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THE ELASTODYNAMIC BIMATERIAL INTERFACE UNDER MODE I AND
MODE II LOADING

B. GURRUTXAGA-LERMA

School of Metallurgy and Materials, University of Birmingham, B15 2TT Birmingham, UK

ABSTRACT. This article provides the mathematical solutions to the elastodynamic fields of a semi-infinite
interface lying along two dissimilar media subjected to sudden loading. The article offers the solution to
the cases when: (1) the interface slips, i.e., it cannot transfer shear stress from one material to the other,
which represents a Hertzian contact; (2) the interface is welded, i.e., all stress components are transferred,
in which case it acts as a crack. We obtain the full, explicit analytic solutions to the fields of the interface
along the slipping boundary via the Wiener-Hopf and Cagniard-de Hoop techniques. We show that such
interface does not entail an oscillatory singularity at the crack tip owing to the fact that shear forces are not
transferred across the interface. The welded interface crack leads to a matricial Wiener-Hopf problem that
is not reducible to any form that would allow an immediate analytic factorisation of the resulting scattering
kernel matrix. The factorisation in this case is achieved via successive Abrahams approximations of the
scattering kernel itself, rather than via a Williams expansion of the elastic displacement field. This leads
to a quickly convergent solution that retains the asymptotic character in the near and in the far field.
Explicit proof of the nature of the oscillatory singularity at the crack tip is provided by studying the
scattering matrix, which in the near field is shown to reduce to a Daniele-Khrapkov form amenable to
analytic factorisation. The solutions presented in this article are explicit, and will prove eminently useful
in the modelling of fast fibre debonding in composite materials, and in the study of the scattering of

seismic waves by cracks and faults in layered media.

E-mail address: b.gurrutxagalerma.1@bham.ac.uk.
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2 THE ELASTODYNAMIC BIMATERIAL INTERFACE UNDER MODE I AND MODE II LOADING

1. INTRODUCTION

This article concerns the mathematical solution to the elastodynamic fields of a non-moving interface
found along two elastically dissimilar media. Problems related to bimaterial interfaces are of particular
relevance for laminated media such as fibre reinforced composites|1], the phase boundaries between a
particle and matrix in metallic alloys|2], biomedical materials such as flexible joints[3], or in geophysics|[4].
In such situations, pre-existing flaws along the interface may lead to the debonding of the interface via
the propagation and growth of an interfacial crack. Under high strain rate loading, it is possible for such
interfacial crack to propagate at a significant fraction of the speed of sound; alternatively, the loading
rate can be high enough that inertial considerations may be required to fully account for the role the
kinetic energy of the material plays in the fracture process. Such conditions are relevant in materials
physics, but particularly so in geophysical faulting, where layered media are common and where, indeed,
time-dependent considerations are often necessary to offer a complete account of the seismological signals
that faults such as cracks may trigger[4], particularly in the far field.

Owing to the relevance of the aforementioned interfacial debonding, the study of bimaterial inter-
faces has received considerable attention in the past. Most past studies focus on the elastostatic (time
independent) interfacial crack, the theoretical study of which largely began with Williams’ 1959 [5]
analysis of the asymptotic near elastic field of a bimaterial crack. As Williams found, the near field of
an interfacial crack displays an oscillatory singularity that suggests the crack faces would interpenetrate
one another[6] in a small region surrounding the crack tip[7]. The feasibility of this situation has long
since been questioned because no empirical evidence of that interpenetration is typically found. Sev-
eral solutions to this problem have been proposed. One avenue argues that the standard linear elastic
analysis used by Williams[5] and others[6, 7] to model such problem may be inappropriate. That is, one
may question whether the linear elastic formulation itself is adequate to model the interfacial crack’s
tip elastic fields, as the underlying constructive hypotheses (small displacement gradient, harmonic be-

haviour, neglecting lattice discreteness) are bound to break down at the crack tip[8]. Thus, large strain
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continuum level formulations such as those proposed by, amongst others, Knowles and Sternberg[9],
Geubelle and Knauss[10, 11, 12] or Gao and Shi[13], showed that interpenetration is not necessary so
long as a non-linear elastic behaviour is considered when describing the materials. A second source of
criticism focuses on whether the geometrical modelling of the crack tip itself as infinitely sharp may
be adequate in this case. For instance, Comminou[l4, 15, 16] argued that if the crack faces were to
interpenetrate, the nature of the problem would shift from a pure fracture analysis to a contact me-
chanics problem where in the immediacy of the crack tip the crack faces are allowed to touch. In the
presence of interfacial friction, she showed that the interpenetration became redundant, and that the
oscillatory singularity cancelled[14, 15]: this configuration would in effect relax the sharp crack tip into
a cusp. Furthermore, in examining different crack tip geometries, Sinclair[17] showed that a crack tip
formed by faces meeting at an angle would not display such an oscillatory singularity either. Atkinson
[18] argued that the oscillatory singularity could also be cancelled if the interfacial crack were embedded
in a so-called ‘intervening layer’ representing the interface itself. Although the physical motivation for
such a layer need not be clear in all cases, it has lent itself to several pragmatic attempts at modelling
interfacial cracks by employing perturbed elastic moduli at the interface, such that they cancel the
oscillatory singularity while enabling the definition of an effective fracture toughness[19, 20].
Compared to elastostatic studies, the elastodynamic treatment of bimaterial interfaces has been more
limited. Chief amongst the reasons for this appears to be the inherent difficulty in solving elastodynamic
problems compared to elastostatic ones, particularly in the presence of a bimaterial system, which entails
4 different speeds of sound. For this reasons, particular focus has been placed in the simplest bimaterial
crack problem: the anti-planar (mode III) crack, that concerns solely transverse perturbations. Brock
and Achenbach [21, 22] studied the problem of a crack expanding at uniform speeds in the steady
state, and under the influence of remote loading[21]. The problem of a mode III crack propagating at
uniform speed across a bimaterial interface was studied by Atkinson[23]. Non-uniform propagations

have also been studied for the mode III problem[24]. The self-similarly expanding unloaded plane strain
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crack was also studied by Brock[25] using an approach reliant on the Chaplygin transformation and on
conformal mapping, albeit this result drew criticism from Atkinson[26] that the recovery of the steady
state solution found in previous work by Gold’stheyn[27] and Willis [28] was not obvious. Further work
on solving full transient problems concerning plane strain cracks appears to be largely unavailable. Most
of subsequent theoretical work has been placed in solving problems concerning asymptotic studies of
crack tip fields and their energetics (e.g.,[29, 30, 31, 32, 33, 34, 35]) and numerical studies (e.g.[36, 37, 38])
of different aspects of the debonding at a bimaterial interface, or in the experimental verification of such
analyses(e.g.[33, 39, 40]).

This article solves the fully transient solution to the elastodynamic field of a suddenly loaded bimaterial
interface in plane strain, both for mode I and mode II type of loading. The interest of these solutions
lies in two separate areas of concern: dynamic contact, as these solutions can be employed to model
Hertzian contact; and in studying wave diffraction by pre-existing flaws in a material or the earths’
crust, as the solutions can be employed to model the elastodynamic wave scattered by the interfacial
flaw.

As is explained in section 2, the system under consideration consists of a planar fault running along
the interface of two different materials. The fault is suddenly loaded with a normal or tangential remote
load. The ensuing elastic field radiated away from the crack tip depends on the specific conditions
governing the interface. In section 3, the simpler problem of a slipping interface (i.e., unable to transfer
shear/normal stress) is solved in full using the Wiener-Hopf technique[41]. As will be shown, this
interface does not display an oscillatory singularity. In section 4, the welded bimaterial interface is
considered instead, where the interface can transfer both normal and shear stress. In this case, a matricial
Wiener-Hopf problem is reached; the matricial scattering kernel is unfortunately non-commutative and
irreducible to a Daniele-Khrapkov form[42, 43], which makes achieving a full analytic solution difficult.
Instead, an Abrahams approximation[44, 45] of the kernel matrix is offered, which facilitates a convergent

approximate solution to the welded bimaterial crack problem, and that the near field problem can be
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FIGURE 1. Schematic of the bimaterial crack under consideration

reduced to Daniele-Khrapkov form and displays the expected oscillatory singularity. Section 5 offers a

number of closing comments on this work and its significance.

2. MATHEMATICAL FRAMEWORK

The system we are considering here consists of two elastically dissimilar materials, material 1 and
material 2, of elastic constants pu,, A, and density p, with n = 1,2. Without loss of generality, we shall
assume that material 1 is located in the y > 0 half-plane, and that material 2 corresponds with the
y < 0 half-plane, as depicted in fig.1. The system is remotely loaded by a tensile P or by a tangential @)
load, which triggers a time-dependent elastodynamic field at the crack tip in, respectively, mode I and

mode II fracture.
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2.1. Governing equations. The elastic response of each of the materials is governed by the Navier-

Lamé equation of linear isotropic elastodynamics:

VK 4h,J3

where repeated index denotes summation, n = 1,2 denotes the first (y > 0) or the second (y < 0)
material, and u;(z,t) denotes the i displacement

The problem under consideration is in plane strain, whereupon the Navier-Lamé equation can be
divided into two separate monochromatic wave equations by means of the scalar Kelvin-Helmholtz

potentials 1, and ¢, (cf.[46]). The potentials are such that

) _ 9n , On ) _ 06 _ Otn

(2:2) Ua Ox oy’ Hy oy Ox

Upon substituting eqn.2.2 on eqn.2.1 we obtain the two governing equations of the problem:

P | Py 500,
+ =5 =a
0x? oy? " Ot?
2 2 2
8¢n+a¢n:bia¢n
ox? 0y? ot?

(2.3)

where

(24) an:_: e — bn:_: -
Cl(n) /\n + 2,un an) M

are the longitudinal and the transverse slownesses of sound, respectively, in the material n. Similarly

cl(") and c§") are the longitudinal and transverse speeds of sound.

