rayleigh wave field induced
by surface stresses in a plane strain formulation, for more detail see [82] and [86].
We consider a plane strain problem for a half-space with prescribed stresses at the

surface x3 = 0 given by

U?J)FS = Ql(mlat)a O_;r?, = Q2<x17t)- (153)

The problem is separated into vertical and horizontal considerations, i.e. with
@2 = 0 and Q)1 = 0, respectively, and a slow-time perturbation procedure is applied.
As a result, using boundary conditions (1.53) for a vertical load ¢y with Q2 = 0,
we obtain a 1D wave equation
Orel = AQ, (1.54)
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where
0? 1 02
Or==—— = 1.55
R dx? % ot? (1.55)
is d’Alembert operator, ¢} is a normal component of the potential ¢ and
1+ B4 AR 2 Br 2 4
\ = = ——(1— —=(1- -1 : 1.56
2B’ B 5R( Br) + OZR( ag) + Bk (1.56)

The solution of the equation above provides a Dirichlet boundary condition at x3 = 0
for the elliptic equation given by (1.44); with a™ = ag.

Similarly, focusing on boundary conditions (1.53) for a horizontal load Qs with
Q1 = 0, we arrive at a problem for equation (1.44), with T = [ subject to the

Dirichlet boundary condition in the form of the following wave equation

Ortysy = —RQe, (1.57)

where 97 is a transverse component of the potential ¥y .
Taking into account relation between potentials (1.51);, equation (1.57) for a hori-

zontal component can be rewritten as

A

OrH(p7) = _6Q2’ (1.58)

which after applying Hilbert transform becomes

A
Onef = 5 H(Qw). (1.50)
In the above,
ZOéR
= —. 1.60
1+ 6% (1.60)

Combining equations (1.54) and (1.59) for vertical and horizontal components of the

potential ¢, respectively, and taking into account that ¢7. + ok = ¢, we arrive at
H
Orp™ = R [Ql + —gﬂ : (1.61)

24



1.4. Guided elastic waves

1.4.4 Rayleigh-Lamb waves

Now, let us consider a plane strain problem for an infinite layer of thickness 2h, see

Figure 1.5.

T

N - 2h 0

N

Figure 1.5: Plane strain problem for an infinite layer

We suppose the faces to be traction free, therefore, the boundary conditions at

r3 = +h become

o5 =0. (1.62)

The wave potentials can be found as

o = f(xg)ez‘k(m—ct), w;L =0, 1/}3— _ g(xg)eik(xl—ct), (163)
substitution of which into wave equations (1.16) and (1.17) leads to

f(z3) = Ay sin(a~ kaxs) + As cos(a™ kxg),
(1.64)
g(x3) = Bysin(8~kxs) + By cos(f~ kxs),

where

a = -1, B = —1, (1.65)

and A,, and B,, are arbitrary constants.

The modes of wave propagation corresponding to the above equations can be split
up into two groups: symmetric and antisymmetric with respect to the mid-plane of
the layer (z3 = 0). Therefore, the displacement components can be written in terms
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of elementary functions as

f = Ascos(a” kx3), g = Bysin(p~ kx3), (1.66)

for the symmetric modes and

f = Aisin(a” kxj), g = By cos(B~kxs), (1.67)

for the antisymmetric ones. Thus, for the symmetric modes the displacement u; and
the stresses o;; are even with respect to the thickness variable x3 and the displacement
us and the stress o3 are odd and vice versa for the antisymmetric.

Substituting functions (1.66) into (1.63), (1.14) and (1.8), the boundary conditions
(1.62) yield a system of two homogeneous equations for the constants A, and B; for
symmetric modes. Similarly, for the antisymmetric modes two homogeneous equations
for the constants A; and Bs are obtained. Equating the determinants to zero we derive

the Rayleigh-Lamb dispersion equations

tan(87kh)  4k*a "

tan(a~kh)  [(87)2 —1]2 o
and

tan(8-kh) _ [(87)* —1P° (1.69)

tan(a—kh)  4k2a- 3~
for the symmetric and antisymmetric modes, respectively.

Employing the dimensionless variables 2~ and K introduced in (1.25), dispersion

relations (1.68) and (1.69) can be rewritten as

T _ e
tan /(05 — K (@) —2K7F |
and
tan /() — K7 ()2 — 2K o

tan \/(Q_//i_>2 — K? _4K2\/[(Q—/m—)2 — K?][(Q7)? — K?]
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1.4. Guided elastic waves

where k™ is defined in (1.13).
Let us now consider long-wave high-frequency approximation, i.e. K < 1,0 ~ 1.

For small values of K, the dispersion relation for symmetric motions (1.70) is satisfied

if
v Q-
sin(Q7) =0 or cos (—_) =0, (1.72)
K
and for antisymmetric motions (1.71) if
AYE -
sin (—) =0 or cos(27) =0, (1.73)
K
resulting in
Q=AY =nZz QT =AYt = s,
Q- = A" = gb, Q- = ATt = gz (1.74)
2 =1,3,5,..., b=24.6,..,

which are the so-called symmetric and antisymmetric thickness stretch and thickness
shear resonance frequencies, respectively. They represent the natural frequencies of an

infinitely thin transverse fibre of the layer and are eigenvalues of the problems
Q_ 2
uy g3+ (27)%u; =0, Ug 33 + <,§_) ug =0 (1.75)
with ug 3 = 0, see Figure 1.6.

shear stretching

2h

symmetric antisymmetric symmetric  antisymmetric

Figure 1.6: Infinitely thin transverse fibre of the layer
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Note, that the Rayleigh wave equation can be obtained from the Rayleigh-Lamb

dispersion relation in the short-wave limit.

1.4.5 Love waves

In this subsection we consider an anti-plane problem for a half-space coated by a layer

of a different material, see Figure 1.1. Hence, equations of motion (1.10) take the form
+ + Lo
Uy + U 33 = 75 Uo (1.76)
()
We assume that the surface is free, therefore, the boundary condition is given by
093 =0 (1.77)
at z3 = 0. We also impose continuity conditions at the interface x5 = h
The displacements are sought for in the form
ur = fE(xs)et@r—et), (1.79)
In view of (1.79), equations of motion (1.76) become
TR (BE) =0, (1.80)

where 5~ and " are defined in (1.65) and (1.38), respectively. The solution of (1.80)

decaying at infinity can be found as
f~ = Asin(8" kxs) + Bcos(f kxs), ft=Cefkms (1.81)

where A, B and C' are arbitrary constants. Using constitutive relation (1.8) together
with (1.79) and (1.81) and substituting it into boundary and continuity conditions
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1.4. Guided elastic waves

(1.77) and (1.78), respectively, we obtain the dispersion relation

p Bt
prp

tan(5~kh) = (1.82)
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Chapter 2

Anti-plane shear deformation

The anti-plane shear deformation problem of a half-space coated by a soft or a stiff
thin layer is considered in the present chapter. The two-parametric asymptotic analysis
is developed motivated by the scaling for the displacement and stress components
obtained from the exact solution of a model problem for a shear sinusoidal load. It is
shown that for a rather high contrast in stiffness of the layer and the half-space Winkler-
type behaviour appears for a relatively soft coating, while for a relatively stiff one, the
equations of plate shear are valid. For low contrast, an alternative approximation is
suggested based on the reduced continuity conditions and the fact that the applied
load may be transmitted to the interface. In case of a stiff layer, a simpler problem
for a homogeneous half-space with effective boundary condition is also formulated,
modelling the effect of the coating, whereas for a relatively soft layer a uniformly
valid approximate formula is introduced. The results presented in this chapter were
published in [159].
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2.1. Statement of the problem

2.1 Statement of the problem

Consider an anti-plane problem of equilibrium for a homogeneous linearly elastic isotropic
half-space coated by a thin isotropic layer of thickness h, subject to action of a smooth

shear static force P = P(z) at the surface of the coating (z3 = 0), see Figure 2.1.

o 2

— 0 | n
+ / /—
)
/_\//—\—/——\
Zs3

Figure 2.1: Anti-plane problem statement

We employ the dimensionless coordinates introduced in (1.18), and use, therefore,
governing equations (1.19), (1.20) and (1.24), which, in anti-plane formulation, take
the form
i b=t n=tuy (2.1)

T0121 T 0233 = 0, 012 = 7 Uz 15 Oa3 = T Uy 3,

l

for the layer, and

+
+ + +_ My + _ Bk
Olo1 T 0933 = 0, O12 = Tu2,17 Om3 = TU2,37 (2.2)

for the half-space.
The boundary condition, modelling shear load at the surface of the layer, and

continuity conditions at the interface take the form

(2.3)

Uy, = Uy, Oy = 0o, & =1
We also impose the decay condition for the displacement, i.e. uj — 0 as & — +oo.
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Chapter 2. Anti-plane shear deformation

The layer is considered to be thin, leading to small geometrical parameter (1.28).
A contrast in stiffness of the layer and the half-space is also assumed, represented by
material parameter (1.29), see Section 1.1 for more detail. In what follows, we use

relation (1.30) connecting these two parameters.

2.2 Model problem for a sinusoidal shear load

We begin the analysis with investigation of a model problem for a shear sinusoidal force
P =Ap siné, (2.4)

where A is a constant amplitude, see Figure 2.2.

{
M M 1
= 1 =0 T =

= =
I R

| T3

Figure 2.2: Model problem for a sinusoidal surface load

In this case, the displacements may be sought as
uy = fH(&)sing;. (2.5)
Substituting (2.5) into governing equations (2.1) and (2.2), we have
&) - &) =0 f7E) - &) =0 (2:6)
Taking into account boundary and continuity conditions (2.3), the solution of (2.6)
decaying at infinity is written as

F&)=Cre™s + Coe s, fHE) = Cye S, (2.7)
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2.2. Model problem for a sinusoidal shear load

where
N; .
Ci:57 Z:172737
with
Ny = Ah(p~ — p*), N3 = 2Ahe ™,
Ny = Ahe*(u~ + u'), D=clu (e* —1)+ ut(e* +1)].

Substituting the latter into relations (2.1) and (2.2), the stress components are found

in the form
+ +

o= L@ et ofy = =L rH(E) sing,
O3 = %5 <C16€55 — 0267553?) sin&;.
Then, using (1.28) and (1.29) together with (1.30), we deduce the leading order

(2.8)

asymptotic behaviour of the displacements and stresses obtained above, in terms of a

small parameter ¢, for a relatively soft and a stiff layer, see Table 2.1.

Uy O Oy | Uy Oy Oy
a>1 1 5 1 go—1 1 1
Soft layer
0<a<l| et g 1 | gt 1 1
a>1 e2 o g2 gaml ol
Stiff layer
0<a<l|e>!l ¢go 1 |gol 1 1

Table 2.1: Asymptotic behaviour of displacements and stresses

Now, we study in more detail the relation between displacement u, at the surface

of the coating (£5 = 0) and prescribed load P by introducing the coefficient

P

r =

(2.9)

Usg ‘ggzo

Note, that this coefficient is constant only for the considered sinusoidal load. In general,

the relation between displacement u, ‘ - =0 and load P is a function of & . In case of a
o=
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Chapter 2. Anti-plane shear deformation

shear sinusoidal load (2.4), it is given by

Apu~D

p=—t = 2.10
N TN, (2.10)

following from (2.5) and (2.7);. The leading order estimates of the coefficient r de-

pending on the parameter a are presented in Table 2.2.

a>1 a=1 0<ax<l1
1o popt ph
Soft 1 La [ S A £
T | e l
: ph 2p"h pt
Stiff layer 2 B -

Table 2.2: Leading order of the coefficient r for a sinusoidal shear force

Therefore, at o > 1, the coefficient » does not depend on the stiffness of the half-
space ", meaning that the deformation of the substrate is neglected. In general, in
case of a rather soft layer, it may be described as a Winkler-type behaviour, see Section
1.2 for more detail, while for a stiff layer, taking into account the term /2, it indicates
that the plate shear equation may be expected as a relation between u, ‘ £ =0 and P,
see Section 1.3. In the range 0 < o < 1, the relation is entirely affected by the presence
of the half-space, i.e. the layer may no longer be separated, and the original problem
for a coated solid should be considered. The case a = 1 seems to be a transition point,
since, for instance, for a soft layer, r depends on both p~ and p™, but, at the same

h pu~

time, according to assumptions (1.28), (1.29); and relation (1.30), T E =6 thus,
i
it may also be written as r = ';—h
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2.3. Asymptotic analysis

2.3 Asymptotic analysis

In this section we proceed with a more general insight for an arbitrary load acting on
the surface of the layer, adopting asymptotic procedure widely used in mechanics of
thin elastic structures, see e.g. [3, 36, 44]. Note that the scaling is motivated by the

asymptotic orders in Table 2.1, obtained for a sinusoidal shear force.

2.3.1 Soft layer, a > 1 (u < ¢)

First, we scale the displacement and stress components according to the first row of

the Table 2.1, having for a relatively soft layer
uy = huy ", Oy = IV €015, Og3 = I1 Oa3, (2.11)

where the quantities with the asterisk in superscript are assumed to be of the same

asymptotic order. Hence, governing equations (2.1) become
2 _—x —k —k o — —k o —x%
€°0151 + 0935 =0, 019 = Ug 1 O93 = Ug3. (2.12)

Similarly, substituting the scaling for the half-space given by

uy = he® tug*, ol = oy, Ogy = [ 053, (2.13)
into equations (2.2), we get
Ol + 0353 =0, oy =u3l, 03 =uyl (2.14)
Here and below, the applied load is scaled as
P=pup" (2.15)
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Chapter 2. Anti-plane shear deformation

In what follows, boundary and continuity conditions (2.3), may be rewritten as

Uyt = 50‘*11@*, 09 = 0;3*, & =1

Next, we expand the displacements and stresses of the layer in asymptotic series

Us Ugy

0L = 01—2(0) 4+ ... (2.17)
0

093 023( )

Thus, at leading order we have from (2.12)
02_3(2) =0, 01_2(0) = u;}”, 02_3(0) = ugéo), (2.18)
subject to boundary conditions at 5 = 0
o) = —p*. (2.19)

In view of (2.16), uy* > us™ at a > 1 while u, * ~ uj* at a = 1, therefore, the leading

order continuity conditions at {; = 1 become

02_3(0) = a;(o), u;(o) =0, a>1, u;(o) = u;(o), a=1. (2.20)
From (2.18); and satisfying (2.19), we obtain
o) = —p, (2.21)
Then, using (2.18)3 together with (2.20), we deduce
uy, = pr(1 —&5), a>1,

(2.22)

UQ_(O)_ (1_53)+“2 K ; a=1

& =1

Therefore, as it was discussed above, at &5 = 0, the relation between displacement and
applied load at a > 1 is not affected by the presence of the substrate, which may be
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2.3. Asymptotic analysis

described as Winkler-type behaviour, while for a = 1 the reaction of the half-space is

involved. The same happens for shear stress 01;(0), for which we have from (2.18), and

(2.22)
_ op* _
‘712(0) = 8_};1(1 —&), a>1,
o _ o duy (2.23)
1ol = —(1 —&7)+ ——— , =1
012 851( 53 ) agl _ Q

2.3.2 Soft layer, 0 <a <1 (eSu<k1)

The scaling for the layer now takes the form

- _ a—1, —x* — a0 — - = _—x%
Uy = he® Tuy”, Oip = K € 012, Og3 = K 023, (2.24)
leading to
a+1l _—x + —% 0 —% __  —% l-a _—% __  —x% (2 25)
€ 0191 T 0233 =Y, O19 = Ug ;s € 093 = Ugs. .