3. THE SLIPPING BIMATERIAL INTERFACE

We first seek the solution to the problem of a mode I and a mode II elastodynamic crack acting along
a slipping interface between the two dissimilar media. The author is unaware of previous complete
solutions to these two problems, which we do in the sequel for the case when a sudden shock loads are

applied on the faces of the crack. Other loading conditions can then be obtained from convolution of
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this fundamental solution. The solution technique relies on the Wiener-Hopf technique[41]. We shall
solve the mode I and mode II problems independently from one another.

A slipping interface is an interface that in mode I carries no shear stress; by mathematical analogy,
in mode IT we improperly call ‘slipping’ an interface that carries no normal stress. In single material
problems, the interface is always slipping by symmetry (see for instance [47, 48]). This is not necessarily
the case in bimaterial systems, where the symmetry argument does not stand anymore as the materials
at either side of the interface are different. In this case, the interface may need to accommodate the
elastic mismatch by transferring shear (mode I) or normal (mode II) stresses across. Such an interface
makes what we will refer to as a welded interface, because both sides of the interface are glued together.
We study this problem in section 4.

Slipping boundaries in mode I bear considerable physical interest, as they concern a type of Hertzian
contact. In any situation where the interface is lubricated, a slipping boundary of this kind offers a
reasonable model of the interface. Such circumstances are common in, for example, lubricated rotating
machinery, and in geophysical faults, where fluids may be intercalated between different material layers.
The presence and role of interfacial friction, which we neglect in the sequel, will be the subject of future
work. Besides, whereas the welded interface leads to a largely intractable problem, the slipping bound-
ary problem discussed in this section is relatively simple and tractable, and many of the factorisation
strategies we describe in the sequel apply to the welded interface problem as well, as we discuss in section

4. Slipping interfaces in mode II are more contrived in nature, and here they are solved for completion.

3.0.1. Statement of the Wiener-Hopf problem. The mode I and II problems are governed by the same
set of equations (eqn.2.3), and are defined by the usual boundary conditions (see for instance [47] ch.2).
In a slipping interface, we assume that no shear stress is transmitted across the interface (for mode I);

this entails an interface that is allowed to ‘slip’ in being unable to transfer shear stress across.
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In invoking the Wiener-Hopf technique, we extend the boundary conditions by continuity to the whole

real line. Thus, for mode I we have:

(3.1) oM (x,0,t) = 04 (x,t) — P H(t)H(—2) zeR
(3.2) o (x,0,t) =0 reR
(3.3) [uy(z,0,t)] = uél)(x, 0,t) — u?(f) (x,0,t) = v_(x,t) relR

And for mode II:

(3.4) oM (2,0,¢) =0 reR
(3.5) o (x,0,t) =ty (z,t) — QH(t)H(—x) r€R
(3.6) [ue(z,0,8)] = ulP (z,0,t) — uP(z,0,t) = u_(z, 1) reR

where H(-) denotes the Heaviside step function, Py and @)y are the magnitude of two suddenly applied
normal and shear ‘shock’ loads, and o, (x,t) and ¢, (x,t) are the unknown normal and tangential trac-
tions, both defined as non-vanishing in z € R*. The u_(z,t) and v_(z, t) are, respectively, the unknown
u, and u, interfacial displacements along the crack’s faces, with compact support over z € R™.

In order to solve the problem, we introduce the following Laplace transforms:

(3.7) J(a,y,s / fay e tdt,  Flkyy,s) / Fla,y, s)e o da

By using these Laplace transforms, we can reduce the boundary conditions to a single Wiener-Hopf
equation. Here we detail how to achieve the one for mode I. Because mode II follows the same procedure,

we will not repeat it and shall merely quote the relevant results.
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Thus, for mode I the boundary conditions transform into:

0*d ov,, | Y. (k) PR
2 5 2\.2 n n _ 24 Lo

(3.8) L, [(bn 2a;)s°®, + 2 05 2sk ., 2 + 2%

o®, 0%V, |
(3.9) Lin {2sk + — K0, =0

dy  Oy? Jy=o

0P, > (8<I>2 > V_(k)
3.10 — —skVUy | — | =— — skV =
(3.10) (G o) = (G- ovwa)] =555
where we have defined
(3.11) Yi(k;s) = 32/ 64 (x,s)e*dy, V_(k) = 33/ O_(z,s)e” " dx
The governing equations 2.3 transform into
0?P 0?
3.12 —" =, (k)s*®,, "= B.(k)s*U,
(312 G = anlb)s L
where oy, (k) = /a2 — k2, B, (k) = /b2 — k2.
The solutions to these equations are of the form:

(3.13) Dy (k,y,s) = Cpl(s, k)esea®y, Uy (k,y,s) = Cy (s, k)e 5By (y > 0)
(314> (I)2<k:7 Y, S) = O¢2<Sa k)eSQZ(k)yv \PQ(kv Y, S) = 07,!12(57 k)esﬂz(k)y (y < 0)

where Cy, and Cy,, are integration constants.

Thus, we are faced with a problem consisting of 6 unknowns (the four integration constants and P, (k)

and U_(k)), for which we have in principle only 5 equations. This allows us to reduce the problem to

a single equation of Wiener-Hopf type, by adequate manipulation of the continuity requirements across

the interface. In particular, the stress field across the interface for y = 0 must be continuous, which

means that

Syyly—o = 1 (b7 — 2k%)s*Cy1 + 25 B1ECy |

(315) = U2 [(b% — 2k32)820¢2 — 28252k50w2}
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Ezy’yzo = U1 [(b% — 2]62)8201“ — 282041160(1,1}
(3.16) = 15 [(b3 — 2k7)s*Cyo + 25% sk Cyo]

where here YJ;; denotes the dual Laplace transform of o;;.

Thus, we are able to reduce the problem to the following Wiener-Hopf relation between P, (k) and

V_(k)
(3.17) K(k) {ZJF(k:) + %] =V_(k)
where

_ ay (k)by g (k)b;
(3.18) k)=~ L“Rl(k) M2R2(k)]

Here the function

(3.19) Ru(k) = (b2 — 2k*)? + 4K, (k) B, (k)

is the secular equation for the Rayleigh waves of the ‘n’ material halfspace. The two real roots of this
function are the positive and negative inverses of the Rayleigh wave speed of the relevant material,
k = +c,, where ¢, = 1/cg, with cg, the relevant Rayleigh wave speed[46].

For mode II, we similarly obtain the following Wiener-Hopf equation:

(3.20) G(k) {n(k) n %] —U_(k)
where

_ bipi(k) | b3Ga(k)
(3:21) 00 =~ | R o)

and we have defined T, (k) and U_(k) in an analogous way to mode I:

(3.22) T, (k;s) = 32/ f+(:v,y, 5)6_8kzd$, U_(k) = 83/ u_(x,y, s)e_‘gkzdx

—0o0 o0
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3.1. Analytic factorisation of the Wiener-Hopf problem. The key concern is therefore to reach a

successful factorisation of the kernels K (k) and G(k) into two sectionally analytic functions defined as

(3.23) K(k) = Ko (k) - K_(k),
and
(3.24) G(k) = G (k) - G_(h),

where K. (k) and Gi(k) are holomorphic over some strip of the k € R* segments of the real line.
In achieving these two product factorisations, we are able to express the corresponding Wiener-Hopf

equations as:

P, V_(k)
(3.25) K. (k) {EJr(k) + ?] = m
and

Qo V_(k)
(3.26) G4 (k) {TJF(/{) + ?} = G_—(k:)

As we detail below, by invoking Liouville’s theorem it is possible to separate the equations above and
reach a solution to the problem. Before that however, it is necessary to successfully separate K (k) and
G(k) into sectionally analytic functions. For brevity, in the sequel the product factorisation of K (k)
alone is detailed; that of G(k) follows an almost analogous procedure, and its main result is quoted at

the end.

3.1.1. The product factorisation of K (k). At this stage, we face a choice regarding the way of expressing
K (k) for its subsequent factorisation. This choice depends on the relative value of the slownesses of
sound and the Rayleigh wave speeds in both materials. Provided that a; < b; < ¢;, we find that
whether or not a; > as, by > by and ¢; > ¢ has an effect in the analytical form of the factorisation;
for most usual materials (those with v > 0.2), ¢; & 1.02 — 1.1b;, and ¢; > ¢o if by > by. Nevertheless,

there are 20 distinct orderings, and 14 that lead to distinct factorisations. The procedure to follow
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for all of them is nevertheless analogous. Thus, in the following we shall consider the case where

a; > as > by > ¢; > by > co. In that event, we find it is advantageous to express K (k) as follows:

621 K= [ i | S
where
_ (k) b3
(3.28) Sa(k) = 2y
and
_ o ou(k) Ro(k) pob?
(3.29) F(k)=1+ o) B (k) a2

We extract Sy(k) rather than Si(k) because ¢; < by. As will be seen in the sequel, this ensures that no
branch point in the auxiliary function In F'(k) falls outside the [ay, by] strip.

We seek the product factorisation of K (k) into two sectionally analytic functions as

(3.30) K (k) = Ky (k) - K_(k) = S5 (F)F+ (k) - Sy (K)F_ (k)

Thus, we reduce the problem to achieving the product factorisation of Ss(k) = S5 (k)Sy (k) and of
F(k) = F.(k)F_(k).

Factorisation of Sy(k). The factorisation of Sy(k) is well-known, as it appears in the solution to
the mode I crack running along elastically similar half-spaces (see [47, 49]). It requires the product

factorisation of as(k), which can be achieved by inspection as:

(3.31) as(k) = ax(k) = Vay — kv/as + k = a5 (k)og (k)
ay (k) ag (k)

It also requires the product factorisation of Rs(k). This is done in the standard manner, by introducing

the auxiliary function

Ry(k)
(a3 — b3)(c3 — k2)

(3.32) Dy(k) = 5
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which factorises into (see eq. 2.5.29 in [47])

1 [ 422422 — a2\ /13 — 22| dz
3.33 In DF (k) = —— t 2V_2
( ) n Dy (k) 7T/a2 arcan[ (b3 — 222)2 z4k
This factorisation allows us to write
+ 2
k b
(3.34) SE(h) = — 2 (K) 2

(c2 £ k) Dy (k) || 2(a3 — b3)po
so that S5 (k) is holomorphic on Re[k] = [+as, 00) and Sy (k) on Re[k] = (—o0, —as).
Factorisation of F(k). We are not aware of this factorisation having been offered before. We begin by

noting that the function F'(k) is bounded at infinity with:

| pob(a3 — 1)
3.35 1 Flky=14+"—~2~—=¢ =/
(3:35) Am FR) =1+ )

= K,
Furthermore, the function F'(k) has poles at k = day, k = £¢; along the real axis, and branch cuts

defined by Relk] = %[amin, bmax] Where
(3.36) Amin = min(ay, as), bimax = max(by, by)

We can safely state that a; < b; < ¢;, but whether or not a; > as, a; > by, etc depends on the specific
materials in contact. In the current derivation, we have stated we assume that a; < as < by < ¢1 < by <
Ca, so that both poles fall within the branch cuts.

The factorisation of F'(k) is achieved by using the auxiliary function In F'(k), and identifying the

sectionally analytic functions using the Plemelj formulae as[41]:

1 d+ico InF
(3.37) In Fo(k) = F— n(?
Z _

271

dz

d—ico
where d is some arbitrary real number defined so that Re[k] > d for F, (k) and Re[k] < d for F_(k).
Eqn.3.37 already enables us to write F'(k) = F (k) - F_(k) with F (k) and F_(k) analytic on the strips
Relk] > d and Rel[k] < d respectively.

Albeit formally correct, eqn.3.37 does not provide an analytically useful expression for the F. (k)

terms in the factorisation. In order to achieve one, we shall consider the closed contour C' shown in
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Im[z]}

FIGURE 2. Integration contour for F', (k).

fig.2 for the case when Re[k] > d. This contour C' encloses the pole at z = k, as well as the branch
cut Re|z] € [a1,by]. The contour comprises the line parallel to the imaginary axis Re[z] = d > 0 which
corresponds with to the integration contour in eqn.3.37, and the outer contour I'; that meets the former
at |k|— oo. Although not shown in fig.2, the Re[k] = d < 0 branch would comprise the mirror image of
the contour of integration in fig.2. In order to ease the derivation, we shall only perform it for F(k),
and quote the results for F__ (k) at the end. We note here that the function F'(k) has poles at k = ay and
k = +c;. In defining F(k), we have chose it so that these pole falls by construction within the branch
cut [aq, by] and, therefore, do not act as accumulation points in In F'(k).

We invoke the residue theorem[50], which states:

In F d+ico
(3.38) f . (Z)dz:2m'lnF+(z):/ +/ +/ +/
cz—k d—ioo I, _ J

where J denotes the arc at infinity. Upon changing variables z = Re® with 6 € [r/2, —7/2] and R — oo,

it is immediate to show that the integral is non-vanishing, but constant:

b2(a2 — b2 b2(a? — b2
(3.39) / =In [14—% = Inx, with “:1+W
J pbs(ai — b7) pbs(ai — )
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The integrals in eqn.3.38 along 'y and T'_ refer to, respectively, the Im[z] > 0 and Im[z] < 0 parts
of the contour enclosing the branch cut Re[z] € [ay, o] (see fig.2). They can be expressed in a more
agreeable analytical form. We note however that unlike in the antiplanar case discussed in [26], the
planar case here requires we express the 'y in a piecewise fashion. This is because the imaginary
character of the factors ay(z), ase(z) and f1(z) changes as Re[z] varies from a; through to as and b; to
by: for z < a; all ay(2), ae(2) and f1(z) are real, but for a; < z < as, ay(z) is imaginary, and so on.
This difficulty is solved by partitioning the I'y contour as follows:

(3.40

)
/F+ -|-/F = /ala2 [In Fy(z) — In F1(2)] ch_zk+/b1 [In Fy(z) — In F1(2)] Z(izk-i-/bQ [In Fy(z) — In F,(2)] Zd_zk,

as b1

where Fy(z) and F1(2) stand for the values of F'(z) on the upper (6 = 0) and lower (0 = 27) sides of
the branch cut. Over each partition of the integration interval, different parts of F'(z) take imaginary

values. This leads to the following analytic formulae:*

(1) For Relk] € [aq, aq]

(3.41) / Pl Fu(z) — I A (2)] -2 — —o / fa(z)zd__zk

a z—k

where

(3.42)

20— 1 (B3 (K2 — a3) (482 /a3 = R2 /08 — 2 + (8 — 202)° ) + Byur /B2 — o /o] — R2)
(b2 — 2k2)° (b%;@\/w " (4%2 VaE — BB — k2 + (b3 - 2k2)2) — b3y /a2 — k2)

(2) For Relk] € [ag, by,

fa(k) = arctan {

b1 dz b1 dz
3.43 In —In A = -2
(3.43) R P e O
where

f(l)

(3.44) fo(k) = arctan %
Jo

IThroughout, we have used the equivalence arctan(z) = % In {i;;] by extracting the imaginary part of the integrand

of Fiy and Fy, and rewriting it as 1/Im[F|(Re[F]/Im[F] + i), with = Re[F]/Im[F].
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with

(3.45)

1) — <—16k4u2 (a2 + k2) \/k2 — a2 + b3pun /K2 — aF — 4biK> 0 /K2 — a? + 402k g/ k2 — al) -
— 42 ( 402 KS g [ K2 — a2 4+ VSKP g\ [ k2 — a2 — Absk* gy k2 — a2 + 4b2KS g/ k2 — a1> +
ARk (—46@\/1@ — a3y /07 - 03— 2 b R? o - 03K - ad kSR ot

Ak k2 — a3 - k28 l<:2> b0 R — a2 — 80Py K2 — a2 + 2468k oy /K2 — a2

7

(3.46) £ = db2k2p, (—b;*\//g2 — a2~ ah\ 0} k24 R <4b§\/k2 — a2 — ad\ 03— k2
— AR JR2 = ady SR = a3 0 R b0 — R AR b k2 a1 k2) — a0 — k2 (b - 2k2)2)

(3) For Relk] € [by, ba,

b2 dz b2 dz
3.47 In Fy —In I = -2 c
(3.47) [ mEe -mAe) S = [ e
(3.48) fe(k) = arctan [fc(l)(k)}
with
(3.49) fc(l)(k:)z_b%/w k2—a%(—4k21/kz—a%\/k2—b%+b‘11—4b%k2+4k4)—bguM/kQ—a%+4b%k2p11/kQ—a%—4b%k4u1\/k2—a%

3121\ /K2 a3 /K2 a3 /b3 k2
This concludes the decomposition of F (k). An almost analogous one can be performed for F__ (k) on
the Re[k] < 0, where we would swap k for —k and the slownesses for —a;, —b;, —c;.

Thus, for a; < as < by < ¢1 < by < ¢o we find that:

(350)  InFu(k { U Ful) S + blfb(z)z(rk+ ") ik]ﬂm}

a2 bl
Alternative combinations in the values of the slownesses of sound and the Rayleigh wave speeds would

render different factorisations of the Fy; and Fp, functions.
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Factorisation of G(k). The factorisation of G(k) into G+ (k) is achieved through an almost analogous

procedure to that of Ky (k). For a; < as < by < ¢ < by < ¢o leads to:

(3.51) Gy (k) = =Sy (k)H (k)
where

_ 5_352(/4) Br(k) Ro (k) b3 o
(3:52) Salk) = 112 Ry (k) (k) =1+ Bo(k) R (k) B2

Using the same strategy described for F'(k), we reach:

oy BE(R)Di2(a} — b7) (1 £ k) N
(3.53) I (RO
and
L[ e d . d 2 d
(3.54) 1nHi(k:)::|:{; [/ ha(z)2£k+/a2 hb(z)zj:kJr/bl hc(z)zizk] —|—lnn}
where

b%ﬂz (a% - bg)

3.55 — 14 1H2302 7 %)
(3.55) = @ )

h!
(3.56) he(k) = arctan e

a

with

BED 1603k 1 (K2 —a? ) (53 —K2 ) /BB —R2+pa (b7 —2014%) " /03— (412 \ /G —h2 \ /03— K2+ (03 —2k2) ) -+ (07 —242)

and

WP = A3k a2 — a3 (B2 — K?) (W Vi~ kB = (0 %2)2) |

}L(l)
(3.57) hy(k) = arctan LQ
hy”
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with

hD = 4p2h (41@% <\/k2 — a2 — a3\ 0 k2 R\ - k2> - 4a2B2 S0 — k2 — by /02 — K2+
AR (um/b% k24 b2 — k2)) — 4! <4k4u2 (\/k2 —at\ k2 = a1 — k2 R - k2) -
b2 [0 — K2 202k (zm, J02 — k2 4 3y J02 — k2)) 16a2BES \J13 — K2 — DS\ [0R —
+ b8 (—béum /03 — k2 + 4b2K> (,m [0F — k2 + 241/ b3 — k:2) — 4kt g [ 0P — k;2>

hD =ab3k2 puz (7 (b /K2 =0T —463k%\/k2 —af +4k* \ /W2 —aF+4k2 \ /K2 =3\ /0T K2\ /0 K2 ) +

+b3k% k2 a3~ 463k /2 —aZ+4k6 /K2 —aF + 4kt [k —a\ /02 —k? [ -k +bi /R —a3 /bR k2 b3 —k?),

and finally

(3.58)

N <4b§k2u1 <k2 — VR -k - b%) — ABK? (,ug\/kQ — 22— B+ b%ul) + b‘{b%ul)

he(k) = arctan | —

bua/R? — B3 (b3 — 2k2)°

3.1.2. Solution of the mode I and mode II problems. The product factorisations of K (k) and G(k)
enables the separation of the corresponding Wiener-Hopf equations into sectionally analytic parts and,
by extension, the solution of the problem in Laplace space. This is achieved as we detail in the sequel.