The scaling and the equations for the half-space are taken as (2.13) and (2.14), respec-
tively, with boundary condition (2.16);, whereas the continuity conditions at & = 1

become

—%k 4 —k __ Tt

At leading order, the equations for the layer are

oy =0, o) =u\, upy) =0, (2.27)
subject to boundary condition (2.19) and the following continuity conditions at £ = 1
02},(0) = 0;3(0), Uy © = Uy ©, (2.28)
As above, quantity 0;3(0) is expressed as (2.21). Then, (2.27)3; and (2.28), imply
uy @ = O (2.29)
¢ =1
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Chapter 2. Anti-plane shear deformation

Finally, (2.27), yields

o Oug”
o6 | _
§3 =1

Hence, shear displacement and stress depend only on the deformation of the substrate.

2.3.3 Stiff layer, a > 1 (u <€)

For a stiff layer, we scale the displacements and stresses according to the third row in

Table 2.1
uy = he 2uy*, o = e oy, Ogs = I 0oy (2.31)
which implies
oot oy =0, o =upl oy =yl (2:32)
The scaling for the half-space is taken as
uy = he *uj™, ofy = pu e oy, 0oy = u e oy, (2.33)

which, substituted into (2.2), gives (2.14). Boundary condition, again, is expressed as

(2.19), while the continuity conditions at &5 = 1 are

—% __ 4k —% __ _a—1 __+x*
Uy " = Uy Ooy = €% 05 (2.34)

At leading order for the layer we have

—© —© —(© —(© —(©0
012(,1) + 023(,3) =0, ‘712( ) = Uz,g )a U2,§ = 0, (2.35)

with boundary condition (2.19). Taking into account (2.34),, i.e. 0" > 055 at o > 1,

and 0., ~ 045" at a = 1, the continuity conditions at & =1 are

—(0) +(0)

(0) +(0) —(0) — 07 a > 17 Og3 = Og3 ', Q= 1. (236)

Uy = = Uy 7, O3
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2.3. Asymptotic analysis

From (2.35)3; we have

uw, " =V, (2.37)

where V' = V(&) which may be denoted as a dimensionless shear of the coating, thus,

(0)

displacement u, *’ is constant across the thickness of the layer. Next, we deduce from

(2.35),
o OV

012 = a—gl (238)

Using (2.35); and satisfying boundary condition (2.19), we obtain

_ v .
023(0) = —ng —D- (2-39)

1

Finally, from continuity conditions (2.36), we have

82V .
22 - P, a> L,

i (2.40)
OV . _+0)

— =—-p'—0 , a=1,
&7 “ o lg=
which are in fact the equations of plate shear, with the substrate reaction equal to 0

at o > 1.

2.3.4 Stiff layer, 0 <a<1(eSu<kl)

In this case, the scaling for the layer is given by

uy = he ™ tuy*, O =MW € %015, Og3 = [L 0o, (2.41)
with the governing equations
e + 0333 =0, 015 = U3}, e* Moy = uys. (2.42)
The scaling for the half-space is
uy = he * tug*, ol = pu oy, O3 = [ O3, (2.43)
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Chapter 2. Anti-plane shear deformation

with equations (2.14). Boundary and continuity conditions are taken as (2.19) and
(2.28).

The leading order equations and results are the same as in Subsection 2.3.2.

2.3.5 Reduced problem formulations for a half-space

As it follows from the analysis above, for some cases the expressions for stresses and

0
and stress a;rg( ) see

& =1 & =1

(2.22)5, (2.23)2, (2.29) and (2.40)5. The asymptotic treatment allows us to formulate

displacements involve the interfacial displacement u; ©

reduced problems for the half-space separately from the layer, from the solutions of
which these interfacial values can be derived.

For a soft layer, shear stress 02_3(0) is uniform across the thickness of the layer,
see (2.21), and may be transmitted to the interface. Therefore, taking into account
continuity conditions (2.20); and (2.28);, the problem for a homogeneous half-space

may be formulated with the following boundary conditions at the interface & = 0
043 = P. (2.44)

Hence, the value of interfacial displacement u;(o) in formulae (2.22)q, (2.23), and
& =1

(2.29) follow from the solution of the stated problem.

In case of a stiff layer, for a = 1, taking into account continuity conditions (2.36);
and (2.36)3, the expression for the shear of the layer (2.37) and the equation of plate
shear (2.40),, we arrive at the following effective boundary condition for a half-space

- 0Puy

l 8&% g;}*:o'

+
Og3 =

(2.45)

Thus, the value of the shear V for @ = 1 can be obtained by solving this reduced
problem.
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2.3. Asymptotic analysis

Let us now present solutions of the problems discussed above for sinusoidal P.
In what follows, we consider a homogeneous elastic half-space (£ > 0) subject to
boundary conditions (2.44) and (2.45) for load (2.4) denoted as Case 1 and Case 2 in

Table 2.3, respectively.

The equations of the formulated problems and the solutions are given by (2.2) and
(2.5) with functions (2.7)q, where the values of the coefficient C, corresponding to the
related case of the applied boundary conditions, are presented in Table 2.3, together

with the displacement and stress components at the surface &5 = 0.

Case 1 Case 2

Boundary conditions

+ 2ut
of | —Ap~sin& | —Ap~sing — L2
[ 0 £+ =0
Coefficient in (2.7),
Aap~ Aap~
C
3 o o

Displacements and stresses at the surface

+ | Aap”sing; Aap~ sin&
/U/2 -, -
pt 2ut
A —
ol | Au~cos& %OS&
A s
0y | —Ap~sing —%mgl

Table 2.3: Anti-plane BVPs for a homogeneous half-space
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Chapter 2. Anti-plane shear deformation

2.4 Numerical comparison of the asymptotic results

with the exact solution

In this section the derived asymptotic results are tested by comparison with the exact
solution of a problem for sinusoidal load (2.4) applied at the surface of the layer z3 = 0.
In doing so, we study the coefficient r introduced in (2.9).

For the exact solution, coefficient r follows from (2.10).

For the asymptotic results, in case of a soft layer, we use relations (2.22) for a > 1
and o = 1, and (2.29) for 0 < a < 1. The value of the interfacial displacement
Usy Ly due to continuity conditions (2.20)3 and (2.28)s, may be found from a sim-
pler problem for a homogeneous half-space discussed in Subsection 2.3.5. Its solution
for sinusoidal load (2.4) is presented as Case 1 in Table 2.3.

In order to derive r for a stiff layer, we solve plate shear equations (2.40) for o > 1
and a = 1. For the latter case, taking into account continuity condition (2.36);, the
shear of the layer, see (2.37), may be again derived from a problem for a half-space,
see Subsection 2.3.5 (Case 2 in Table 2.3 for a solution for a sinusoidal load). The case
0 < a < 1 is identical to one for a soft layer.

As a result, asymptotic formulae for coefficient r coincide with leading order exact

solution presented in Table 2.2.

As an illustration, we plot the dimensionless coefficient

h
Ty = —T, 2.46
= (2.46)

in Figure 2.3 for a soft and a stiff layer, with o = log, i1, Poisson’s ratios v~ = 0.25

and v+ = 0.3, and € = 0.1.
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2.4. Numerical comparison of the asymptotic results with the exact solution

(a) soft coating

10 mmmmmmmmem o o o 0 o o
0.8F 4
0.6 4
Ny
0.4 K K4 —— exact, see (2.10) ]
I ---- asymptotic (o > 1), see (2.22); ]
o2t 4 | - asymptotic (0 < a < 1), see (2.29) |
[ esee asymptotic (a« = 1), see (2.22)9 ]
OO L L L L 1 L L L L 1 L L L L 1 L L L L
0 1 2 3 4
a
(b) stiff coating
0.10p—————— 77—
I —— exact, see (2.10) |
0.08+ \ ---- asymptotic (a > 1), see (2.40); .
x| e asymptotic (0 < o < 1), see (2.29) | |
\ esee matched asymptotic, see (2.47)
0'06__ ‘\‘ ® asymptotic (o = 1), see (2.40) ]
< \
r \‘ .
0.04r \ 1
k- ‘\‘ B
5 \‘ -
0.02 N 1
o0t 470 i 00— 00— 0—~—————t——
0 1 2 3 4
a

Figure 2.3: Asymptotic and exact solutions of an anti-plane problem for sinusoidal load

(e=0.1,v =0.25 v =0.3)

Here, blue solid lines correspond to the exact solution, dashed and dot-dashed
lines display the asymptotic approximations at a > 1 (formula (2.22); in case of a soft
coating and (2.40); for a stiff one) and 0 < o < 1 (formula (2.29) valid for both soft and
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Chapter 2. Anti-plane shear deformation

stiff layers), respectively, which have limited ranges of applicability. For a soft coating,
case o = 1 gives two-term approximation (2.22),, which appears to be uniformly valid
over the whole range of parameter «, and the associated curve, denoted by red dots
in Figure 2.3(a), is very close to the exact solution. As for a stiff layer, approximation
at o = 1, represented by formula (2.40),, is a limiting case, displayed by the blue dot
in Figure 2.3(b), being valid only for this particular value of «, therefore, there is no
uniformly valid approximation. We can, however, match the derived approximations
through

=%t b (1), 2.47)

where r? and 7> are dimensionless coefficients for approximations at o = 0 and @ > 1,
respectively, and b can be found using the value of r, at &« = 1. For sinusoidal load

(2.4), b~ 0.455, and the related curve is plotted with red dots in Figure 2.3(b).
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Chapter 3

3D deformation

Here we extend the methodology presented in the previous chapter to a full 3D problem
in order to validate Winkler-Fuss hypothesis for a relatively soft layer and Kirchhoff
theory for thin plates in case of the coating being stiff. Two-parametric asymptotic
analysis of the equilibrium of an elastic half-space coated by a thin soft or stiff layer for
a 3D setup is developed. The initial scaling is motivated by the exact solution of the
plane strain problem for a vertical sinusoidal load. It is established that Winkler-Fuss
hypothesis and Kirchhoff theory for thin plates are valid only for a sufficiently high
contrast in stiffness of the layer and the half-space. As an alternative, a uniformly valid
non-local approximation is proposed in case of a soft layer. Higher order corrections
to the Winkler-Fuss formulation, such as the Pasternak model, are also studied. In
the scenario, in which the Kirchhoff theory fails, other approximate formulations are
introduced, reducing the original problem for a coated solid to problems for a homo-
geneous half-space with Neumann, mixed or effective boundary conditions along its
surface. The results of the present chapter were published in [78] and [79] considering
relatively soft and stiff layer, respectively.
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Chapter 3. 3D deformation

3.1 Statement of the problem

Consider a thin linearly isotropic elastic layer (0 < z3 < h) resting on an elastic half-
space (x3 > h). Let a smooth vertical static force P = P(z1,x2) be applied at the

surface of the layer, see Figure 3.1.

l
T "
J—r — : - /
e

Figure 3.1: Problem statement for a 3D problem

As in Chapter 2, we use dimensionless coordinates (1.18) with governing equations
(1.24) and constitutive relations (1.19) and (1.20). We also employ parameters (1.28)
and (1.29), corresponding to the relative thickness and stiffness of the layer, respec-
tively, together with relation (1.30).

The boundary conditions at x3 = 0 modelling vertical loading at the upper face of

the layer are

043 = —P, o3 =0, (3.1)
where m = 1,2. We also impose the continuity conditions
u; =, Op =054 (3.2)

at the interface x3 = h. The decay of the spacial displacements is also assumed, i.e.
uf — 0, as x3 — +00.
For numerous applications the most important consequence of the solution of the
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3.2. Plane strain problem for a sinusoidal load

stated problem is the relation between the applied load and the vertical displacement
of the upper face of the layer. In case of a soft layer, similarly to the anti-plane problem
presented in Chapter 2, we may expect Winkler-Fuss hypothesis to be applicable, see
Section 1.2 for more detail, while in case of a stiff thin coating resting on a soft substrate,
the model of a thin elastic plate may be used to describe the behaviour, see Section
1.3. In this chapter we develop a two-parametric asymptotic procedure, aiming at
estimating the range of the parameter «, for which the Winkler-Fuss approximation and
the theory of thin plates may be validated and mathematically justified. Refinements

to this model are also derived in what follows.

3.2 Plane strain problem for a sinusoidal load

We begin with a model plane strain problem for a vertical sinusoidal force

P = Ay~ cos&, (3.3)

where A is constant amplitude, see Figure 3.2.

/ﬂJ;\v\ /Y/iii\r\ 1
- Dl = i VD
_.I_

xs3

Figure 3.2: Plane problem for a sinusoidal surface load

The associated dimensionless equations of equilibrium may be taken in the form of
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Chapter 3. 3D deformation

(1.19), (1.20) and (1.24), setting uy = 0 and uy, =0, s = 1,3, i.e.

(A™+ 2H_)52U1_,11 + (A7 + p7)eug g+ p U5 =0,
N_52U§,11 + (AT + 7 )euy 15+ (AT + 207 Jug 53 =0,
(3.4)
(AT + Qlﬁ)ufn + (AT + MJF)U:—’:B + /ﬁui% =0,
M+U§,11 + (AT + M+)uf13 + (AT + 2M+)U:J{33 = 0.

The boundary conditions (3.1) become
o= —Apcoséy, 01 =0, (3.5)

with continuity (3.2) and decay conditions.