The mode I problem. The product factorisation of K (k) enables us to write eqn.3.18 as

359 KO- |50+ 5P| =000 = K + KD = 150

All that remains is the sum factorisation of the term

Fo

(3.60) Ko (k)

This entails a pole at k = 0, which may be eliminated requiring the residue to be zero (see [47],p.90),

leading to:

(3.61) K+(k)& _ POK’L(k) - K+(0)} N {POKJF(O)}

k
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where the first term on the left hand side is analytic on k£ > 0, and the second on k£ < 0 respectively.

Thus, we can finally write

(3.62) KL (K (k) + {pom’f) ;KHO)] AD

Invoking Liouville’s theorem, we are able to separate both branches so that

Ky (k) — K.(0)
k

P

Lzo — E+(k):?[

(3.63) K (k)2 (k) + {PO K (0) 1}

K (k)

The mode II problem. Similarly to the mode I problem, the product factorisation of G(k) enables us

to write

3O GG [T+ L] =0 = GLr )+ o T =

Where following the same procedure as for mode I, we find an analogous form of the solution:

(3.65) (k) — 20 [

k G.(0) 1]

G (k)

3.1.3. Inversion of the mode I and mode II Wiener-Hopf solutions. The inversion of ¥ (k) and T’ (k)
is achieved using the Cagniard-de Hoop methodology[51, 52]. The procedure is analogous for both, so
in the interest of brevity here we merely outline it for ¥ (k), and quote the final result for 7' (k).

We begin by inverting ¥, (k; s) in space. The spatial inversion is given by the Bromwich integral:

A 11 i 11 [ Py [K.(0) K
. - — [ S (k)etsdk = —= [ Lo — 1) e™dk
(3.66) o1(2,8) = 5—— +k)esdk = 502 / k [K+(/<:) ‘

—io —ioo
Invoking the Cagniard-de Hoop procedure, we distort the Bromwich contour along the imaginary axis
with a semi-circle and define a branch cut along the real axis for Re[k] < —a; (we still assume that
a; is the smallest slowness of sound in the bimaterial system). It is possible to close a contour of
integration with a Jordan semi-circle at infinity, that surrounds the branch cut. No pole is enclosed
by this contour, so by Cauchy’s theorem the integral along the closed contour must be zero. Equally,

the Jordan contour’s contribution vanishes as the integrand decays with e*/k as |k|— —oo. Thus, the
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contribution of the integral along the imaginary axis must equate that along the branch cut. Thus,

using Schwarz’s reflection principle, we have:
)

. 1 [ F [K.(0) &
3.67 = —— — — 1| e**dk
( ) O'+<I,S) ST S, k |:K+(]€) €
If we make the variable change 7 = —kx, then
. I T\

(3.68) Go(r,s)=—— | ¥, (——) e~ dr

ST Jaya x
Therefore, by inspection we can rewrite the inversion integral as

1 [ T
(3.69) op(z,t)=—— [ Im [2+ (——)} dr

T Jore x
Similarly,

1 [ T
(3.70) ti(et)=—— [ Im [n (——)] dr

T x

The tractions o, (z,t) and t,(z,t) on their own are the solutions to the interfacial traction ahead of
mode I and mode II cracks in dissimilar media.
It is worth remarking that, as is the case with the crack running along a single medium, the interfacial

stresses can be expressed in self-similar form by changing variable to u ﬁ, e.g.:

(@) = oy (u) = —— / i [8, (<) d!

T Jay

3.2. Near field behaviour. We seek to investigate the near field behaviour of the crack tip’s stress
field, i.e., the behaviour as x — 0. This is related to the behaviour at |k|— —oo. Following Freund[47]
and Atkinson[26], we may investigate the asymptotic behaviour of the kernels in Laplace space and then
invoke the Tauberian theorems to deduce the near field behaviour of the solution. In the |k|— —oo

limit, the kernel function K (k) has the following behaviour:

ko 2uipe (af — b7) (a3 — b3) k
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We can factorise K (k) into the product of two sectionally analytic functions, say
(3.72) K. (k) ~
From eqn.3.63 we may deduce:

3.73 Sy (k) ~ —=VAK,(0
(3.73) +(k) NG +(0)
whereupon

1
(3.74) lim /7mxéy(z,s) = lim @3_224'(1{;)

z—0t k—+o00

entails, invoking the Tauberian theorem

(3.75) Ki(s) = \/§P0K+(o)ﬂi

$3/2

— K(t) = V2P K, (0)WVAVL

An analogous result is found for mode II cracks. Hence, under a slipping boundary the crack displays
no oscillatory singularity and, as in the single material case (cf.[47]), it is unbounded in time. This

character is confirmed in section 3.3, where the full transient solution is examined.

3.3. Fully transient solution. Eqn.3.69 provides the fully transient solution to the bimaterial crack
along a slipping interface. Albeit slightly more cumbersome on account of the three integrals along the
la1, bo] strip, the solution is in essence as simple as the one obtained for the crack along homogeneous
materials, where the three integrals collapse into just one along the [aq, by] strip (see eqn.2.5.29, p.88 in
[47]). Thus, it is immediate to obtain the fully transient solution to the mode I (or mode II) crack along
a slipping boundary.

The solution can be achieved through simple numerical integration of eqn.3.54. We note that albeit
the Cauchy style integrals involved are convergent, the presence of the 1/(z + k) pole may make the
numerical integration unstable, particularly when evaluating values of k < 0. A simple way of avoiding
all problems related to this pole is to change variables via a mapping of the kind z + k + e!=%. This

removes the pole and turns eqn.3.54 into three regularised integrals over the partitions u € [1 —In(a; +
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k),1—In(ay+k)]U[l —In(az+k),1 —In(by + k)]U[L —In(by + k), 1 —In(by + k)]. In the present work, the
integrals were solved numerically via Gauss-Kronrod quadrature. Given that both mode I and mode II
interfacial stresses display the same salient features, in the sequel we focus solely on mode I.

Figure 3 offers a representative form of the solution to the mode I interfacial normal stress, o (x,t),
assuming the loading is compressive. Three different time steps are shown for the case when a; = 1/6,
ag = 1/5, by = 1/3, by = 1/2.5, u1/pus = 1.15. As may be seen, the solution may be interpreted as
consisting of four superposed wave fronts, each traveling at the corresponding speeds of sound in the
two media (respectively, ¢;,, ¢, ¢, and ¢,). For the current choice of sound speeds, before the fastest
wave front reaches point = at time ¢t = x/a;, the interface is undisturbed by the transient part of the
loading. Once this first longitudinal front reaches a point in the interface, medium 2, the speeds of sound
of which are lower, is subjected to an intrinsically supersonic transient loading. Because no disturbance
in medium 2 can travel at ¢, the interface resolves the ensuing supersonic mismatch by transferring
a tensile load across the interface relative to reference. The magnitude of this tensile load appears
insufficient to cause interfacial detachment. The singularity at the origin remains of 1/4/x character,
as has been discussed in section 3.2, and is is modulated by the v/A factor dependent on the different
elastic constants.

Varying the elastic constants results in wave profiles of similar characteristics, as is shown in fig.4,
which depicts the interfacial normal stress at the same time step for different combinations of elastic
constants. It is noteworthy that the relative distance between the 4 speeds of sound impacts the
qualitative response so much: if a; > a;, then the transient relative traction is much larger, as a result
of medium 2 being subjected for longer periods of time to a supersonic load. Conversely, if b; > by, the

1/y/z singular character is delayed.

4. THE WELDED BIMATERIAL INTERFACIAL CRACK

In the case of a welded boundary, the interface is able to transfer shear stress (in mode I) and normal

stress (in mode II). As was discussed in section 3, the symmetry considerations that for single materials
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6 _l T T T T T T T T T T T T T T T T T T T
[ — t=0.15
— t=0.1

t=0.05

0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 3. The o, (x,t) at three different instants in time field using a; = 1/6, as = 1/5,
by = 1/3, by = 1/2.5, 1 /e = 1.15. The position of the different wave fronts is marked

for the t = 0.15 case. All units are notional.

mean that the shear stress (in mode I) and normal stress (in mode II) vanish at the epicentral line of
a flat crack do not hold the moment the materials at either side of the said line change. This means
that in the presence of an interfacial crack, a fully adhered bimaterial interface will need to transfer
stress components across, and entail displacements in both directions even though the crack remains
nominally flat. Such an interface is referred to as a ‘welded interface’ [26].

In order to model the crack along a welded interface, the boundary conditions must be modified
accordingly. In the interest of generality, we consider the following boundary value problem which

includes both remote ‘shock’ shear and normal tractions; pure mode I and mode II cracks can be
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A -
B
—C
—D

FIGURE 4. The o, (z,t) at t = 0.15 for four different combinations of elastic constants.
Here (A): a; = 1/6, ay = 1/5, by = 1/3, by = 1/2.5, py/pe = 1.15; (B): a; = 1/6,
ag = 1/47 by = 1/37 by = 1/27 ,ul/:u2 = 1.15; (C) ay = 1/67 Az = 1/57 by = 1/2a by = 1/17

/,Ll/IUQ = 115, (D) a; = 1/6, a9 = 1/2, bl = 1, b2 = 1/05, /,61//1,2 = 1.15.

obtained by setting Qo = 0 or Fy = 0, respectively.

(4.1) oW (x,0,t) = oy (x,t) — PH(t)H(—2) zeR
(4.2) o (x,0,t) = 74 (x,t) — QoH(t)H(—x) zeR
(4.3) [uy(2,0,8)] = u(V (2,0,t) — uP(2,0,t) = v_(x,1) r€R
(4.4) [tz (x,0,8)] = vl (2,0,t) — u@(x,0,t) = u_(x,1) r€R

where o, (z,t) and 7, (z,t) are now an unknown interfacial normal and shear tractions, and where

u_(x,t) and v_(x,t) are the displacement field componetns are.
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The continuity conditions across the interface are maintained, which lead to the following general

system of equations in Laplace space:

Oc1(k‘)b%,u,2R2(k) + Otz(k‘)b%ulRl (k) k [MIRI (k) (b% —2k2 — 20(2(]4:),32(]9)) —-

) — p2Ra(k) (07 = 267 =200 (R)B1(R)] | | )| |vek)
45 ~ mip2 R (k)R (k) ’ N

k [paRu(k) (b5 — 2k% = 202(k)B2(k)) = b3 B1(k)paRa(k) + b3B2(k)u1 Ra (k)

| — n2Ra(k) (0] — 2k% — 201 (k)B1(k))]

where here R, (k) is the secular equation for the Rayleigh waves (eqn.3.19), H, (k) = X, (k) — £ and

Ji(k) =T.(k) — % We have defined the stress and displacement components in Laplace space as in

eqns.3.11 and 3.22

For brevity, we denote the resulting Riemann-Hilbert problem as
1
(4.6) K(k) {EJr(k:) — EP} =U_(k)

where the matrix K(k), given by

[ a1 (k)02 pa R (k) + ao(k)b2uiRi(k)  —k [p1Ri(k) (b3 — 2k — 202 (k)Ba (k) ]
e k11 k12 B 1 - #2R2(k) (b% —2k% — 2al(k),81 (k'))]
(D = R () Ra(R)
ki k22 k [p1 R (k) (b2 — 2k% — 2aa (k) B2 (k) — b2 81 (k)pa Ra (k) + b2Ba (k)1 Ra (k)
| — n2R2(k) (b7 — 2k* — 221 (k) A1 (k)]

is the (antisymmetric) scattering matrix, the elements of which are

o ak) B as(k) B2
(4.8) ku(k) = _[Rl(k;)EJrRQ(k)E}

[ Bulk) B Ba(k) B2
(4.9) kn(k) = - { Ri(k) i Ra(k) El

B = 2 — 200 (R)Bu(k) B — 2K — 205 (B, (k)
(410 ) = [ YA
and
(4.11) po | S (k) = 2 (k) LUk = V=8

Qo Ty (k) U_(k)
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We assume that ¥ (k) and U_(k) are analytic and integrable over Re[k] > 0 and Re[k] < 0 respectively.

We note here that the scattering matrix used here is a subset of the one that may be found tabulated

in ch.5 of Aki and Richards[4].

4.1. Factorisation of the K(k) kernel. We would like to factorise the K (k) kernel matrix using the

following representation:

(4.12) K(k) = K_(k)K_ (k)

with K4 (k) regular and holomorphic over the positive (negative) half plane. Unfortunately, the branch
cuts of ay, (k) and B, (k) mean that the kernel is not commutative. Abrahams[45] proposed a technique
to approximate the kernel in these cases, which we employ in the following.

If we define the product decomposition of the elements of K(k) as k;; = k;; k;;, then we can write

ki —kio ki, O [=f2 1] |k, 0
(4.13) K (k) = _ | b " = Ky, (k) C'(k)K i, (k)
ko koo 0 kp 1220k

We note here that the product factorisation of k1, = K (k) = ki, - kf; and koy = G(k) = kj,k,, has
already been achieved in section 3 as the kernels of, respectively, the mode I and mode II cracks along
the slipping interface. The strategy to factorise k1o = kjky, would be almost analogous to the one
followed to factorise ki; and kos.

Whereas the leftmost and rightmost matrices in eqn.4.13 are factorised to the desired form and are
commutative (i.e., KL,K, = KK, = Ky, the central matrix is not commutative, despite it can be
written in a form similar to the one considered by Khrapkov[43] and by Daniele[42]. As we argue in
the sequel, this caveat can be ameliorated by considering an Abrahams approximation of the kernel

matrix[45, 44].

4.1.1. Approzimate factorisation of C(k). The Abrahams approximation is reliant on the Padé approx-

imant of one of its members. We describe this procedure in the following. For convenience, we begin by
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introducing
—k1 1 kg1 0 1
(4.14) Ck)y=| ™ = iz = C(k)
1 k= L ! 10 10
k12 k12

where the second matrix is trivially entire. Now,

1 —”z—g 1 0 —]CH
(4.15) C(k) = =14+ —

ke ] e 0

k_lz 22

We may then reduce this matrix to its Daniele-Khrapkov form:

wie cm =1+ BT Ty am, o =2 hw = B

B2k o

The matrix J(k) has the property expected of wthe Daniele-Khrapkov form:
(4.17) J2(k) = —1

However, the function f(k) is not entire, as it has a branch cut we define, in analogy with section 3, for
Rel[|k|] € [a1, ba], assuming again that a,;, = a1 and by, = by. Thus, a proper Daniele-Khrapkov form
cannot be reached, and an alternative strategy must be employed to reach an approximate solution to
the transient problem.

We have narrowed down the problem of the matricial factorisation of the scattering matrix to the fact
that f(k) has an unavoidable branch cut. This in principle appears to prevent the matricial factorisation
of the Wiener-Hopf problem, at least via conventional means. It is nevertheless possible to cancel the
branch cut via recursive approximation of f(k).

The strategy relies on noting that f(k) is the quotient of two functions of the same order, so that
f(k) — 1 as |k|]— oo. It is then possible to construct an approximating function f,(k) such that
lim,, o fn(k) = f(k) and such that it has no branch cuts. One option to do so would be to consider the
truncated Taylor series expansion of f(k), which would lend itself to a strategy similar to the conventional

Williams expansion of elastostatics (cf.[8]). Performing such expansion about |k|— oo would capture
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asymptotic near field behaviour of the crack tip; in section 4.2.2 we show that the near field asymptotic
analysis actually puts the scattering kernel in Daniele-Khrapkov form. This approach has the caveat
that it fails to capture correctly the far field: the |k|— 0 limit is inevitably misrepresented by the
truncation of the Taylor series expansion. The latter is important in capturing the wave fronts of the
transient solution and ensuring that any approximation retains causality, which is eminently desirable
in approximating a transient solution.

An alternative to the Williams expansion first offered by Abrahams[45] is to approximate f(k) not by
a truncated Taylor series, but by the function’s diagonal Padé approximant of order [n/n] (with n € N),

given by

(1.18) ) £a0) = 5

where P,(k) and @, (k) are two order 2n polynomials of the form:

P.(k) = co+ck®+ck* 4+ ..+ c k",

(4.19) Qu(k) = 14 dik* + dok* + ..+ d k>

The coefficients of the Padé approximant are found in the usual manner (see for instance [53] p.56
onwards), by matching the Taylor series expansion of f(k) about, say, k& = 0 with that of f,(k) up to
order 4n on 4n regular points. This ensures the approximant retains the adequate asymptotic behaviour
at |k|— oo and k — 0.

As may be deduced from eqn.4.18, f,(k) will have 2n zeroes and 2n poles, all of them simple and
symmetrically disposed lying within the branch cut Re|k|€ [aq,bs]. However, because f,(k) is the
quotient of polynomials, which are entire functions, the Padé approximant will entail no branch cuts,
leading to the desired Daniele-Khrapkov form of C(k) in approximate manner. In effect, the Padé
approximant serves to substitute the branch cut in f(k) for infinitely many discrete poles laying in the

same interval [45]. As a Padé approximant, it has the property that f,(k) — f(k) as n — oo, so the
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approximating solution resulting from this kernel is guaranteed to converge to the actual solution, for
sufficiently large n.

Using f, (k) instead of f(k), we can introduce the Abrahams approximating kernel:

(4.20) C(k) ~ Cp(k) =1+ h(k)J (k),  with J.(k) = VTR®

fu(k) 0

With C,, (k) written in its Daniele-Khrapkov form, we can fully factorise it as explained for instance in

[42], by considering its (matrix) logarithm
(4.21) InC,, (k) =In[I+ h(k)J,(k)]

If we expand this in series, use J2(k) = —I, and then group the terms in I and J,, together, one is able

to decompose the approximant matrix C,, (k) into two sectionally analytic matrices:
(4.22) InC, (k) =InC, (k) + InC; (k)

where CE (k) is analytic in the |k|= 0 respectively, and given by

(4.23) CE(k) = cos [h (k)] T + sin [hx (k)] I, (k)

In section 4.1.3, we discuss how to factorise h_(k)-+h (k) alongside the product factorisation of ki2(k) =

Ky () - kyy (K).

4.1.2. Regularisation of the discrete poles. With those two factorisations in place, there remains a prob-
lem with eqn.4.23: the matrix C, (k) is regular everywhere except for on the 2n zeroes of P,(k) and
Qn(k), which are carried as poles by J, (k). We shall refer to the zeroes of P, (k) as {£p;}!,, and to the
zeroes of @, (k) as {¢;};. As we have said, these lay by construction symmetrically disposed about

the origin and fall within the branch cut Re|k|€ [ay, by].
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These poles must be removed to finish the factorisation. As is detailed in [54], this is typically achieved

heuristically, by introducing a regularising matrix A(k) of the form

(4.24) A(k) =diag [ Y (k£p;)™" ) (k+q)™"

j i
which merely denotes that the regularising matrix must cancel the poles of C,,(k) and be meromorphic.