The sought for displacement components may be presented as

up = i (&) siné,  uy = fi7 (&) cosér. (3.6)
Then, on substituting (3.6) into (3.4), we have
P ST (&) = A+ 2u) () = (A i )efs (&) =0
A~ +207) 5" (&) + (0 )efi (&) —pet fy (&) =0
TRE) = O 2 FHE) = (A + ) AT =0

(AT 207 f57(ED) + (W + p) (&) — £ =0

(3.7)

Equations (3.7) may also be rewritten as
o i+ as i +CL13f = a3 3jE”+ a fi +a23f3 =0, (3.8)

which after rearrangement become

+ + + +

+ A1 4 Q33 fﬂ:/ +/ Gy p4n U3 £ (3.9)

fi=—%h = J3 > 1 = £ /3 X J3- .
aig D) Qa9 Qa9

Differentiating (3.9)q, substituting it into (3.9); and differentiating again, we obtain

+ + + + +
+/ 011991 ,4(4) (113 Q13 \ pan (3.10)
1 = FJ3 T T T )J3 > -
(1203 (paloy Ay
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3.2. Plane strain problem for a sinusoidal load

which together with (3.9), gives

+ r+(4) + ot/ + o+
bifs  +byfs +b3f3 =0, (3.11)
with
+ + + + + + + + +
bt — a11a9; bt — (77023 — Q13095 + Q1309 bt — Qa3 (3 12)
1 = ¥ _+> 2 = F _+ ] 3 — - :
12029 12029 5%

Coming back to the original notations, coefficients bf[ become

o oo 2 o — M

1 63()\_ +,u/_>7 2 8()\_ +2’u/_)7 3 )\_ _'_lu_7 (313)
O R S

! M4t 2N 2t 3 M4t

Therefore, the solutions of (3.11) decaying at +o0o take the form

F(&5) = (Cr + a3 ) e + (O3 + Cuéy) e

(3.14)
FH(&) = (G5 + Cotf) 5
Substituting the latter into (3.10), we deduce
fi&) =e7 [Cs+Ca(&G —Co)] e [Gi+ G (& + Gy 3.15)

A& =78 [Cs+ Co (& —<CF)]

1 2u*t
where C5 = B (1 + #) The values of C,, ¢ = 1,...,6, are obtained from

boundary and continuity conditions (3.5) and (3.2) and given by

_ARN,

Cq =5, (3.16)

where
Ni = 2e*’BrBiz + (v )?[By Bz (p)? +2(y" — 2e¥e By ) pt
— By Biy(u*)?] + 7B Bry(p")? +2(2¢*eB) — 1) — By Bfy(1™)?],
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Chapter 3. 3D deformation

Ny = —e*(2e?’B;Bia + 7 [Bf Byp(u™)? — 2(e* + 2By e)upt
—B{ Biy(n*)’] — (v7)*[B3 (Bg — 2¢*)(n7)?
+2(e*y* = 2By e)upt + B (By +e* +2e%)(u")?]),
Ny = —eBy B:[By By (e*By — 1)u~ + B{' (B; +€*By B )u*],
Ny = ee® By Bjo|By By u~ + (By By +e*By)u'],
Ny = 2%y p~[By Bf (e By — By )u~ + (e*Bf;, — By)u'],

Ng = 2¢°y"B{pu~[By By~ + (By By +e*By)u'],

and
D = 2¢[(By)?Bf (Bs — 2e*Bs) (1~ )? + 2By [Bg + e¢* By
+e*(4By e* = 2)|u~p" + B [By By Be
+2e%(Bs[1+ (7)) — 477 (),
with
Bf =~* —1, Bg =1+ e, Bf} = By F B,
By =~ +1, By =pu~ —pt, By = B~ + B p™,
Bf =1+e¢, Bf =1+ 7%, B = ¥ (B} +2¢2) + 1,
Bf =1+ 2, Bf = e* + By, B, = e*(4e> £ BY) — 1,
Bs =1+ 2¢2, Biy = Bf —4¢?, Bis =y (e —yTBy) £ ~*e.

Stresses can be derived substituting displacements (3.6) with (3.14) into the corre-
sponding expressions in (1.19) and (1.20).

Using the results together with material parameter (1.29) and relation (1.30), the
leading order asymptotic behaviour of the displacements and stresses expressed in terms
of small parameter € at a > 0 is given in Table 3.1 for a soft coating and in Table 3.2
for a stiff one.

It is clear that, in case of a soft layer, u; > uj at o > 1, i.e. the deformations
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3.2. Plane strain problem for a sinusoidal load

- - - - — + + +
Uy Usg 013 033 011 | U Us 013 033 011

Table 3.1: Asymptotic behaviour of displacements and stresses for a soft layer
uy Uy Oy Oy O | up U Oj3 O3 Of
Q 2 3 5—3 5_4 5—1 1 6_2 8_4 8_4 5&—3 804—3 5&—3
2< <3| @ gl gma 1 glrajgmanl gmanl g 1 1
1<a<2| g2 gob 1 1 gt gl gt 1 1
0<a<l 8—@—1 8—04—1 gl—a 1 e~ g—a—l g—a—l 1 1 1
Table 3.2: Asymptotic behaviour of displacements and stresses for a stiff layer

of the half-space may be neglected at leading order. Moreover, u; and o3, are of the

same asymptotic order, which does not contradict the Winkler-Fuss hypothesis. For

0 < a <1 we have u; ~ uj and also u; < 033, corresponding to a non-negligible

effect of the substrate deformability. The value o = 1 appears to be a border line

value, since still u; ~ 033, but at the same time ug ~ uj .

Now, let us consider in more detail the relation between vertical displacement wug

at the surface £ = 0 and prescribed load (3.3), by introducing the coefficient

r=———. (3.17)
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Chapter 3. 3D deformation

We have from (3.6), (3.14), (3.15) and (3.16) at leading order for a soft layer
— 49y
)\%7 a > 1,
r={ 20" DA +2p7) (3.18)
hA=y+ = 2p= (1 = 29H)) ’

e, a < 1.

ST

Hence, at o > 1 vertical displacement us is proportional to prescribed load P. In
this case, according to Winkler-Fuss hypothesis (1.31), coefficient r depends only on
the thickness and elastic parameters of the layer. This result was earlier obtained in
[3] for a layer with a clamped base. At the same time, at o < 1 this coefficient already
depends on both the parameters of the layer and the half-space and is independent of
&1 only for the considered sinusoidal load. It is also worth noting that at a < 1 factor

l-a

e~ indicates the violation of Winkler-Fuss type behaviour.

For a stiff coating we have

(v — 1 4
[ (Vh - )e 7 03,
Y
T G St Al 00 0 ) RN
3hy= (14 ~+) L7
— At st
r= —2;(116*) : l<a<3, (3.19)
gl
P (7 (677 —2) —dyh)e? _
h(y=(243y%) = 2(1 +91))’ ’
20~ +_1 a+1
It (vh7+ )e | o<l

As a result, the case a > 3, when the coefficient 7 is independent of the parameters
of substrate, is clearly observed. This points out that the equation of plate bending
may be expected at leading order as a relation involving vertical displacement u; and
the applied load P. Note again, that the ratio does not involve &; since the considered
applied load is sinusoidal. In general, it is a function of &;.
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3.3. Asymptotic analysis for a soft layer

3.3 Asymptotic analysis for a soft layer

Now we are in a position to develop a more general procedure, using the data in Table
3.1 as a motivation for the scaling exploited in the asymptotic procedure for a soft layer

below, addressing all of the cases corresponding to the classification in this Table.

3.3.1 Case a>2 (u<e?)

First, we scale the displacements and stresses according to the data in the first row of
the Table. Thus, we have for the layer

- _ —% -, — 2 =% -
U, = heu,’, 019 = b €7°019, Oy =M 04 s
(3.20)

Uz = hug*a O3 = M_‘SU?;E?

where the quantities with the asterisk in superscript are assumed to be of the same
asymptotic order, and, as before, m = 1, 2. In the present section, similarly to Chapter
2, the applied load is scaled as in (2.15). In view of (3.20), governing equations (1.24),
and (1.19) may be rewritten as

0-7’77/:(717771 + 5201_;:71 + 0;12,3 = 07

(01501 + 0255) + 03355 = 0,

O = €V Ui + (77 = 2)u7) + (77 — 2ug3,

(3.21)
055 = (77 = 2(ur] +u3) + 77Uy,
Ol = ul_; + uz_”f,

—x%

R —%
Om3 = um,?) + u37m7

with comma denoting now differentiation with respect to dimensionless variables &;.

Here and below, the scaling for the half-space is given by

+ _ pa—l, 4% + _ =t 3.22
u; = he* tu ", o= W0 (3.22)
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Chapter 3. 3D deformation

which, substituting into (1.24), and (1.20), gives

% - +x
Oiiq T Oing +0;33= 0,

ot =ytut, 4+ (vt = 2)(uh +ugs),

odi = vrugs + (vF - 2)(uff + ugl), (3:23)
ol = ufz + u;*{,

x4k +3%
Om3 = um,?) + uS,m'

We also have from (3.1)

o3 =-p,  0n,3=0 (3.24)
at & =0, and from (3.2)
u = e Pyt uz* = e tud*, g0 5= 0% Op = 0o’ (3.25)
at {5 = 1.

It is clear from (3.25) that u,* > w}* at o > 2 while u,* ~ u* at @ = 2. In what
follows we tackle each of these subcases separately.
Subcase a > 2 (u < €2)

Let us begin with the analysis of the layer by expanding the displacement and stress

components in asymptotic series as

u* u-_(o) u-_(l)
' | +eB] T (3.26)
Uz;* Ui;(O) O.Z;(l)
where
2, a >3,
b= (3.27)
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3.3. Asymptotic analysis for a soft layer

At leading order, we have from (3.21)

O'mgn)m + 0 (302), = 0,
—(0)
0333 = 0,

—(0 —(0
T = (7™ = 2)uz ),

(3.28)
—(0 —(0
033( )= =7 Us,g )v
- 0
il = i ® 4y,
O’T?LgO) - um(g) + Ug 7(n)7
subject to
o) = —p*, o) =0, (3.29)
and
uy =0, ¥ =0 0,7 =05" (3.30)
at & = 0 and &; = 1, respectively.
First, from (3.28),, satisfying boundary condition (3.29);, we deduce
05" = —p". (3.31)
Then, (3.28), and (3.30); imply
—(0) 1 N«
us —F(l—ﬁg)p, (3.32)

which at &5 = 0 validates the Winkler-Fuss hypothesis, see (1.31) in Section 1.2 and
also the discussion presented in Subsection 3.3.6.

Next, we find the rest of the displacements and stresses. In particular, (3.28)3 yields

i) = =P, (3.33)
where
2
g=1-—_. 3.34
- (3.34)
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Chapter 3. 3D deformation

Now, substituting (3.33) into (3.28); and satisfying (3.29),, we arrive at
_ op*
0 _
Then, using (3.35), (3.28)6, and (3.30), we infer

O _ (Mg _ S 3 1) op"
w0 = (Her-S4 -5 5 (330

=4 (1 - %) . (3.37)

Finally, combining the latter with (3.28)5, we have

o’ = (2(53)2 S, 3 1> oy (3.38)

YT 06108,

where

Subcase o =2 (u ~ &?)

Here we start from same leading order equations (3.28) and boundary conditions (3.29)

for the layer, while the continuity conditions at {5 = 1 are now given by

W@ = H O O g O g 0 ), (3.39)

As above, quantities J;S(O),u; (0),0771(72) and a;lgﬂ) are expressed by (3.31) — (3.35),

respectively. Then, using (3.35) and (3.28)g, we deduce

O _ (Mg _ & 3 LYo )

Thus, contrary to the subcase a > 2, the effect of the substrate on horizontal displace-

(0)

ments u, = now appears at leading order because of (3.39);. This is also true for shear

stress 01_2(0), for which we get from (3.28)5 and (3.40)

- * —(0) —(0)
—(0) N2 283 3 ) P p du, Ju,
= (&GP -=2+—-1 + +
712 ( &) =2=+7 9,063 og, | o

(3.41)

&3 =1

However, the leading order relation between ug@ and 053(0) is still given by Winkler-

Fuss formula (3.32).
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3.3. Asymptotic analysis for a soft layer

332 Casel<a<2 (?Spu<e)

The scaling for the layer now takes the form

u,, = he® tu ¥, O = p %0y, o; = o,
(3.42)
uz = hug”, O3 = W €03
As a result, governing equations (1.24); and (1.19) can be written as
O T €012 + Opzs =0,
e*(0151 + 025) + 0355 = 0,
T = €7 (V W + (77 = 2 3) + (77 = 2)ug s,
(3.43)

033 = (v = 2)(uyy +uys) +y uzs,

O1g = Ujpg+ Uy,

* a—2

—k —x% —%
Omg = € um,3 + u3,m'

Boundary conditions (3.24) stay the same, whereas the continuity conditions at 5 = 1

become

—% o +x —* _ _a—1, +x* —% 4 —% 4%

Below we consider separately the subcases 1 < a < 2 and o = 1.
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Chapter 3. 3D deformation

Subcase 1 <a <2 (2 <K pu<Ke)

At leading order, we have for the layer

O’T?LS"E’)L?’H’L + O-;L;(g(?% - 07
—(0
033,3) =0,

(3.45)
—(0 —(0
033( ) = v Us,g )v
0 0 —(0
012( )= U1é) +U2,§ )7
U =0

subject to boundary conditions (3.29) and the following continuity conditions at 5 = 1

w® =@ mO g SO g o) O (3.46)

As in Subsection 3.3.1, quantities 03},(0), ug“’), o) and U;Léo) are given by (3.31) —

(3.35), respectively. Also, formulae (3.45)g and (3.45); yield

—(0) — =0
U - um( ‘53—:17

0 _ aul—(o) . 8u2_(0)
e\ e P es )|

Here, in contrast to (3.40) and (3.41), quantities um " and o7, in (3.47) and (3.48)

(3.47)

and

(3.48)

depend only upon substrate deformations.

Subcase a =1 (u ~ ¢)

Now the leading order equations for the layer are again given by (3.45), subject to

boundary conditions (3.29), with the continuity conditions at {5 = 1 taking the form

~(0) _ ,+© ot —0, 530 = o0, (3.49)

7 7 ) m3

u
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3.3. Asymptotic analysis for a soft layer

H
_l’_

Y

h
Remarkably, even though a =1, i.e. u = 7= g, hence p~ < u™, the half-space

=

is still not stiff enough to behave as an absolutely rigid substrate; compare (3.46),
and (3.49); at ¢ = 3. Therefore, we cannot expect the validity of the Winkler-Fuss

hypothesis.

As before, the quantity of 03},(0) is given by (3.31), whereas, as it follows from (3.45),

and (329)1,

- p*
Us O = 7_(1 — &5 )+ ug © . (3.50)

This relation demonstrates that vertical displacement u;(o)

is no longer proportional to
prescribed load p* due to presence of an extra term in the right hand side, corresponding

to the substrate effect, see (3.49); at ¢ = 3. Thus, the Winkler-Fuss approximation is

not valid even at leading order.
) - _—(0)

Finally, quantities omm’, 0,3, Um = and 0;2(0) now satisfy formulae (3.33), (3.35),

(3.47) and (3.48), respectively, given in the previous subsections.