For convenience, we shall define it such that

(4.25) D (k) = C.(k)A(k)

(4.26) D*(k) = A '(k)C/ (k)

which ensures that D~ (k)D* (k) = C~(k)C; (k). For both analytical and subsequent convenience (see
sec.4.2, where the Wiener-Hopf problem is finally solved) it is better to consider the inverse of C/(k),

(4.27) [D* (k)] = [CH (k)] A(k)

The specific form of the regularising matrix A(k) is largely a matter of choice. Here, we choose the

following type, proposed by Abrahams[45]:

/ !
. n ¢ no_dj N n S n dj

n ’Ué n w; n U n w;
POV ) o R RS S

J

(4.28) Alk) =

where c¢;, ¢}, dj, d}, vj, v, wj, wj are unknown coefficients to be determined so as to guarantee that the
poles in C,, (k) are cancelled.

The latter is done by requiring that the elements of the matrices D4 (k) in eqns.4.26 have no poles at
k = +£p; and k = £q;. Because there are 4 times as many unknown coefficients as there are poles, this
task becomes increasingly more protracted the higher the order of the chosen Padé approximant f, (k).

It is however immediate to identify the system of linear equations that lead to the determination of the

coeflicients.
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The procedure to obtain the coefficients of the regularising matrix is as follows. Consider the elements

of D~ (k):

(429, = cosh_(k) [1 — ; : ijpj _ ; . —?pj _ sir}f(k()k) é - iﬂqj + ]Z:; kqqu
(430, = —cosh_(k) L:l z i;pj + jz: - :i_;'pj B sn}f(_k()k) 1+ JZZ; 2 _jqj y 2 qu
(4315 = sinh_(k)fa(k) [1 - j: 2 ijpj - ; 2 ijpj + cos h-(k) j; k jqj * ]2: k lj;q]
(4.325, = —sinh_(k)fa.(k) LZZ; - f;pj + jz: - f‘pj +cosh_(k) |1+ JXZ; p _jqj + g kijqj

. "L "od; | sinho(k) [V "W
(4.2{3%] = cosh, (k) [1—2 ‘_Zk |+ fnz]—g())lz_:k:—q]‘—i_zk‘k%

j=1 j=1 1
-1 sin h (k) SN "\ w, ] SR ] ]
4. = ———— |1+ —coshy(k
1 [ "o " ¢ "od
4. = cosh,(k I 4 I | — f.(k)sinhy (k) |1 — J J
(4.4 01Dy ;w falh) sin o (k) ;k_pj 2y
(@dey,] " = coshy(k) _1+§n: Y +§n: Y4 £ (k) sinhy (k) zn: 7 zn: 4
2 + i j:lk_Qj j:1k+Qj " * j:lk_pj /{—i-p]_
Let us now express f,(k) in terms of its Mittag-Leffer expansion[55]:
"L 1 1 <
(4.37) Falk) = C + , Loy O
]Z:; k2 —q3 fuk) C o k? — p?
with
Pu(q;) Qn(p;) .
4.38 P = 2q; L 0; = 2p; 1 C=lim f,(k) =1

Consider then, say, dj', and let us examine the conditions that make this coefficient be pole-free in
Re[k] < 0:

(4.39)

o { [l X k_]pj ) k+jpj] S [C *2 (k—pj)J(k —H?j)] LZ: k—qu' +Z k+jqa] }

J=1
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If we focus on the terms that bear poles at k = —p;, we find the term:
1
4.40 — — |d; +tanh_
(4.40) ;k—l—pj ’ k pj [Zk—ql Zk+ql

By setting, say, K = —p;, we find that the only way the pole at k& = —p; vanishes is if:

4.41 d; = tanh_(—p;)
( ) ( 2pz [Z —Pi — QJ ]Z —Di + Qj
Similarly with the rest of elements, we would find, for ¢ = 1,... n:
(4.42) di = tanh_(—p) zn: g +2n: )
. i = tanfi_{—p;
2pi |5 —Pi— 4 o TPty
(4.43) d; tanh_(—p;) d 1+ Z Xn: =
‘ ' 2pz —Di — QJ —1 Qj —Di
5. [ n fU/. n w/.
4.44 ¢ tan h.y (p;) — I+ J
(t4) + )22% _;pi—% Z:;pi“‘%'
Ss "W
4.45 c tanhy (p))— |1+ ]
(1.45) + )2pi sz—qj lei"f‘%‘
(4.46) v; —tanh(q;)=— Ji En:i-i—zn: %
Z " 2q; % —Pj = 4GTD

—i—pj

(4.47) o = tanh(q);" [1— n Z

2q; = =

[ ' nd
(4.48) w; = —tamh_(—qi)l Zc—j—l—z ! ]

/ Vi -
4.49 w; = —tanh_(—¢)=— |1— —
(449 g - = z ]

This set of 8n relations form a linear system of equations of dimension 8n. Its solution renders the value

of the pole cancelling constants c;, ¢}, d;, d;, v;, v}, wj, i, i =1,. ..

i d;, ,n, and completes the factorisation.

The solution can be easily achieved through linear numerical algebra for each case.

4.1.3. Wiener-Hopf factorisation of the scalar terms. In introducing the Abrahams approximating ma-
trix, we have shown it to depend on the Wiener-Hopf factorisation of two scalar terms, namely:

ki = kipkih, and h_(k) + hy (k). We perform these factorisations in the sequel.
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Product factorisation of kjs. The term kj5 (given in eqn.4.10) has a structure similar to that of
ki1 = K(k) and koy = G(k), the product factorisation of which was obtained in section 3.1. As before,
we shall derive the factorisation for the case a; < ay < by < ¢1 < by < ¢o.

For convenience, we begin by renaming the term:

(4.50) nilk) = b2 — 2k — 2a,() ()

and reorder the terms of ko as follows.

Ry (k) paRa(k)

Ro(k) iz

(4.51) kip =k ) e ] — ) {1 - 212:; 2283 /,f

We may now factorise each multiplying term into sectionally analytic functions, which consists of an
entire function £ and the secular form of the Rayleigh function. The factorisation of which are known

(see [47, 49]). Say

(4.52) k = sign(k)kY 2k

where k:i/ ? has the branch cut so that it is meromorphic on the +k > 0 plane, and
(4.53) Ry(k) = RY(R)Ry (K), with RE(K) = 2(a3 — 12)(c, + k) DE(K)

where D (k) is given in eqn.3.33.
The factor n(k) has no poles, bears branch cuts on Re|k|€ [as, by], and has the property that 7, (k) —

—a3 as |k|— oo. We can therefore formally express its factorisation using the Plemelj formula as:

1 d+ico 1
(4.54) InnE(k) = F— ni(2)
271

dz

d—ioco z—k

We can rewrite the integral in an analytically convenient form, by closing the Bromwich contour with a

semi circle at infinity. Thus

(4.55) ]i 1277_2(}?(12 - /f: - /F+ * / +/J
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where
(4.56) / = 2im In[—a3)]
J
(4.57) / /b2 [In 5 (k) — Innk (k)] dz 2'/b2 ¢ by — 227 dz
: = n —In =2 arctan
re4r- Jas 2 2 z—k az 2¢/22 —a3\/b3 — 22| 2 —k
whereupon
d+ico bo b2 —9 2 d
(4.58) / = —2irIn[—a3] — 22'/ arctan 2~ :
d—ioo az 2¢/22 — a3 /b3 — 22| z—k

1 [P b2 — 222 dz
4.59 Innt (k) = + < In[—a? +—/ arctan 2
(4.59) (b { af+ [ aretan | o2 T |

Finally, we use the same strategy developed in section 3.1.1 to achieve the product factorisation of

the term

(4.60) Flk)=1- (k) Ra(k) pio

This term has poles at £¢;; the zeroes of 75(k) are found to be

b
(4.61) ey = iiQ—; b2 — 4a2

This means that if by > 2ay the poles fall on the imaginary axis, and need not be considered, and if
by < 2as they fall on the real line, and must be considered. The latter only happens if ps > 2Xy (or
v < 1/6). The branch cuts are defined under the assumption that a; < as < by < ¢1 < by < ¢g, for
Re|k|€ [a1, bs).

If a; < ey, we can proceed as we did in section 3.1.1:

1 [T n F(z)
4.62 InFy(k) =F— —=d
( ) nF (k) :F27rz' /d z—k ®

—100

with

d+ioco
e o[+
d—ico | T_ J
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Here,

(4.64) /J — irln (1 _ M)

azpn (bf — af

az dZ b1 dZ bo dZ
4.65 =2 tan tan( tanl
(4.65) /F++/F z{/al arcanl(z)z_k—i-/a2 arcang(,z)z_k+/b1 arcang(z)z_k}

where
2 (407 (20387 k) 803kt 6§ —6b1k2 ) (4h2 /a3 —k2 /0 —k2+ (b3 —24%)")
Lk it (—1607k0 (052 1607k 105 —8b0k2 12461k ) (13 -2(\ a3 K2\ /3 —K2+42))
Y 202\ /K2 — a2 (b — 2k2) /b3 — k2 ’
(1)
ly(k) = — b (F) ®)
2ty (b — da2 (b2 — k2)) (b — 8Kk206 + 24Kk4b — 16k (a2 + k2) b2 + 16a2k8) I (k)

with

159 (l)=—b3 (6313 — (pi2b-+ 2k (4411 — Bpiz b3 +4k* 12 )b + (6K pi2b3 +4 (k* (611 —9pua) —

— b2 —k24/b2—k24/k2—a?\/k2—apus b§+8k2,u2 3k /b2 k24 /b2 —k2,/k2—a?+/k2—a3 b‘ll—
1 2 i 2 1 2 1 2

—4p2 (k2u2b§+ (k4(4u1—6u2)—2\/b§—k2 VK2 \/k2—a§\/k2—agu2)bg+2a§ (112bd+2k2 (1 —3p2)b3+4k" 2 )+

412 o (K4 /0 k2 /0 —k2 /W2 —aF /W23 ) ) b +8a3 k" (1uzbd+2K2 (1 —3puz)b3-+4k ) ) —