333 Casel<a<l(espuxkl)

The scaling for the layer is

— a—1, —x* — - _—* — — _—x% — — —x%
u;, = he“ u, O1p =W €50y, o, =W 0, Oms = €05 (3.51)

7 )
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Chapter 3. 3D deformation

Consequently, governing equations (1.24); and (1.19) become

—%

Omm,m +

Q% —k
€013y T 033 = 0,

2 __—x* 2 __—x —%
€°0131 T 70939 + 0333 =0,

el = (v U + (v = 2uy) + (v — 2)uzs,

(3.52)
el = (v = 2)(ur] +up3) + 77 ug,
01_2* = ul_,; + u2_,>(1(a
2—o —% __ — —
€ Om3 = m,3 + 8u3,m7
subject to boundary conditions (3.24). The continuity conditions at £ = 1 can be
written as
u; = u €0, 5= 0%, O3 = 0ag. (3.53)
At leading order, we get from (3.52) and (3.53)
ol + 20 4 0% =0
—(0
‘733(,3) =0,
(3.54)
uZ_ 350) =0,
—(0 —(0 —(0
012( ) = ul,g ) + Ug,g )7
where term 01_2(’?3 can be neglected at 0 < a < 1, and
ui_(o) = u;r(o), U:,;g)) =0, 03_3(0) = 0;3(0). (3.55)

Integrating (3.54), and satisfying (3.29);, we arrive again at (3.31) for 03_3(0). Next,
(3.54)3 results in

u; O = @ . (3.56)

All the displacements of the layer are now strongly affected by the presence of the
half-space, according to boundary condition (3.55);.
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3.3. Asymptotic analysis for a soft layer

3.3.4 Higher order corrections

Below, we derive higher order corrections to the relation between vertical displacement

of the upper face of the layer us and applied load P, expressing the studied

£3 =0
Winkler-Fuss hypothesis. We restrict ourselves to the range o > 1, in which it is valid

at leading order. The form of asymptotic expansion (3.26) involving parameter 3, see

(3.27), motivates a separate treatment of cases a > 3, a =3 and 1 < a < 3.

Case a >3 (u < &%)

Over this parameter range, the sought for correction is O(g?), see (3.26) and (3.27).

Then, governing equations (3.21), and (3.21), become

—(0 —(0 —(1
013(,1) + 023(,2) + 033(,3) =0,
(3.57)
—(1 _ —(0 —(0 _ -
‘733( ) = (v~ —2) (Ulg ) —i—ugé )> + U37:(3 )>
subject to the boundary condition at {5 =0
o) =0, (3.58)
and the continuity condition at &5 =1
uzs M = 0. (3.59)

Thus, at o > 3 the interface between the layer and the half-space may be treated as a
clamped one not only at leading order, but also at the next one.

Using (3.57)1, (3.35), and (3.58), we deduce

T
‘733(1): 27? (&) Axap®, (3.60)

where
0? 0?

= —+ == .61
*" o8 " og o0
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Chapter 3. 3D deformation

is a 2D Laplace operator in & and &. Then, substituting (3.36) into (3.57)2, and taking

into account (3.59), we obtain

—my _ 2=77)(& - 1)

s 6o)r 073+ (6 24 (6))] A (3.62)

Case a =3 (ju ~ &?)

Equations (3.57) and boundary condition (3.58) are now complemented by the conti-
nuity condition

uz M =l (3.63)

As a result, we have same expression (3.60) for 0313(1), whereas ug @ becomes

_ 2—77)(& —1 < _
uy 0 = g&fﬁf’; Vo365 7765 — 2+ (6)9)] Doy + 0 o, (369

where the last term in the right hand side is given by (3.63).

Case l<a<3 (82 < pu<e)

In this case the sought for correction is O(e*~!). Therefore,

-
‘733(,3) =0,
(3.65)
-1 _ -
033( ) = v U3,§ )7
leading to
o =0, (3.66)
and
uz M = uy W (3.67)

=1
Hence, the next order correction is entirely affected by substrate deformation.
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3.3. Asymptotic analysis for a soft layer

3.3.5 Approximate formulation for a half-space

As it follows from the analysis above, in some cases in order to find stresses and

© and uz " should

displacements of the layer, interfacial displacements w,
&5 =1 S =1

be derived. Similarly to Subsection 2.3.5 in the previous chapter, an approximate
formulation for a half-space may be introduced which allows to obtain these values.
Vertical displacement 0;3(0) is constant across the thickness of the layer for any
value of parameter «, see (3.31), therefore, the applied load can be transmitted to the
interface. In view of continuity conditions (3.30), (3.39), (3.46), (3.49) and (3.53), a

simpler problem for a homogeneous half-space (£ > 0) can be formulated with the

following boundary conditions at &5 = 0
04y = —P, ots=0. (3.68)

0 : : .
© , involved, for instance, in

Thus, leading order interfacial displacements wu;
& =1

(3.40), (3.47) and (3.50), and ug(l) in (3.64) and (3.67), can be found from the
& =1

solution of the aforementioned problem. For a sinusoidal load (3.3), it is given in Sec-

tion 3.5 as Case 1. For an arbitrary load the solution can be derived, for example,

by substituting given vertical stress in (3.31), into a convolution with the Boussinesq’s

solution, see [112].

3.3.6 Discussion

Asymptotic analysis above proves that the Winkler-Fuss hypothesis is valid at leading
order at @ > 1 (u < €), see (3.32) at £ = 0. In dimensional form it is given by (1.31)
with coefficient r coinciding with its exact value in the first row in (3.18).
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Chapter 3. 3D deformation

The correction to the Winkler-Fuss model depends upon the value of parameter «
over range o > 1. In particular, at a > 3 (u < &%), we have a two-term asymptotic

formula, see (3.32) and (3.62) at {5 = 0. It is

P T
Wy = — + —2A12P, (369)
roor
where Ajy is introduced in (1.33), wo = ug |I3:0 is the deflection of the surface of the

layer and

h(5y — (v )2 = 6)u~
5 .

T =

(3.70)

Expression (3.70) for coefficient T' shows that the deformation of the half-space
does not influence the calculated correction. It is also clear that the latter is of relative

order O(e?). The two-term formula above can also be rewritten in symbolic form as

P= ~ rwy — TAHUJ(), (371)

T
14+ —Ap
r

corresponding to the Pasternak elastic foundation, see (1.32) in Section 1.2 and also
74, 129, 137].
In case a = 3 (u ~ %), it might be seen from (3.32) and (3.64) that the associated

correction involves a term expressing the effect of the half-space, namely

P T
Wy = — + —2A12P + Wp, (372)
r r
or again
P~ T(wo — wh) — TA12U}0, (373)

where displacement of the interface w;, = ug}xszh is also of order O(g?) according to
Table 3.1 and asymptotic relations (3.22).
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3.3. Asymptotic analysis for a soft layer

Forl <a<3(e® < pu<e), see (3.32) and (3.67), the last term in (3.72) is greater

than the second one, resulting in the two-term asymptotic formula
P = r(wy — wy,). (3.74)

where wy, = O(£*71). Displacement wy, in (3.72) — (3.74), may be found from a simpler

problem for a homogeneous half-space x3 > h formulated in Subsection 3.3.5.

As it has already been mentioned, the Winkler-Fuss hypothesis fails at leading order
- h
at 0 < a <1 (e < p<1). In particular, it is violated even at u = ,u_Jr ~e=T which
I

is still a relatively large contrast, as it follows from (3.50) at a = 1, and also confirmed

by comparison with the exact solution, see the second line in (3.18).

Formula (3.74) can be also written as
P =réuw, (3.75)

where dw = wy — wy,. It is worth noting that outside the range of validity of the
Winkler-Fuss hypothesis at o = 1, the leading order solution will also take the form of
P
(3.75), in which wy ~ wy, ~ —, see (3.50) at &5 = 0.
r

Finally, we remark that at 0 < o < 1 (3.75) becomes
dw = 0, (3.76)

reflecting almost uniform variation of the transverse displacement across the thickness
of the layer. This approximation is also valid at non-contrast limit a = 0. Interfacial
value w, at 0 < o < 1 again may be found at leading order from the problem for a
homogeneous half-space as in formulae (3.72) — (3.74) above.
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Chapter 3. 3D deformation

3.4 Asymptotic analysis for a stiff layer

In this section we develop an asymptotic scheme for a relatively stiff layer. The scaling
required for this procedure now follows from the orders of displacements and stresses

presented in Table 3.2.

3.4.1 Case a>3 (u<e?)

First, we scale the displacements and stresses for the layer using the data in the first

row of Table 3.2. Therefore, we have

- =3, % - a2 ok — a2 ok
Uy, = he Uy Omm = M € "Omm O1pg =K € "019,
(3.77)
- —4 k— - _ e - _ — —1 _*—
uy = he tug”, O33 = K 033, Omg = K € "Opg-

Again, we assume all quantities with the asterisk in superscript to be of the same
asymptotic order. In view of (3.77), governing equations (1.24); and (1.19) become
0:1_,1 + 0:2_,2 + ‘7:3_,3 =0,
SR 527_u;kn_7m +e2(y — 2)uy, + (v — 2)uis,
elosy =’ (v = 2ui; +2(v7 — uy, + 7y uss, (3.78)
01y = Uyg+ Uy,

2 — k= *—
€ 0m3 = m,3 + u37m'

Eliminating the term w3 from (3.78), and (3.78)3, we deduce

*

TV — (77 = 2)035 =4(7" — Vs, + 2077 = 2)u; . (3.79)

Using the scaling for the half-space given by

ul = he i, 0;5 = pu e Bort (3.80)
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3.4. Asymptotic analysis for a stiff layer

equations (1.24), and (1.20) may be rewritten as

111+0-122+0-133 0,

ot =tupt 4+ (vt = 2)(uph, +ush),
‘7:>3k3+ =t U33 +(v* 2)(“1 |+ Uy ) (3.81)

o+
012 —U12+U21»

*+ *—4 *—4
Om3 = m,3 + uS,m

Boundary and continuity conditions (3.1) and (3.2) take the form

o3 =—p°,  0p3=0 (3.82)
at & =0, and
cul =, wp=uy, o=l ok —eol. (3.83)
at £ =

In (3.83), 0a3 > 044 at a > 3 whereas 03; ~ 031 at a = 3, hence, we consider

these subcases separately.

Subcase a > 3 (u < &%)

We expand the displacements and stresses of the layer in asymptotic series

| b (3.84)
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Chapter 3. 3D deformation

Hence, at leading order, we get from (3.78)
—(0) (0) ©) _ 0,

01,1 +Oz22 "“7@33 =

01_2(0) = U go) + u;j(’), (3.85)

0;152) = num(i’% + 20un Y,

subject to the boundary conditions at & =0

03_3(0) = —p", 0';1%0) =0, (3.86)

and the continuity conditions at {; =1
ut® =0, ug(o) = u;(o), 2_3(0) 0, (3.87)

where ¥ and 7 are defined in (3.34) and (3.37), respectively.
First, (3.85), implies

uz; O =W, (3.88)

where W, is an arbitrary function of variables & and &; representing the dimensionless

deflection of the layer. Then, on integrating (3.85)4, we deduce

CALEIN oY (3.89)

where F| = Fi(&1,&2). Substituting the latter into (3.85)3, (3.85)s5, using (3.85); and

satisfying conditions (3.86)s and (3.87)3, we infer

10W,
Therefore,
_ ow, _
w© = 5 <_ — §3> , (3.91)
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3.4. Asymptotic analysis for a stiff layer

and

o (1 L\ [OW, W,
”m%QQG%”%a’

_ 0w,
012(0) =(1- 283 )—351052’

—(0) _ Q —(e— 83Wp @3Wp

Finally, from (3.92)3 and (3.85);, and satisfying the continuity condition (3.87);, we

(3.92)

obtain for the vertical stress

_ n o, _ <
05" = —15 [(&)*(2 —3) +1] ALW,, (3.93)
where
N ot ot o4
A2 = — 42— + — 3.94
= i " Pogg T o 320
Using the condition (3.86); at {5 = 0, we have
N A x
EA?QWP = p*, (3.95)

which in dimensional form coincides with the equation (1.34) of plate bending with

P.=0.

Subcase o = 3 (u ~ &?)

Here, we begin with the same leading order governing equations for the layer (3.85)

and boundary conditions (3.86), while continuity conditions at {; = 1 take the form

ujr-l(o) —0 —(0) _ u;(o) -0 _ —(0) +(0)

Following a similar procedure, the quantities ug(o), um'” are found as (3.88), (3.91),

respectively, and 077152), 0;2(0)0;1@0) as (3.92). Then, from (3.85);, we obtain

—_ n _ _ ~
05" = —15(6 (26 — ALW, + B, (3.97)
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Chapter 3. 3D deformation

where Fy is an arbitrary function of & and &. The vertical stress at the interface is

given by

—(0
033( )

- %A%zwp oy (3.98)

& =1

Due to continuity condition (3.96), at {5 = 1 we get

0 X
= o0 e T3 AL, (3.99)
Thus,
—(0 N e - A 0
0w’ =~ 5 (& 28 —3) + DALW, + 03| __ (3.100)
T=
which, satisfying (3.86); at & = 0, implies
N X2 * +(0)
—ALW, = . 3.101
1oon2e =P + 033 o1 ( )

The equation above demonstrates that at a = 3 the plate bending theory is still valid,

but in contrast to the subcase a > 3, the half-space reaction P, is now nonzero.

3.4.2 Case2<a<3 (53 Sp <K 62)

The scaling for the layer is now given by (see row 2 in Table 3.2)

u, = he “uk", o, =pue"%* O = el %y,
(3.102)
ug = he™""ug, O33 = | 033, O3 = W %005
Hence, due to (3.102), equations (1.24); and (1.19) become
‘7;:1,1 + ‘7:{22 + ‘7:;3,3 =0,
e (0131 + 0332) + 0333 =0,
€20 = €Y U +€2(VT = 2uns + (77 = 2)ug,
(3.103)

atl x— 2/ — *— 2(~— *— — o x—
eogy =% (v = 2uiy + et (VT = 2)us, + Uz,
k— o ok— *—
O19 = Ujg + Uy,

2 _k— ) k— *—
€0 m3 = um,3 + uS,m'
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3.4. Asymptotic analysis for a stiff layer

Similarly to the previous Subsection 3.4.1, we deduce from (3.103)3 and (3.103)4

o T — e Ny = 2)oks =4y — Dul,,, +2(v —2)ul,. (3.104)

mm’Y m,m n,n

The scaling for the half-space here and below takes the form

uf =he it ol = ol (3.105)

leading to equations (3.81).
Boundary conditions are once again represented as (3.82) and the continuity con-

ditions are

*4 *— _ _a—2 _x+

. *— *x— ¥4+
Elpy = Upy Uz = Uz, Om3 = m3» 033 = 033 - (3.106)

Below, we deal with the subcases 2 < o < 3 and a = 2 separately.

Subcase 2 < a < 3 (¢ < u < %)

The leading order governing equations are

0333 = 0,
u?:Z(SO) =0,

(3.107)
o) = uy P g,

un'y g =0,

o) — nu%(,% + Zﬁu;ﬁ)),

subject to boundary conditions (3.86), and the following continuity conditions at £5 = 1

@ =0, O =0 O o0 = O (3.108)
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Chapter 3. 3D deformation

As in Subsection 3.4.1, the quantities ug O un® are found in the form (3.88),
(3.91), respectively, and T 012(0), o) are obtained as (3.92). Then, integrating

m3

(3.107)2 with respect to & and satisfying (3.86);, we derive
03" = —p". (3.109)

It is clear from (3.109) that in this case the applied load p* is transmitted to the interface
and is no longer connected with the layer deflection directly. Thus, the value of the
deflection and, subsequently, the rest of the stresses and displacements, strongly depend
on the value of the interfacial displacement u;(o), due to (3.108)2, which indicates

violation of the plate bending theory.

Subcase a =2 (u ~ &?)

The leading order equations are again given by (3.107) with boundary conditions (3.86),

and the continuity conditions at &5 = 1 are written as
u;ir-b(O) =0, ug—(o) _ u;(o), (7;3( ) _ 013(0)7 (3.110)

leading to vertical displacement ug(o) and stress 053(0) expressed as (3.88) and (3.109),

respectively. Using (3.107)5, we deduce

_ ow,
Uy V= fg ag & + F37
2 (3.111)
u;(O) _g?: agj + F47

where F3 and F) are arbitrary functions of & and &. Therefore, (3.107)g implies

o (OF a2Wp> .y (aF4 a?w,,)

011 77(8f 53 851 + ¢ 53 —(%2 3 (3'112)
o (OF W, OF, W,

2= (a@ e )”ﬁ(a& S afl)
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3.4. Asymptotic analysis for a stiff layer

and (3.107)4 yields
0*W, 8F3 0Fy

2% 50t 75, T e (3.113)

012

From (3.107);, taking into account (3.112) and (3.113), and satisfying (3.86)9, we arrive

at
. n 03Wp 83Wp _ 82F3 _ 82F4 82F3
o = Ly [ e 6&335%} ¢ (nW 0Dt )
n 0 Wp 0 Wp _ 0 F4 0 Fg 0 F4
on =5 )’ [agga@ G } —¢ (”a_fg 0= Vaeae e )

(3.114)
where functions F3 and Fj can be found from solving the problem for the half-space

and using continuity conditions (3.110)s.

343 Casel<a<2 (2Spu<e)

The scaling for the layer is taken as

u,, = he 2ul, o =p e taly, uz = he * tuj,
(3.115)
CR=iOta O =m0l
Substituting the latter into governing equations (1.24); and (1.19), we have
U;kn_1,1 + ‘7;_272 + ‘7:1_3,3 =0,
5(016:;,1 + ‘7;3:2) + Ug??,s =0,
O = €8 U + 6% (YT = 2up, + (77 = 2)ug,
(3.116)
eogy = e"(v" = 2uiy +e%(v7 = 2upy + 77 udy,
Oy = Uiy + Uy,
20y = Uy + U5,
with the following additional equation obtained from (3.116)3 and (3.116)4
TV~ =€V = 2)033 = 47" = D +2(77 = 2)uy s (3.117)
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Chapter 3. 3D deformation

this being similar to (3.79) and (3.104).
The boundary conditions are taken as (3.82), whereas the continuity conditions at

§5 =1 are

_ *— ¥+ *— _ _*k+
e u T =y, uy = uy, Ol =075 . (3.118)

We again treat subcases 1 < a < 2 and a = 1 separately.

Subcase 1 < a <2 (2 < u < ¢)

Leading order equations are

Tl o+ o = 0,

—(
‘733(,3) =0,
uzy) =0,
(3.119)
01_2(0) = ul_éo) + uigo),
U, =0,

o) = nu,;(,ﬂl + 219u;,§$),
subject to boundary conditions (3.86) and the continuity conditions at &5 =1

w0 =0, O =0 550 =50, (3.120)

As before, ug((’) and 03_3(0) are expressed as (3.88) and (3.109). It follows from

(3.119)5 and (3.125); that

UI(O) = F5
(3.121)
UQ_(O) = F67
resulting in
—(0) 8F5 8F6
o1 =N— + 20—,
v o T o (3.122)
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3.4. Asymptotic analysis for a stiff layer

and

o OF;  OF;

SR L 3.123
019 852 861 ( )

where F5 and Fg are arbitrary functions of & and &. Finally, from (3.119);, satisfying

(3.86)2, we infer

- O*F; 0*F, O?F:
0 — 5 6 5
il (”8_5% + 0= Vagee " og ) |

_ B OF, 0%F, 0*F,
7 = (” 8536 t0-Vaeae * 65%6) '

(3.124)

Here, functions Fj and Fy can again be derived from the continuity conditions (3.120)3.

Subcase a =1 (u ~ ¢)

Now the leading order governing equations and the boundary conditions are taken as

(3.119) and (3.86), respectively, and the continuity conditions at &5 =1 are

—(0) _  +(0) ~(0) _ ,+(0) (3.125)

As above, ug“)) and 03_3(0) are given by (3.88) and (3.109), respectively, while (3.119)5

and (3.125); imply

un? = O (3.126)
T =
Hence,
+(0) +(0)
—(0) 8um 8un
mm = 20 ,
i (”agm ! agn) -
87 3.127
—(0) 8uf(0) i @u;—(o) ( )
o =
" 96 231 .
53 =1

Thus, from (3.119);, and satisfying (3.86),, we arrive at

o) - 82ujn(0) aQu:(O) aZu:)‘T(O)
Om3™ = _53 n

oz 1 Vagag T oe (3125

&3 =1
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Chapter 3. 3D deformation

344 Casel<a<l(esSpuxkl)

The scaling for the layer is

—a—1, *— —Q ok —

u; = he Ui O1g = jb € 019, O33 = [ 033,
(3.129)

—O o k— l—a o %—

U;m = H,_g Omms Om3 = H,_g Om3-

As a result, the governing equations (1.24); and (1.19) become

*— *— *—
Tp11 T Omao2+ Oz =0,

=

*— *— *—
e (0131 + 0535) + 0335 =0,

*—

€0mm = 57_U:n_,m + 8(7— - 2>u:<1,_n + (7_ - 2)'&;57
(3.130)

oy =e(y —2)uy; +e(vy —2us, + 7 uss,

2 _k— _ o k— *—
€ 0m3 = um,3 + 6“3,m7

together with the equation
Oy~ —€%(7v" = 2)o33 =40y = Dupy o + 2007 = 2)uy (3.131)

subject to boundary conditions (3.82) and the continuity conditions at & =1

*— *+ *— a—1 _x+

O =" o0k, Ony = Ong . (3.132)

At leading order the governing equations are

T} oS o =0,

(3.133)

0,@52) — 8“190;3(0) = nu;@(,% + 2197,@(7?),
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3.4. Asymptotic analysis for a stiff layer

where term 053(0) can be neglected at 0 < o < 1, with boundary conditions (3.86) and

the continuity conditions at 5 =1

—(0)

)

uf® =0, o = o, (3.134)

u ) 9 033 = O33

The stated problem leads to the results for the displacements and vertical stress given

by (3.88), (3.126) and (3.109).

3.4.5 Approximate formulations for a half-space

The analysis of the relation between the applied force p* and the deflection of the layer
W, considered above demonstrates that the classical equation of plate bending arises
only at a relatively high contrast (o > 3 or p < €3), see (3.95) and (3.101). Moreover,
(3.95) is completely independent of the half-space presence, therefore, the value of the
deflection W, can be easily obtained.

At the same time, at a < 3, it is not possible to treat the layer and the half-space
separately, therefore, in order to find the deflection W), the problem for the half-space
should be also solved. We can, however, formulate boundary conditions at the surface
of the half-space instead of solving the full original problem for a layered solid.

At o = 3, using continuity conditions (3.96) along with equation (3.101), the sought

for effective boundary conditions at £ = 0 for the half-space take the form

ut® =0

+(0 M x2 +( "
+ : 033( ) _ EA%QUB( )|£;:0 —p~. (3.135)

Thus, the normal stress is expressed through the vertical displacement at the surface;
in doing so, the operator in the right hand side of (3.135) corresponds to the Kirchhoff
plate theory.
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Chapter 3. 3D deformation

At 0 < a < 3, the vertical force applied at the upper face of the layer can be
transmitted to the interface, see (3.109). Therefore, at 1 < a < 3, using continuity
conditions (3.108), (3.110) and (3.120), we arrive at the following mixed boundary

conditions along the surface of the half-space & =0
wr® =0, ol = —p. (3.136)

At a = 1, taking into account expression (3.128) for shear stresses and continuity

conditions (3.125), the effective boundary conditions at & = 0 become

(3.137)

+(0) +(0) +(0)
oH O e ot _ U% L 1>82un N 0*um
% 7 " &, 08106, &,

€5=0
Here, the shear stresses are expressed through the horisontal displacements at the
surface. These conditions were previously studied in [36] and [160] for a non-contrast
case.

Finally, at 0 < o < 1, due to continuity conditions (3.134), we get boundary
conditions (3.68) formulated in Subsection 3.3.5.

(0)

Transverse displacement uy *~ is always uniform at leading order across the thick-

(0)

ness of the layer, ie. u; ° = W, see (3.88). Thus, due to continuity conditions

(3.108)a, (3.110)3, (3.120),, (3.125)1, (3.134);, we have
Wy =ug e (3.138)

Therefore, in case of a < 3, the value of the deflection of the layer follows from
solutions of the simpler problems for the half-space with the boundary conditions for-
mulated above applied along its surface. For plane strain problem with sinusoidal load
(3.3) they are presented in Section 3.5.
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3.5. BVPs for a homogeneous half-space

3.5 BYVPs for a homogeneous half-space

Consider a homogeneous elastic half-space (£5 > 0) subject to the boundary conditions
presented in Table 3.3, where P is a vertical sinusoidal load defined in (3.3).

The equations of the formulated plane strain problem and the solution are given by
(3.4)3, (3.4)4 and (3.6) with functions (3.14), and (3.15),, where Cj is taken as (3.16),
and the values of the coefficients C'5 and Cg, corresponding to the appropriate boundary
conditions, are presented in Table 3.3, together with the rest of the displacement and
stress components at the surface & = 0. In the Table, D; =y~ — 1 — " + 7y~

Dy=~v"(24+3y")—2(1+~")and D3 =~ (3yT — 1) — 27™.

3.6 Validation of asymptotic results

In this section we justify the derived asymptotic results by numerical comparison with
the exact solution of the plane problem for sinusoidal load (3.3) applied at the surface

3 =0 or 5 = 0. In doing so, we study the normalized coefficient

h
Ty = —T, (3.139)
i

where 7 is defined in (3.17).

The related exact solution takes the form

An
O+ Oy

r. (3.140)

with constants C; and C5 given by (3.16), see Section 3.2.
In case of a soft layer, the asymptotic formulae are given in (3.72) — (3.76), where
interfacial displacement wy,, as it was discussed above, can be obtained from a simpler
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Chapter 3. 3D deformation

Case 1 Case 2 Case 3 Case 4
Boundary conditions for a homogeneous half-space
+ 84 +
ot -p |MEH) _p| -p ~P
uf 0 0 -
+ 92, +
np" 0%u
7is 0 . e
51 5;:0
Coefficients in (3.14)9 and (3.15),
csp” ol 3 (v +1) v+l Dy
Aap~ 2(yt - 1) D, 29+ 2Dy
copt™ 1 3" (v -1 -1 =2 -1
Aap~ Dy 2+ 2D3
Displacement and stress components at the surface & = 0
w1 B B v
Aap=sing, | 2(yF —1) 2(y~ + 29t = 3y=")
ug ol 3 (vt +1) v+l Dy
Aap—cos& | 2(yt —1) D, 2yt 2D;
_ . _6” L 207 -1
Ap~sin& D, oal D3
033 Gyt -
Ap~ cos& D,

Table 3.3: BVPs for a homogeneous half-space

problem for a half-space with load (3.3) applied at its surface, see Subsection 3.3.5 and

Section 3.5. Therefore, using Case 1 in Table 3.3, we get

Ty =

\

v

31°(y™)?

312y~ — h2(5y~

—(y7)?—6)’

2hpty~ (v = 1)

=yt + 2hpt (vt = 1)

2hpt (v — 1)

Iyt

)

formula (3.76).

formula (3.69),

formula (3.74),

formula (1.31) with r from the first line in (3.18),

(3.141)

For a stiff layer, we use asymptotic relation (3.95) for a > 3, and the solutions
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3.6. Validation of asymptotic results

of plane problems in Table 3.3 for 0 < a < 3, see Subsection 3.4.5 and Section 3.5
for more detail. Thus, the expression for the coefficient r coincides with leading order
exact solution (3.19).

Numerical results are presented in Figures 3.3 and 3.4 for a soft and a stiff coating,

respectively, in which a = log, p and also v~ = 0.25, v = 0.3, and € = h/l = 0.1.

1.5¢

—— exact, see (3.140)
----  Winkler-Fuss, see (3.141);

----- asymptotic (0 < o < 1), see (3.141)4
esee asymptotic (o = 1), see (3.141)3

0.5¢

0.0

Figure 3.3: Approximate and exact solutions for sinusoidal load for a soft layer (¢ = 0.1,

v- =0.25, vt =0.3)

In Figure 3.3 the exact solution is plotted with solid line, while the graphs corre-
sponding to the Winkler-Fuss hypothesis (the first line in (3.141)) and the formula in
the forth line in (3.141) (which is based on the assumption of uniform variation of the
transverse displacement across the thickness of the layer) are displayed by dashed and
dot-dashed lines, respectively. The Figure shows that two aforementioned formulae
have limited ranges of applicability. At the same time, the formula in the third line of
(3.141) appears to be uniformly valid, and the associated curve denoted by red dots in
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Chapter 3. 3D deformation

the Figure coincide with that for the exact solution. We also mention that the devia-
tion of the straight line corresponding to the Pasternak model, see the second line in

(3.141), from that for the Winkler-Fuss one is only 0.07%.