—4a3 (b3 —k?) (1 b§+2k% (1o —Ap1 )8 +12k* (2411 — 2 )bi —8 (2001 —p2 ) kO 4203 (p1 —pio ) k* ) b3 +16a3 k0 (1 —pa2) )

157 (k) =03 (b3 —2k2) /03— k2 \ /K2 —a3b§ — (Wﬂbgﬂik? <\/65ka VK2 —ad—\/B3—k? /K> a3 )b+

+4((V/B =R/ 12 a3 =303 k2 /12 —a3 ) k14203 /63— K2\ /R2 —a3k? ) b —8a3k \ /b3 —k2\/k2 —a3 ) b+

+202 (/67 k2 /K2 =036+ (44/0B—k2 /2 —aBa3 +k2 (2403 K2\ /W2 —a3—6 /07 —k? k2 —a? ) )b+

+41? (=20/03— K2\ /K2 —aFa3+2a3 /67 —k2\ /K2 —af +2 (/0 K2\ /R —af—\ /0 —k2\ /K2 —a3 ) ) b3 -
—8a3k* /67 k% \/k?—a? ) b3 —8a30dk? (b —2k2 ) /03 —k? /K2 —a}

And
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with

19 ()=03 (—2( /K2 =03 /K2 =67 k2 ) (b 1o +263K2 (11— 3puo )+ 4k o ) +b363 101 —03 (b iz +203K2 (2411 —Bpiz) +

+4k 2 ) ) —4a3 (b3 —K?) (—4k2(u1—u2) (, /k2—aZ | /kQ—b%—k:2>+b§u1+2b§k2(#2—2u1)>

) (k) =263 101 /W2 a3 (V3 ~202) /0 —K2 (20 /W2 —aF /20T 403 —2k2 ) (—4k? /2 =aF /W2 03 +b}

—4b3k2+4k*) (b4 —4a3 (b3—£?))

Thus,

1 a2 pis (b2 — a2) 1/2
466) InFo(k)=F—<In(1- 22 2
(100 I fa () ﬂ{“( duB—a)) "

a2 dz b dz b dz
+ {/ arctanll(z)z — +/ arctanlg(z)z — + /b1 arctanlg(z)z — k}}

al az

If ay > ey, then it is best to consider a function of the following kind instead:

m(k) L2 —ab) k2 —al Ri(k) i m2(k)
In this case, no(k) is already factorised, and k% — a? is entire. The branch cuts for this version of F(k)
remain the same, but the poles have changed: there is a simple pole in k£ = +a4, and at the k = +¢;.

Both poles fall ex hypothesis within the branch cut. This form of F'(k) has the advantage that F'(k) — 0

as |k|— oco. In that event, we have that

In H(z
(4.68) /J T(k)dz =0
and
2 dz b1 dz b2 dz
(4.69) /m —i—/_ =20 [/al arctanml(z)z — + /a2 arctanmg(z)z — + /b1 arctanm3(z)Z iy
where
my (k) = @

m
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with

m{D =402 (a2 (8k* (11— p12) ( /a3~ \ /03— K2+ 1) ~264k2 g —4b3k* (1 —22) ) +
4KS (201 —pi2) (, /a2—k2 4 /bg—k2+k2) —bgk4p2+4b§k6(y2—yl))+8a§k4 <4k2(,u1—,u2) (\ /a2—k? /bg—k2+k2)+
b4 (—p2) ~203K2 (1~ 2p12) ) +b o1 (2(/aF K2\ /03— K2 +k2 ) —03 ) 408 (—4k? (41 —piz) (/a3 —K2\ /B3 — 2 +k2) +

+b3 2 +4b3 K2 (2411 —pu2) ) +6b3 (4k4(2u1 —p2) (\/ a3—k24/ bg—k2+k2) +b3 (—kz)u2+4b§k4(u2—m)>

e e e O O e e e ]

and

m$" = (322 ) 1 /K2~ a3 — (b3 —2k2 ) /K2 —a3 (2b3+K (811 —2p2) )G+

+2k2 (3;@, /12— a3bg+12k2 (1 —p2)\/ k2 —a2b3 —4k?\ /b3 —k2\ /b3 — k2 /K2 —adpa+

12k (32 —2001) /W2 — a3+ a2 ]~k /B3 —k7 /12 —aF )b+ (— /K2 —aF uak®+8p1 /K2 a3k +

+463 (2 — 1)/ k2 —a2 kS +4pa /03— k2 /03— k2 /K2 —a3kO b\ /2 —a? okt +

+a? (8 —p2) /K2 =0T k04 /0T 2\ /B3 2\ /K2 =B puok — 403 (111 —2p2) /K2 —aT W 264\ /T —aF o k? ) )03+

+8a2kt (03— 2k ) (nab3+2k% (n1—p2) ) A/ k> —a?
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m$D =2 (1B k2 /K2 a3 /K2 0BV +2k2 (2 —4pi1) /3 — K2 /K2 — a3 /K2 a3 +

+ (/B k2pzkS+4 (6101 /03—K2 /W2 —aT /W2 —a3+

iz (/DR —k2a3+b3 /03 —k2 =31 /03—k2\/k2—a3 /K2 a3 ) ) b —b3 (403483 ) /DR — K2 pak®+a3 bz /67 K ) bi -

—2(—4\/bf—_kwgkuz;(uz\/bf—k%g—\/bg—k? k2 =a3\/k2—adpuat 2/ k2 /2 —aF\/k? a3 ) KO~

bz /07— K2k ad (4 /DR + (— 4y /0] k2 ub3—8 /03 —k2 /K2 —aT /WP —aBpia+

+8111 /03K \/k2—a7 \ /23 ) K+ b o /0 —k2H? ) ) b3+1603KS (1 —puo) /D —k2 /W2 —aF /W2 a3

and
(1)
ms’ (k
my (k)
with

m§) = (b% — 2k?) <b‘1*u“ k2 —a? — b3\ [k? — a3 (Bapa + k(4 — 212)) +
+2 (a%\/l# -+ K (\/k2 —a? — k% — b%)) (bpe + 2k* (1 — ug)))

m® =2 /K2 — a3\ /13 — k2 (b‘ful k2 — a3 + 2032\ /12 — a3 (2 — 21 )+
#0820 — ) (ah iz =2 (Vi =it = e =3t) )

whereupon
(4.70)
+ L[ [ by b
Fi(k) = %exp {:F; {/al arctanml(z)z(izk + /a2 arctanmg(z)z(izk + /bl arctanmg(z)zd_zk] }

Thus, we reach that the product factorisation of ki is:

1/2 Uzi(k)

4.71 kf = —k/f 2
( ) 12 + R%t(k’)lug

Fi(k), k1o = kiokis
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Additive factorisation of h(k). The need to factorise h(k) into hy (k) arises from eqn.4.23, whereby
(4.72) C.(k) = C, (k)C/ (k) = cos[h_(k) + ho (k)T + sin[h_(k) + hy (k)] =T+ h(k)J,
Comparing both sides, we find that

(4.73) h_(k) + hy (k) = arctan [h(k)]

where

(4.74)
Ak = K2 5y = B \/:: (BB Ry(k) + as (k)b By (k) \/ b2 81 (k)12 R (k) + 3B () R (k)

k12 k(na(k) iRy (k) — m(k)paRa(k)) \ ar(k)bipeRa(k) + ag(k)bsp Ry (k)

Before discussing the branch cuts of this function, we shall reduce it to a more useful form. We note

that in invoking the Plemelj formula to write the formal additive factorisation of h(k), we would have

1 d+ioco t h
(4.75) ha(k) = £— arctan h(z) |

270 ) g_ino z—k

where h (k) would be holomorphic in the positive half-plane, and h_(k) in the negative one.
Due to the form of h(k), the expression above is not particularly easy to handle. However, eqn.4.75
can be reduced to a more analytically useful expression by considering the additive factorisation of h(k)

instead. Let us define

(4.76) o) = 1)
so that arctan h(k) = 5 In g(k). Then
(4.77) I g(k) = In gy (k) + In g (k) = 2 [he (k) + h_ (k)] —> ha(k) = — Inga(k)

21

where g4 (k) is the product factorisation of g(k). The factorisation of g+ (k) can be achieved by invoking

the property that if Ing(k) = Ing, (k) +Ing_(k). Thus, by simple term-by-term differentiation:

L (k)
(k)

dng(k) g(k) _ 2H(E) gk g
(47) B ) TR g k) g
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‘Zigg = l+(k), we find we can avoid the branch cuts of the arctan h(k) (or, equivalently,

the In g(k)) by performing the sum factorisation of

(4.79) % = U(k) = L (k) + 1 (k)

Having achieved it, we can write hy(k) in terms of the primitive function of [ (k), to wit:

1
(4.80) halh) = o / L (K)dk
We therefore seek the additive factorisation of I(k) = lﬁ];lg((k)), given by the Plemelj formula:

1 [ 2ip/(2) 1
4.81 (k) = +£— d
(4.81) +(F) 2T Jyie 14+ h2(2) 2 —k ©

For all subsequent purposes, we define the branch cuts due to the terms in the integrand so that they
fall within the familiar strip Re|k|€ [a1,b2]. We need to examine the location of the poles due to this

term. Operating in terms of the k;;(k) factors, we find that the denominator of I(k) entails poles when

(4.82) 23/Fors (k) o (K) <\/k11 Veaa (K —¢k12(/<:)>2:0

Thus, the integrand has simple poles at k11 (k) = 0 and koo (k) = 0, which happen to be the same as those
in F(k) and G(k) discussed in section 3. Furthermore, there are also poles at m ik1a(k)
or kiikos + k%, = 0. These poles are related to the Stoneley waves along the bimaterial interface (see
[56, 57]), inasmuch as kj1ks + k?, = 0 is the secular equation for the Stoneley waves and, therefore,
h(k) = 1 for them to exist.