(a)0<a<15
010 — T T T T T T L — T T L — T
) —— exact, see (3.140) ]
0.08 ---- asymptotic (a < 1) .
N e asymptotic (1 < a < 3) ]
» e asymptotic (o = 1)
0.06
&
0.04 -
0.02r
000 s s s 1 s s s 1 s s s 1 s s s 1 s s s 1 s s s 1 s s s 1 s
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
a
(b) 25 <a <55
0.0005 [~
—— exact, see (3.140)
0.0004 § ---- asymptotic (a > 3), see (3.95) ]
N ] - asymptotic (1 < a < 3) ]
[\ e asymptotic (o = 3)
0.0003 .
Ny L
0.0002 ]
0.0001 .
OOOOO I PR S H S .J..-..—ln..-'.—'!—.-—-_- P
2.5 3.0 3.5 4.0 4.5 5.0 55
a

Figure 3.4: Approximate and exact solutions for sinusoidal load for a stiff layer (¢ = 0.1,

v~ =0.25v"=0.3)
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3.6. Validation of asymptotic results

In Figure 3.4 the exact solution is also depicted by solid line, whereas the graphs
related to the developed asymptotic approximations are represented by dashed and dot-
dashed lines. The asymptotic results for limiting cases @ = 1 and a = 3 are denoted
by red dots in Figures 3.4(a) and 3.4(b), respectively. The region 1.5 < o < 2.5 is not
shown since the difference between the associated asymptotic approximation and the

exact solution is virtually indistinguishable.
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Chapter 4

Higher order effective boundary conditions

In this chapter we consider a 3D dynamic problem for a solid covered by a thin coating
with the absence of contrast in stiffness of the layer and the substrate. Higher order
effective boundary conditions are derived for a coated half-space. Comparison with the
long wavelength expansion of the exact solutions of plane and anti-plane time-harmonic
problems for the coating demonstrates the validity of the proposed formulation. At
the same time the corrections to the simplest leading order effective conditions, earlier
obtained in the widely cited paper [22], are proven to be asymptotically inconsistent.

The results were published in [80].

4.1 Statement of the problem

We consider a dynamic problem for a linearly elastic isotropic layer of thickness h
occupying the area 0 < x3 < h, lying on an elastic half-space x3 > h. The prescribed
vertical dynamic force P = P(x1,9,1) is acting on the free surface of the layer, see

Figure 3.1.

As in Chapter 3, the boundary and continuity conditions may be taken as (3.1)
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4.1. Statement of the problem

and (3.2), respectively, with the decay conditions, but the dimensionless governing
equations for the dynamic problem are given by (1.22) together with the constitutive
relations (1.19) and (1.20). Note, that dimensionless coordinates and time follow from

(1.18) and (1.21), respectively.

The leading order effective boundary conditions on the surface of the substrate,

modelling the effect of the coating, can be written as, see (3.18) in [36],

2,,+
O'g% = p_hga?; — P,
U+ . a2u;;_(c_)2 32uﬁ1+ aQu;—F( _1) 8216: (41)
m3 =P 0 Tgp T2 \Tgpe T g2 TN T g B, )|

where v~ and 7 are defined in (1.12) and (3.37), respectively, and m,n = 1,2, m # n.
In absence of surface loading (P = 0) these conditions coincide with those in [160]
derived starting from the 2D theory of plate extension. The comparisons made in
[36] with [103] also provide an illustration of the asymptotic consistency of the leading
order effective boundary conditions obtained in [160]. The developments in [22], see
also [127] treating a similar anisotropic problem, claim that the effective conditions
(4.1) ignore several essential h-terms. The formulae (35) and (36) in [22] rewritten in

the notation specified in this section, similarly to [36], can be presented as

0?ug do.t do.
+ -h 3 h m3 n3
733 P 5 ( 0T, * 0x,, )’ (4.9)
0*ut 0wt Out Out dos; '
+ - m (=2 m m o n - 33

where 9 is introduced in (3.34). The underlined terms in formulae (4.2) do not appear
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Chapter 4. Higher order effective boundary conditions

in the effective conditions (4.1). The former may be also transformed to

0?ug Put OBut _ But OBut
ol = P hes - hQ[ - . (2)2<

o 000wy | 00m, 2 \mnoe? T 0o,
N Put N Put —1) Put N Put
7 oz, 0x3 1 0x2 0x,  0x,012
2+ 3+
rieo (G004 9050 (43)
82u+m n82u 0*ut O*ut
+ - m —\2 m m . n
Bug 0ot 0ot
12 — 3 m3 n3
h (p 0820y, { oz2 axmaan '

It is already clear at this stage that all extra h?-terms in (4.3) can be neglected at
leading order. In what follows, this observation is asymptotically justified. We also

show below that h?-terms in (4.3) are not identical to a proper asymptotic correction

to (4.1).

4.2 Asymptotic analysis

The aim of the study is to determine an asymptotic correction to the leading order
effective boundary conditions (4.1), in order to address consistency of (4.2), or equiva-
lently, (4.3). Here we implement an asymptotic procedure similar to [36], modifying it
slightly according to a more recent treatment in [30]. As usual, we study the boundary

value problem for an elastic coating with the Dirichlet boundary conditions

u; = (4.4)

7

at the interface x3 = h, where v; = v;(x1, z2,t) denote prescribed displacements, see

Figure 4.1.

We assume that the thickness of the coating h is small compared to typical wave
length [, therefore, we employ a small geometric parameter given by (1.28). According
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4.2. Asymptotic analysis

T / T3 u; =

Figure 4.1: Boundary value problem for a thin coating

to the conventional asymptotic procedure, e.g. [3], [36], and references therein, we

adopt the scaling

u;, =lu; ", O, = W O P =p~ep*
(4.5)
v; = vy, O3 = | €053, Olp = 013,
where as before all quantities with the asterisk in superscript are assumed to be of the

same asymptotic order.

The equations (1.22); and the constitutive relations (1.19), become

—x .
Umm m + 012 n + UmS 3 um,TT’

—x% —% —* g,k
O333 T € (‘713,1 + ‘723,2) = U3 r,

—k o —k —%
O19 = Ujg+ Uy,

(4.6)
ETmm = (V7 —2)uzz +e¢ (7‘u;{fm + (v = 2)u;7’;) ,
20,5 = Up's + Uiz,
05y = uz;y +e(y = 2) (up) +uzs),
with the transformed boundary conditions
U:si%* = _p*7 m3 — O 5:; = 07
(4.7)
u; =0, & =1

First, expressing uz 3 from (4.6) and substituting the result into (4.6), we obtain

O = Mo, + 20,7, + V033" (4.8)

mm — 1
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Chapter 4. Higher order effective boundary conditions

Next, we expand the displacements and stresses as

+o (4.9)

Substituting the latter into the equations (4.6) and (4.8), we have at leading order

—(0) —(0)

—(0)
+ Om3,3 = Um,rT,

Omm,m + 012 20

~(0) (4.10)

T = o) + 20,

with the boundary conditions

(4.11)

Integrating the leading order equations (4.10) and accounting for the boundary condi-

tions (4.11), we get

uz - Ui )

_ 0%z

) _ 3 *

O35 =& o5 Or2 ’ (4.12)

—(0 ovr, ovy, '
o) = = 4 29 —"

0 (%n
_ O*vr 0%k, o?vr, 0?v*

orr ~ oe o, Y et
Note, that leading order equations above, as in was discussed in Subsection 3.4.5,
represent effective boundary conditions (3.137) for a static problem with contrast in

stiffness of the layer and the half-space.
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4.2. Asymptotic analysis

At next asymptotic order, the governing equations take the form
(1) (1) (1) —(1)

Ummm+012n +0m53 Um, 77,5

1 0 0 1
‘733(3) + 013(1) + ‘723(2) = Ug, i,

T = (v™ — 2) (u3§ "+ un 39)) Y U (4.13)
’y‘u;g) + (v~ —2) (ui&o) + u;§°>> =0,
T = nu;f,}% + 9 <2u77,(n1) + 0§3(0)> :

with the boundary conditions

(4.14)
uy V=0, & =1
First, we obtain from (4.13)5 and (4.13)g, respectively, satisfying (4.14),
_ _, 0v3
up ) = (1 - & )aTi, (4.15)
and
_ Jvy  0v}
1 _ 1 2
u = . 4.16
S =o-6) (58 + 52 ) (4.16)
Then, using (4.13)3, we have
~() 0%
=2(1- —. 4.1
T12 (1-¢& )351052 (4.17)
Next, we deduce from (4.13)y and (4.14),
0 _ & (e g ey [ O v}
T o <(€3 s {351372 0,07 (4.18)
L2 — 1) [ vt N D3v N OPvt N 0305‘})
P oaog T ogoe o o
As a result, (4.13)7 becomes
2 2, % 2
,(1): 2] — ¢ 6 81)3 8 ok 4.19
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Chapter 4. Higher order effective boundary conditions

Therefore, (4.13); implies

3
0°v;

O’ = & Kég— “ ) 557~ UFDE =2

O3vs 0P} Op
<afma£z * ag,a) - ﬁafm} |

Finally, substituting the leading order formulae (4.12), and (4.12), and O(e) corrections

(4.20)

(4.18) and (4.20) into the expansions (4.9), we arrive at

e O & [, B P
o33 = & 2 —p° +57— {(fa -2+ =& )(851872+a§2372>

O3v* O3k o3v* O3
+265 (v -1 Lttt 2)]+...,
&0m=1) (aflé@ ocog, T og ' og
. 57 82?];1 B 620; B 82 * _( )62 *
n or? 852 352 O 8§m€n

—eﬁ;ng‘— 5‘”’) T g - 2)

06,072
( O3} N 83113) L 0p }
&m0, O&;

The continuity of the displacements and stresses at the interface x3 = h, see (3.2)

(4.21)

and (4.4), readily result in refined effective boundary conditions for the substrate x5 >

h. In the original variables they take the form

O*ud ~h?

+ _ . 1% N2/ — aBUT 83u;
= PN ot? P v [2(02) 07 -1 (8x18x§ * Dx30xo
Puf  OPug Oy DPug
+—L 4 - S 2,
oxy o3 0x10t?  Ozq0t (4.22)
T 0wt () 0wt L 0wt (- 1) O*ut N p~h? '
Oma = P e @ Gz T, YT Vg o, 7

Pug o Pu Pug oP
{&rmaﬁ +2e) (1 =77) (8a:m3x2 * ox?, )] hﬁ%

Comparing these formulae at P = 0 with (4.3) we can see that higher order h*-terms

do not coincide.

4.3 Comparison with the exact solutions

In order to validate the asymptotic results obtained in the previous section, let us
compare them with the long wave length expansion of the exact solutions of plane and
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4.3. Comparison with the exact solutions

anti-plane time-harmonic problems for the coating.

4.3.1 Plane strain problem

First, let us consider a time-harmonic plane strain problem for the coating over the

plane Oz;x3. In this case the displacements u;, s = 1,3 can be taken as (1.14) with

the related equations of motion (1.16) and (1.17). The solutions are sought for in the

form

@ = f(x3)e*m=et) Yy =0, Py = g(wg)e™ =), (4.23)

Substituting the latter into (1.16) and (1.17), we deduce
f(zg) = AjeF™se 4 Aje~kwse™ glxs) = Azeh®PF™ 4 Aye=hmel™ (4.24)

where Ay, d = 1,2,3,4, are arbitrary constants, a~ and - are defined in (1.65).

We consider a traction free upper face (P = 0), i.e. at 3 =0
0.4 =0, s=1,3, (4.25)
imposing the boundary conditions (4.4) at the lower face x3 = h with
vy = hBge*E=et), (4.26)

where B, are certain prescribed values.

On satisfying the boundary conditions, we have

i~ —ia” T2 1?2 Ay 0
1?2 T2 —i3~ i As 0 (427)
= 4.27
ikekhe™ ike Fhe™ BT kekhBT BT ke khA” Az hB;
a~kekhe™  _q ke TFhaT  _jkekhST  _jkemkhAT Ay hBs

91



Chapter 4. Higher order effective boundary conditions

1 2

where T = /1 — §W7 and coefficients A, expressed through the given constants
Co
B, are
N - N N. - N
Al = hfl, AQ = ekho‘ hfz, Ag = —h l)g, A4 = —ekhﬁ hﬁ,
where
N, = iB; (ekhc‘f (Dia= 7 + DyT?) — 2ekhﬂfa_ﬂ_'r2>
— B33~ (ekho‘*(Dgofﬁ_ + DT — Qekhﬁsz) ,
Ny = iB; (Dla*ﬁ* — Zekh(o‘”rﬁ_)a*ﬁ*TQ — T4D2>
+B303~ (D1T4 — Dy ™ — 2ekh(a*+57)’f2> ,
N3 = iBj (ekhW <D304767 + D4T4) — 2ekha7a*ﬂ*T2>
+Bia~ (ekhﬁ_(D4a_ﬁ_ + D3Y*4) — 2ekha” T2) ,
N4 = ’LB3 (DgOé_B_ — Qekh(a7+57)a_B_T2 — T4D4>
—Bia~ <D3T4 — Dyja= 7 — 2ekh(a_+5_)T2> ,
and

D =k |8 a7 70 + DyDyf(a”)*(87)* + Y% — D1Dsa™ (1 + T‘*)} :
with
D=1+ erhﬁ_’ Dy=1-— e2kh,8_’ D3 =14+ e2kha_7 Dy=1-— e2kha_‘

Then, substituting (4.23) and (4.24) into (1.14), we get

U’l_ — |:57(A382kx35_ _ A4)eszgﬂ_ + Z'(Ale2ka:3a_ + A2)eszga_} ,
(4.28)

U; =k |:Oz_(A182k$3a7 — A2)e—ka:3a’ — Z'(A3€2kx357 + A4)e—k$357i| .
Here and below the factor e*(*1=<) is omitted. Next, using the expressions above and

the constitutive relations (1.19), we have for the stresses at x3 = h

O35 = 21~ k? [TQ(Ale%ha_ + Ag)e FhaT — Z'B*(Age%hﬁ_ — A4)e*kh5_} ,
(4.29)

o3 = 2" k? [TQ(A3€2kh67 + Ag)e BT 4 ja~ (AjePkhaT — Az)e_k’w‘*} )
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4.3. Comparison with the exact solutions

The last expressions can be expanded into asymptotic series in the small parameter

e=kh<1(l=Fk"in (1.28)) to get

O3 _ 2 2+ (¢)? -

S Bs(¢7) By (2 - + .

013 _ 2] o 24 (¢7)? By

- Bi[n—(¢7) +iBs (2 - 7—) ) (4.30)
(20 + ()2 [C)* = 8]+ 6¢ i__ “, e [@(vz)j 6]> e2+ ..,

where the dimensionless velocity (™ is introduced in (1.25).
The asymptotic effective conditions (4.22) for the same displacements (4.26) pre-

scribed at the lower face, become

2 —\2 2
O3 = k2h2p~ (—3302 — iB1kh [2(02_)2 — —(62) te }) ,

v (4.31)
2eo 2 2 ’
o3 = k*h%p~ (31 [(c3)*n — ¢*] + iBskh {2(02_)2 - %}) ,
or, rewritten in terms of € and (~,

2-33_ :_B3<C—)2_Z-B1 [2_ +(§ ) :| £,

eH 72+ -y (4.32)

o .

il - ) vim |2 - TS
e2p v

These formulae coincide with the two-term expansion of the exact solution (4.30).
Thus, the validity of the asymptotic results in Section 4.2 is confirmed.
Let us now test the conditions in [22] in a similar manner. In case of the displace-

ments (4.26) the relation (4.2) takes the form

h2p~ (iB1k*h [4(c3)? — 2] + Bsc®k?)

1+ k2h29 ’ (4.33)
_ R (Bik? [4(c;)*(1 = y7) = €] + iBskhd)
0- 3 - )

1+ k2h20

Q
w
Il

or, expanding the latter in €,

P2 = —By(C)? —iBi[n — (¢)% e + Bs(C)20ER +

2 (4.34)

= By — (P B¢ e+ B [P )
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Chapter 4. Higher order effective boundary conditions

These conditions coincide with the asymptotic expansion of the exact solution (4.30)
only at leading order. This means that the effect of the underlined terms in (4.2)
appears only at next order; in doing so, it is different from O(g) correction in the
asymptotic expansion (4.30). As an illustration, in Figure 4.2 for v~ = 0.3 we plot
the normalized coefficients x5 and x5, s = 1,3, at e-terms in (4.30) and (4.34),

respectively. They are

X =2-

4.3.2 Anti-plane problem

Let us now proceed with an anti-plane problem. In this case the equation of motion is

taken as (1.76) and the boundary condition at the upper face x3 = 0 is given by
053 = 0. (4.36)
Similarly to (4.26), the boundary condition at the lower face x5 = h takes the form
uy; = hByet@i=et), (4.37)

where Bj is also a certain prescribed value. As in Subsection 1.4.5, the displacement u;
can be taken as (1.79) leading to the solution (1.81);. Satisfying boundary conditions

(4.36) and (4.37), we obtain

hBy
A= B= " 4.
0 cos(a~kh)’ (4.38)

resulting in

e hBs cos(a™ kx3)
2 cos(a—kh)

(4.39)
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4.3. Comparison with the exact solutions
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Figure 4.2: Comparison of coefficients at e-terms (v~ = 0.3)

and

_ hBska~ p sin(a”kxs)
cos(a~kh) ’

0-3:

(4.40)

with the factor e*®1=<) gmitted here and below.

Employing small parameter ¢ = kh and dimensionless velocity ¢~ for stress (4.40)
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Chapter 4. Higher order effective boundary conditions

at the boundary x3 = h, and expanding it in asymptotic series, we deduce

55— p (1 g I @2 - PP ) - )

Taking into account that the prescribed displacement wu; are given by (4.37) and

u, = 0, the asymptotic results (4.22)s become

03 = Bob’k?p [(7)” = 7], (4.42)
or, rewritten in terms of € and (~,
B B, [1-(¢)]. (4.43)

This expression coincide with the leading order of the exact solution (4.41), which
confirms the validity of the leading order asymptotic results. The next asymptotic
order term of the above formula is equal to 0, since it only depends on wg, which is
equal to 0 for an anti-plane problem, see (4.22),. It is also confirmed by the exact
solution results (4.41), where the next asymptotic order term is also equal to 0. The
next order correction in (4.41) is of order &2, therefore, in order to compare it with the

asymptotic solution, the O(g?) correction should be obtained.
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Chapter 5

Rayleigh-type waves

In this chapter we are aiming at a multiparametric treatment of a dynamic problem for
a coated elastic half-space with a clamped surface. The focus is on the analysis of lo-
calised waves that do not exist on a clamped homogeneous half-space. Non-traditional
effective boundary conditions along the substrate surface incorporating the effect of
the coating are derived using a long-wave high-frequency procedure. The derived con-
ditions are implemented within the framework of the earlier developed specialised for-
mulation for surface waves, resulting in a perturbation of the shortened equation of
surface motion in the form of an integral or pseudo-differential operator. Non-uniform
asymptotic formula for the speeds of the sought for Rayleigh-type waves, failing near
zero frequency and the thickness resonances of a layer with both clamped faces, follow
from the aforementioned perturbed equation. Asymptotic results are compared with
the numerical solutions of the full dispersion relation for a clamped coated half-space.
A similarity with Love-type waves proves to be useful for interpreting numerical data.
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Chapter 5. Rayleigh-type waves

5.1 Statement of the problem

Consider an isotropic elastic layer of thickness h occupying the area —h < x3 < 0 with

clamped surface, lying on a half-space x3 > 0, see Figure 5.1.

X2

€3

Figure 5.1: A clamped coated half-space

The equations of motion and the constitutive relations follow from (1.1) and (1.8),
respectively. The boundary condition modelling the clamped surface of the layer
(x3 = —h) can be written as

u; = 0. (5.1)

As before, we specify continuity conditions (3.2) at x5 = 0.
We also assume that the layer is softer than the half-space, employing, therefore,

material parameter p introduced in the first row of (1.29).

5.2 Anti-plane problem

Let us first consider anti-plane problem associated with Love waves. In this case,

boundary conditions (5.1) take the form
uy = 0. (5.2)

The solution of the stated problem follows from the one presented in Subsection
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5.2. Anti-plane problem

1.4.5 for a coated half-space with a free surface. Accounting for clamped boundary

condition (5.2) the dispersion relation becomes

o~

tan(khS™) + BT

—0. (5.3)

Employing the dimensionless variables (*, Q% and K given in (1.25), the numerical

illustrations of dispersion relation (5.3) with
p=10.6, v~ =0.3, v =10.25, (5.4)

where p is introduced in (1.23), are presented for different values of the relative stiffness
w in Figure 5.2. Here, blue solid curves represent dispersion relations, yellow and green

dashed lines correspond to the shear wave speeds of the substrate (¥ =1 or ¢ = ¢

and the coating (T = \/g or ¢ = ¢, , respectively.

First of all, it is observed from Figure 5.2 that as the contrast decreases (u is getting
closer to unity), the shear wave fronts of the layer and the half-space become closer to
each other. At the same time, the solution lies between the dashed lines. Thus, this
confirms that the Love wave exists if the shear wave speed of the half-space exceeds
that of the layer, i.e. ¢, < c¢j, or, in other words, if the relative stiffness is less than
the relative density, i.e. pu < p.

The initial points of the modes are denoted with red dots in Figure 5.2. They are
located on the line corresponding to the shear wave speed of the half-space ¢ = ¢,

therefore, for these points ¥ — 0 and, according to (5.3), tan(kh3~) — oo. Hence,

their coordinates follow from

T2

2 121
1

Of = Ky = 2=1,3,5,... (5.5)
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Chapter 5. Rayleigh-type waves

Q+

Figure 5.2: Dispersion curves for Love-type waves for several types of contrast (p = 0.6,

v~ =0.3, v* = 0.25)

Moreover, it is worth noting that an initial point of a fundamental mode is closer to
the vicinity of zero for more pronounced contrast (smaller value of ), compare points

1, 2 and 3, which is consistent with (5.5).

It is also possible to find approximations for K > 1. As K gets larger, the phase
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5.3. Plane strain problem

velocity tends to the shear wave speed of the coating, i.e., ¢ = ¢, , thus, 8~ — 0 and,

following from (5.3), tan(kh3~) — 0. As a result, we have

p(m?y? + K?)

Qt ~
p

y=1,2,3,.... K>1. (5.6)

5.3 Plane strain problem

Let us now proceed with the plane strain problem for which boundary conditions (5.1)

take the form

u, =0, (5.7)

u; =u, O =0k (5.8)

The wave potentials may be found in the form

= [A; cos(a™kx3) + Ay sin(akxs)]er@=ct) o = Agetklar—ct)—aTkzs
(5.9)

o
¥~ = [Azcos(B~kas) + Aysin(B~ kas)]e@ =), YT = Ageltl@i—e)=FThes

where A,, ¢ = 1,...,6, are arbitrary constants, &~ and 8~ are introduced in (1.65), a™

and ST are defined in (1.38).

Substituting (5.9) into (1.14) and (1.8) and then into boundary and continuity

conditions (5.7) and (5.8), respectively, we derive a dispersion relation in the form

detA =0, (5.10)
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Chapter 5. Rayleigh-type waves

with the following non-zero components

ap = —ic,, a1z = 1S, a3 = B~ 85, al = B cg,
ag1 = o s, (g = O ¢, Qo3 = icg, = —z'sg,
azy = —f7, ase = —P7, g = o, ass = o, (5.11)
asy = Un -, Q54 = 27’5_#7 as5 = _77+a a5 = 2i5+7
ae2 = 210 [ ag3 = —HXg ags = 2ia, ags = X,
and
31 = —QA35 — A43 — — Uy — 1. (512)

In the above,

s, = sin(kha™), ¢, = cos(kha™), sg = sin(khB™),
¢z = cos(khf™), X =1F (a*)?, Xy = 1=£(8%)? (5.13)
=2 X ()%

Now we are in a position to perform qualitative analysis of dispersion relation (5.10)
depending on the value of material parameter p similarly to the previous section. In
doing so, taking into account dimensionless variables (1.25), we present numerical illus-
trations of dispersion relation (5.10) with (5.4) for different values of relative stiffness
1, see Figure 5.3. Here, blue solid lines again depict exact dispersion curves, yellow
and green dashed lines represent the shear wave speeds of the substrate ¢ = c¢; and the
coating ¢ = ¢, , respectively.

First of all, we can comment on existence of surface waves. Similarly to the Love-
type waves considered in Section 5.2, the surface wave exists if the shear wave speed
of the half-space is greater than that of the layer (c; < cj), or, again, if the relative

stiffness is less than the relative density (1 < p).
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5.3. Plane strain problem

10

Z -

1.0
0.8 , 0.8
0.6 0.6
0.4 1 0.4

-0.2/ 1 2\/3 ] _0'2\/l B
-04 ~04

Figure 5.3: Dispersion curves for Rayleigh-type waves and associated functions R(Q")

(p=0.6,r =03, vT =0.25)

The analysis of the initial points of the modes denoted by red dots in Figure 5.3 is
less straightforward compared to that for Love-type waves. Here it is more difficult to
obtain a particular expression for the coordinates of these points, since the dispersion
relation is more cumbersome. We can, however, at least reduce the determinant cur-
rently depending on Q1 and K to a function of dimensionless frequency only. In doing
so, we substitute ¢ = ¢j into the determinant A, obtaining, therefore, the following

function

R(QY) = detAl_; . (5.14)
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Chapter 5. Rayleigh-type waves

Hence, the positions of the initial points 1, 2, 3, 4 and 5 correspond to zeros of the

one-parametric function R(Q), see Figure 5.3.

Finally, approximations for K > 1 also follow from (5.6) obtained for the Love-
type waves, see Section 5.2. The numerical plots of these together with the dispersion
relation (5.10) for © = 0.1 are shown in Figure 5.4, represented by blue solid and green

dashed lines, respectively.

Q+

Figure 5.4: Short-wave behaviour of Rayleigh-type waves (u = 0.1)

If contrast in stiffness of the layer and the half-space is rather high, we may expect
Rayleigh wave front to appear except for the thickness resonances frequencies. Indeed,
the plot for the dispersion relation (5.10) for g = 0.001 presented in Figure 5.5 is
consistent with the above. In this Figure, blue curves correspond to the dispersion
relation (5.10), while a pink dashed line represents the Rayleigh wave speed ¢ = cg,
see Subsection 1.4.1 for more detail. Yellow and green dashed lines depict stretch and

shear thickness resonance frequencies, respectively, which, in dimensionless form, are
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5.3. Plane strain problem

expressed as

Q) = \/gﬁﬂy, Q= \/%ﬂy, y=1,2,3,... (5.15)

Similarly to the thickness resonances for Rayleigh-Lamb waves, see Subsection 1.4.4,
(5.15) correspond to the eigenvalues of the problems for a layer (1.75), but with clamped

faces (u; = 0) instead of traction free ones (u; 5 = 0).
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Q+
Figure 5.5: Dispersion curves for Rayleigh-type waves for high-contrast setup (u =

0.001).

The fact that the Rayleigh wave front is clearly observed inspires approximation of
the exact dispersion relation (5.10) using the hyperbolic-elliptic model for the Rayleigh
wave field, see Subsection 1.4.3. The asymptotic procedures required for the approxi-
mation are presented in the following section in plane strain formulation.
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Chapter 5. Rayleigh-type waves

5.4 Asymptotic formulation for the layer and model

for the half-space

In order to proceed with the asymptotic model, we first need to obtain the effective
boundary conditions modelling the presence of the layer, similarly to Chapter 4, and

then, use them as surface stresses for the half-space.

5.4.1 Asymptotic procedure for a layer

Let us start with considering the problem for the layer separately from the substrate.
As in Chapter 4, we impose Dirichlet boundary conditions as (4.4) at the lower face
r3 = 0.

We begin with defining the dimensionless coordinates and variables. We employ &

defined in (1.18), & taken as

_ x3+h
& == (5.16)

and ©~ introduced in (1.25). Thus, the basic relations are written as (1.26); and (1.19).
We assume the thickness of the layer to be small, therefore, we introduce small
parameter (1.28).

Similar to the previous chapters, we adopt the asymptotic scaling as

u, = hul, Oos = IV Oag s O3 =W 015, vs = hv} (5.17)

R

and we also consider the dimensionless frequency €2~ to be of order one, i.e. Q7 ~
1. It is worth noting that usually, the dimensionless frequency is considered to be
small (27 < 1) which leads to the approximation for the fundamental mode only.
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5.4. Asymptotic formulation for the layer and model for the half-space

Here, we set it to be of order one to tackle higher orders as well. The low-frequency
approximation in this case can be easily obtained taking the limit of the resulting
stresses as {17 — 0.

In view of (5.17), governing equations (1.26); and (1.19) are rewritten as

*— *— —\2, ,%x— __
8051,1 + 053,3 + (Q ) Us = 0?

o = ey uy, + (v —2)uzg,

(5.18)
o35 = €(7 — 2ui; + 7 Uz,
Oy3 = Ujz+EUz,
subject to boundary conditions (5.7) and (4.4) given by
u,” =0, & =0,
(5.19)

(T Us ©)

ot = 0;8(0) + ... (5.20)
o —(0

O13 o 13( )

Therefore, at leading order we have

(5.21)
= — =
033( ) = Y U3,:(& )7
—(0 —(0
‘713( ) = Ul,é )>
with the following boundary conditions
uy@=0, & =0,
(5.22)
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Chapter 5. Rayleigh-type waves

First, from (5.21)3 we obtain

—(0)
0.3—3(0) =~ au3
s

(5.23)

Substituting (5.23) into (5.21);, we deduce the second order differential equation

- azu;(o)

B TE

+uy V() =0, (5.24)
the solution of which is given by
_ Q- Q-
Usg © = ¢ sin (F§§> + C5 cos (F§§> . (5.25)

Using boundary conditions (5.22) we derive

*

U3

o(5)
sin |\ —
K
uz W = %sin (%§3> . (5.27)
sin (—)

C) = Cy =0, (5.26)

hence,

K
Following the same procedure for u;(o), we get
WO = U G, (5.28)
sin(Q2) 3
Finally, we arrive at
(0 k™ Q vk QO
o0 _ . (Q_3> cos (,?53 ) ’ (5.29)
sin ([ —
o
and
Q vy
—(0 o
o) = = Qi) cos(Q7E3). (5.30)

Note, that for obtained stresses (5.29) and (5.30) the thickness variation is not poly-
nomial, but sinusoidal, which is a characteristic of a high-frequency approximation.
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5.4. Asymptotic formulation for the layer and model for the half-space

Due to continuity conditions (3.2)q, the aforementioned stresses taken at the inter-
face §&5 =1 or 23 = 0 result in effective boundary conditions for the substrate z3 > 0.

In the dimensional variables they are

h
043 = K wy/p~ w3 cot ( d ) ,
c

NS g (5.31)
o3 = wy/p~p vy cot (w_) .
Co
where v, are displacements of the surface of the half-space, i.e.
vs = u (5.32)
at x3 = 0. These conditions appear to be non-traditional, corresponding to high-

frequency long-wave phenomena failing at

h h
sin < L_d ) =0 or sin (w__) =0, (5.33)
Cy K™ o

which represent thickness resonances (5.15).

Having effective boundary conditions (5.31) modelling the presence of the layer,
we can now proceed with applying the hyperbolic-elliptic model for the Rayleigh wave

field, using these conditions as surface stresses for the half-space.

5.4.2 Low-frequency model

Let us first find a low-frequency approximation, i.e. w — 0, corresponding to the
fundamental mode of the dispersion relation. As it was discussed above, we take the

limit of effective boundary conditions (5.31) as w — 0. Thus, (5.31) yields

vy (5.34)

=%

We employ the hyperbolic-elliptic model presented in Subsection 1.4.3, in partic-
ular, we concentrate on wave equation (1.61) combining both vertical and horizontal
components of elastic potential .
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Chapter 5. Rayleigh-type waves

The displacements of the surface of the half-space vy in (5.34) may be taken as

(1.52), and the Cauchy-Riemann identity for wave equation (1.44); takes the form

bt =—arH(¢l), (5.35)

therefore, accounting for (1.53), we have

Q1 = —OéRW_h'u_ (1 & ) H(SO,JD,

) 1 + 55 (5.36)
H(@u) =5 (1 ) e
Substituting the latter into wave equation (1.61) together with (1.56) and (1.60), we
obtain
Ore™ = STH(). (5.37)

where (g is introduced in (1.55) and

_ Br(Br—1) (14283 + Bl + 40377
8 [ﬁ%{ + Oé%(l — Zﬁ%) + @RﬁR(ﬁé — 1)] .

(5.38)

We consider the waves to be time-harmonic, i.e. ¢t ~ e®@1=¢) hence, the dispersion

relation follows from (5.37) as

2 ulc
- _ 1= :
=2 3 0, (5.39)

which fails at w — 0 contrary to the dispersion relation obtained in a low-frequency
limit for a coated half-space with traction free surface, see (5.4) in [36] with P = 0.

The latter, rewritten in current notation, is given by
Ore™ = bhH (1), (5.40)

which for the time-harmonic waves becomes

2 b
S (5.41)
CR C
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5.4. Asymptotic formulation for the layer and model for the half-space

In the above,

b= Ml%ﬁ [(1 = (BR)?) (g + Br) — Brn| (5.42)

with B and 7 introduced in (1.56) and (3.37), respectively, and

CQ
Br =41~ (652. (5.43)

Dispersion relation (5.39), however, is still useful, especially in case of high contrast.
Introducing dimensionless velocity (T and frequency Q1 defined in (1.25), and

dimensionless Rayleigh wave speed given by
Cr= "2 (5.44)

we can rewrite dispersion relation (5.39) as

+\2 +
(CC}‘;) - Mr% S (5.45)

We consider material parameter i to be small, meaning that the layer is much softer

than the half-space, and expand the wave speed in asymptotic series as
CF=¢tO 4 pet® 4 (5.46)

In view of (5.46), dispersion relation (5.45) becomes

(¢ E;LCJF(I)V — uFCHO) gfgﬂl) —1=0. (5.47)
R
Therefore, at leading order, we have
¢t = (g, (5.48)
At next order, we get
200 — I’CHO) =0, (5.49)

Ck or
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Chapter 5. Rayleigh-type waves

resulting in

r

+1) —
¢ 20+

(3. (5.50)
Finally, substituting (5.48) and (5.50) into (5.46), we obtain an approximation for

dimensionless velocity in a low-frequency formulation
+ _ I
¢ —CR+2Q+CR+.... (5.51)

Note, that this approximation is non-uniform, since it fails at Q* — 0.

5.4.3 High-frequency model

Let us now consider effective boundary conditions (5.31) corresponding to high-frequency

limit. Similarly to the previous subsection, we derive for (5.31)

h 2
Q1 = —ark~w\/p—p cot (c(i} ) (1 1 +5123) H(p1),

) 2 K A (5.52)
w
H(Qs) = wv/p~p~ cot (C—_) (1 - R) H(p,),
2
which after substitution into (1.61) with (1.56) and (1.60) imply
Ot = S LETH(EY), (5.53)
where
h h
Br(B% —1) [(1 + B3)” cot (w__) + da%k™ cot ( Li _)]
I=— 2 Al (5.54)
810k + ak(1—26%) + arfr(Pr — 1))
For time-harmonic waves, (5.53) takes the form
c? I'e
R 2
which in dimensionless form is given by
() ¢t —1=0 5.56
Q_}Q%—\/upC——. (5.56)
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5.5. Numerical comparison of the asymptotic results with the exact solution

We again consider p to be small and expand the wave speed in asymptotic series as

(F=CO 4t (5.57)

Hence, dispersion relation (5.56) becomes

(C+(O) + \/ﬁ§+(l))2

c}% — VPP (¢ + /¢t) =1 =0, (5.58)

having leading order phase velocity given by (5.48). At next order, (5.58) yields

0 0+0) +(1)
% — /IO =, (5.59)
R
leading to
pl’
) = \/_TQQ?“ (5.60)

As a result, we arrive at a non-uniform approximation for dimensionless velocity at a
high-frequency limit

(" =C+

\/?Fg% + s (5.61)

where the source of non-uniformity is the coefficient I', since I' — oo at thickness

resonances (5.15).

5.5 Numerical comparison of the asymptotic results

with the exact solution

In this section we numerically compare the derived asymptotic approximations for a
wave speed (5.51) and (5.61), corresponding to low- and high-frequency limits, re-
spectively, with exact dispersion relation (5.10), using dimensionless variables (* and
Q7" introduced in (1.25) and numerical values (5.4). The comparisons are presented
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Chapter 5. Rayleigh-type waves

in Figure 5.6 for a low-frequency formulation with p = 0.001 and in Figure 5.7 for
a high-frequency case with g = 0.001 and g = 0.01, where red dashed lines repre-
sent asymptotic approximations, blue solid curves correspond to the exact dispersion

relation (5.10).

Figure 5.6: Rayleigh-type modes and low-frequency approximation for high contrast

(x=0.001)

It is observed from Figure 5.6 that, as expected, the low-frequency approximation
(5.51) is close to the exact solution in the fundamental mode region only. On the
contrary, Figure 5.7 shows that the high-frequency approximation (5.61) is valid over
the whole range of dimensionless frequency taking into account the resonances as well.
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5.5. Numerical comparison of the asymptotic results with the exact solution
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Figure 5.7: Rayleigh-type modes and high-frequency approximation
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Chapter 5. Rayleigh-type waves

Also, for lower values of material parameter p, i.e. for higher contrast in stiffness
of the layer and substrate with the coating being softer, the asymptotic approximation

is closer to the exact solution, see Figure 5.7.
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Concluding remarks

A full two-parametric asymptotic analysis (in € and u) of the anti-plane shear defor-
mation problem of a coated half-space is developed in Chapter 2 . It is demonstrated
that in case of a relatively soft layer for a rather high contrast (a > 1), the deforma-
tion of the substrate can be neglected, which leads to Winkler-type behaviour. In a
similar situation for a relatively stiff coating (o > 1), we arrive at equations of plate
shear. At the same time, in the intermediate range of contrast in stiffness considered
in Sections 2.3.2 and 2.3.4, the layer deformation is strongly affected by the presence
of the substrate. In this case, shear deformation may be found from a simpler problem
for a half-space. The latter, together with a Winkler-type behaviour term, results in
two-term asymptotic formula (2.29) uniformly valid over the whole range of material
parameter for a relatively soft layer. For a stiff coating, when the geometrical and
material parameters are of the same order (v = 1), it is also possible to reduce the
original problem for a coated solid to a problem for a homogeneous half-space with

effective boundary conditions at the surface.

The obtained solution may be useful for problems of delamination between the thin
coating and the substrate, especially in tribological context, see e.g. [64, 71] and [73].
In addition, we mention related problems for the imperfect transmission conditions,
see [123, 118] and [119]. Note, that such asymptotically evaluated simplified conditions
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can be verified numerically with FEM analysis, see e.g. [121] and [120]. This is of
crucial importance as accurate mathematical proof may not always be available. On
the other hand, such conditions fail near singular points (crack tip, edges), but still
may be valuable for physical applications in fracture mechanics, see [117] and [122].

In Chapter 3 the two-parametric asymptotic approach is extended to a full 3D
problem with a vertical load applied at the surface of a covered solid.

For a relatively soft coating, it is established that only at a rather high contrast,
when pu < ¢, and substrate deformations are negligible, the Winkler-Fuss hypothesis
is valid. It does, however, unexpectedly fail at p ~ ¢, when the relative thickness and
stiffness of the coating are of the same order. It is also shown that the prescribed vertical
surface load may always be transmitted to the interface. As a result, the sought for
interfacial displacement follow from a simpler problem for a homogeneous half-space,
leading to uniform two-term asymptotic formula (3.74) valid over the whole range of
the contrast parameter. It is worth noting that along with local Winkler-Fuss term
rwo, this formula contains non-local term rwy, see also [27] and [38], addressing current
trends in modelling of nonlocal elastic foundations. In general case, the term rwg is
given by a convolution using Boussinesq’s solution [112]. Higher order corrections to
the Winkler-Fuss approximation are also derived, including that corresponding to the
Pasternak model, see e.g. [74, 129, 137].

In case of a stiff layer, it is confirmed that the Kirchhoff plate theory is also only
valid for a sufficiently high contrast in the layer and substrate stiffness (o« > 3 or
u < ). Nevertheless, several approximate formulations for a homogeneous half-space
are derived at o < 3, see boundary conditions (3.135) — (3.136).

The considerations are of relevance for a range of problems for coated bodies in-
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cluding modelling of contact interaction. The proposed methodology may be easily
extended to anisotropic solids, shell-like coatings, as well as to the case of more sophis-
ticated interfacial conditions. At the same time, incorporating dynamic and nonlinear
phenomena in the proposed two-parametric scheme seems to be less straightforward,
e.g. see [17, 51] and also [87, 90, 91] dealing with high-frequency thickness vibration.

Chapter 4 is concerned with obtaining an asymptotic correction to the leading order
effective boundary conditions for a coated elastic half-space. The derived conditions
are tested by comparison with the exact solutions of a plane time-harmonic and anti-
plane problems. As a result, the formulation in [160] is validated at leading order,
whereas its correction proposed in [22] appears to be asymptotically inconsistent. The
obtained conditions are of general interest for elastodynamics, e.g. for developing
refined asymptotic models for surface waves, see [81] and [82]. The latter provide a
useful framework for modelling coated solids subject to high-speed moving loads, see
[43] and [83].

A multiparametric treatment of a dynamic problem for a coated elastic half-space
with a clamped surface was produced in Chapter 5. The non-traditional effective
boundary conditions (5.31) are derived using a long-wave high-frequency asymptotic
procedure. They incorporate the effect of a soft thin coating clamped along the surface,
resulting in a regular operator perturbation of the equation governing the Rayleigh wave
(5.37) and (5.53). It is interesting that the analogous conditions for a coating with a
free surface in [36] lead to a singular perturbation.

The non-uniform asymptotic formulae for the family of Rayleigh-type waves (5.51)
and (5.61), deduced from equations (5.37) and (5.53), fail in the vicinities of the thick-
ness resonances (5.15) and zero frequency. In this case, in contrast to a coating with a
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traction-free surface, the lowest wave has a cut-off frequency, which is in line with the
non-existence of surface waves on a clamped homogeneous half-space.

Of course, the aforementioned formulae (5.51) and (5.61) could be readily obtained
from the original equations in linear elasticity (1.16) and (1.17) subject to the estab-
lished effective conditions (5.31). However, the development of the perturbed wave
equation equations (5.37) and (5.53) for the Rayleigh-type waves brings a number of
advantages. In particular, it allows various generalisations, including in particular tak-
ing into account external loading, 3D effects and transient phenomena, as it has been
done for a homogeneous half-space, see [82].

It is also worth mentioning the useful findings in Section 5.3, including evaluation
of zeros of function R, facilitating interpretation of the numerical data calculated from
full dispersion relation (5.10). In this case, the similarity with more explicit results for
Love-type waves, see Section 5.2, is intensively exploited.

Finally, we note the phenomenon of the lowest cut-off frequency tending to zero in
case of especially high contrast (1 < 1), which is in line with vibrations of high-contrast

elastic composites, see [84].
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