Nevertheless, because (k) does not appear in logarithmic form, the poles entailed by its denominator
are not branch points but isolated singularities and, therefore, can be dealt with individually in terms
of the residue they leave when applying the Plemelj formula over one of the two k half-spaces. Any
complex pole will have a mirror image about the real line, rendering the compounded residue 0 in a
way similar to the Rayleigh function (see [47]). The only causes for concern would be the real roots of

the denominator, if there were any. Even then, if the root falls within the branch cut then it leaves no
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residue. Say however that k = *w; is a positive real root such that w; < a; or w; > by. The residue left

behind by any such root can then be computed almost immediately. Expressing [(z) as

. 1D (2) 1D (w)
(4.83) liz) = 1@(z) = Reslz =wj] = zlggj@ — ) (z = k) (z)  (w; — k)@ (w;)

We omit a transcription of IV (k) and I® (k) as they can be immediately identified. In practice, owing
to the lengthy analytic form of the Stoneley waves, it is simpler to evaluate the w; pols numerically
and then compute the residue above if so required; the reader is directed to [56, 57] for an in-depth
discussion of the place of these roots.

The role this residue would play is that of a pre-factor in the additive factorisation. Indeed, using the
same strategy we have employed in previous sections, we would find that the Plemelj formula (eqn.4.75)

can be written as:

(4.84) 2mi'y " Reslz = w) :/ddj;w+ﬁ++/_+L

The Jordan integral vanishes since h(z)? is of higher order than zh/(z),

2%ih/(z) 1
(4.85) []1+h2(2)z_kdz:0

The integrals along the branch cuts can be expressed invoking Schwartz’ reflection principle. We find:

(4.86) /F+ +/ =2i {/:2 Im [, (2)] zd_zk + /: Im [I5(z)] Zd_zk +/blb2 Im [I3(2)] Zd_zk}

where I;(k) — I(k) when /a3 — k? — i\/k? — a3, ls(k) — l(k) when \/a? — k? — i\/k? —a} and
a2 — k2 > in/k2 — a3 and I3(k) — 1(k) when /a2 — k2 s i\/k2 — a2, \/a3 — k% — i\/k? — a2, and

b? — k2 — i\/k? — b?. We omit a full transcription of these terms owing to their length.

Thus,

(4.87)

La(k) = £ {/ ton [ (2)) -5+ /bl I fo(2)) -5+ /bb Im [ly(2)] Z‘fk}—; Res|: = %]

a2
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Then, we can write that

(4.88) ha(k) =

1 / / 1 = b
=5 [—/k;Res[z:iwj](k)dk i;{/al Im [[1(2)] In(z — k dz+/ Im ) In(z — k)dz+

b
+/ Im )] In(z — k)dzH
by

Note that if any pole needs to be included, their terms take the form:

/Res[z = tw,;](K")dk o C'ln(k — wy)

This finalises the factorisation of the matricial Wiener-Hopf problem.

4.2. Solution of the matricial Wiener-Hopf problem. Having obtained the factorisation of all
terms in the matricial Wiener-Hopf problem, we may now proceed to solve it. Thus, consider the

equation:
_ 1
(4.89) K™ (k)K" (k) {EJF(k:) — EP} =U_(k)

where all factors have been derived in the previous section, albeit K*(k) ~ K (k) is given in an
approximate form such that as n — oo, K (k) — K*(k).

The presence of the 1/k term requires further care, particularly because the cancellation of the pole
via the usual procedure (see e.g.[47]), which relies on adding and subtracting KT (0)1P term to both
sides of the equation so as to cancel the k = 0 pole, will not work owing to the fact that K*(0) = &.
This is because the K*(k) matrix is proportional to ki, o< v/k. Thus, in reality the expected 1/k
term of tK*(k)P is a 1/ Vk term, and the pole cancellation strategy may be reworked by defining

K+ (k) = VELT (k), whereupon,

K* (k)X (k) -

-
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Thus, we may avoid the pole at k = 0 by adding and subtracting the term 1/v/EL*(0) to the left side

of equation, leading to:

1

K™ (k)% (k) T

L)~ L) P = (K9] U0+ | 100 P

We may now separate the Wiener-Hopf equation into two sectionally analytic parts:

(490) KT (K)S, (k) - ﬁ L (k) — L*(0)] P = [K~ (k)]

- U (k) + % [L*(0)] P =E(k)

Where we have used that [K*(k)]™! = \/LELi(k). Here E(k) is, as prescribed by Liouville’s generalised
theorem, a matrix the elements of which are polynomial of a certain order. Following an almost analogous
reasoning to the one discussed in section 3, we can invoke the Tauberian theorems over the expected
asymptotic limit of the stress and displacement fields to deduce that E(k) = @ owing to the behaviour

of the stress and displacement fields at infinity. Here @ represents the null matrix.

Thus, we are able to separate the Wiener-Hopf equation into the following approximate solutions:

(4.91) . (k) = [I — Ltk L+(0)} 3

=

(4.92) U-(k) = —%L‘(k) [L*(0)] P

We note that in the Abrahams approximation the matrix K, (k) takes the form:

(4.93)
— L _sinhg (k)A21 (k) + cos hy (K)A11 (K sinhy (k) 0oy b Y A (e
K* (k) = lim K} (k) = kjy(k) lim | % +(B)Az1 (k) - cos by (k) Ann (K) Futiy N22(k) + cos hy (k) Arz (k)
n—00 n—oo | o hi(k)A21(k) — fn(k)sinhy(k)A11(k)  coshy(k)A2a(k) — frn(k)sinhy (k)A12(k)

Ko (k) K (k)

K5 (k) Ky (k)

and similarly for L*(k), with each component given by L}:(k) = VkK;; (k). Recall that the A;(k) are

the elements of the regularising matrix A(k) given in eqn.4.28.
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Thus, for mode I (setting Qy = 0) we would have that the interfacial normal traction is:

(4.04) (k) = @[1—|L+—1(,€>|(L2+2<k>Ln<o>—L1+2<k>L;<o>)]

And for mode II (setting Py = 0):

(4.95) k) = @ [ !

1— m (Lfl(k)[é%(o) - sz(kf)LB(O))}

It is important to remark that both the mode I and mode II cracks entail, respectively, non-vanishing
interfacial shear and normal tractions as well. The shear traction acting along the interface for the mode

I crack is given by:

(4.96) Ty (k) = %|L+—1(k;)| [L3: (k) L31(0)]

and the interfacial normal traction for the mode II crack is:

(4.97) Sk = L L0 L50)]
These two additional tractions exist along the welded interface because of the existing elastic mismatch
between the two medium. In mode I, the interface must be sufficiently strong as to sustain the associated
t' (x,t) traction. We note here that if medium 1 and medium 2 were to be the same, then the solution
described here collapses to that of the standard mode I+II crack found e.g. in [47].

These equations display the oscillatory singularity at the crack tip observed in elastostastic prob-
lems even for the lowest order approximation. This is shown in section 4.3, where the equations are
solved numerically for a number of loading cases. The reasons for this singularity are shown in further

mathematical detail in section 4.2.2.

4.2.1. Inversion of the solution to the interfacial tractions of a welded bimaterial crack. The inversion of

the expressions attained in eqns.4.94 and 4.95 can be obtained via the Cagniard-de Hoop technique[51,
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52]. We perform that of ¥, (k) in eqn.4.94 as an example. If we set the spatial inversion integral first:

(4.98)
. 11 sk 11 Py 1 sk
o1 (w;8) = 5—— . Sy (k)ersdk = %E/B - [1 TR (Kah(k)K1(0) = Kb (k) K5 (0)) | e dk
By setting 7 = —sk, we can procede as before to reach

1 [ T
(4.99) oi(r,t)=—— [ Im [2+ (——)} dr

T Joro x
An analogous result may be quoted for the mode II crack:

1/ T
(4.100) ty(z,y) =—— Im [TJF (——)] dr

T J oo x

All other components of stress can be obtained in the same manner. Having obtained the interfacial

tractions, the full field on the two half planes can be immediately obtained (see e.g.[4], p.39).

4.2.2. Form of the near field solution. The near field solutions (and the corresponding stress intensity
factors) for the bimaterial plane strain crack were fully characterised by Achenbach et al.[29] using a
procedure largely analogous to William’s for the elastostatic case[5]. Subsequent work by e.g., Deng
[58] or Liu et al.[33] aimed at examining higher order expansion by means of the Williams asymptotic
expansion of the Kelvin-Helmholtz potentials.

In the present work, it is possible to seek the near field solution by means of the asymptotic form in
the dual Laplace space, i.e., in the |k|— —oo limit. In that case, the asymptotic behaviour of the K(k)
scattering matrix can be expressed in Daniele-Khrapkov form:

K(k) = — 1 —i%((a? — B)b3p + (a3 — B3)B3pne)  —((a? — B)adpnn — (af — 03)adn)
2k puypa(a? — b3) (a3 — b3)

(af = B)adm — (a3 — W)tz —i%l((a? — b)03u + (a3 — 03)b3pie)

1k| —il(at = )by + (a5 = U)bipz) | illad = DD)asmn — (a3 — by)atus) [K| 0 -1
2k? papa(at — bt)(a3 — b3) ((af = b3 + (a3 — 03)bipa) & |

= a(k)I + b(k)J

(4.101)
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where here

(4.102)

O Gt TR L LR NG B 1 (e LENE S
2k? frpz(ai — b7)(a3 — b3) ’ 2k fpz(ai — b7)(a3 — b3) ’ 1 0

We use k/|k| to emphasise the importance of the sign of k in the procedure.

The treatment we offer here relies on examining the near-field Daniele-Khrapkov factors, which are[42]:

(4.103) K. (k) = ba (k) [cos ax (k) + sin a (k)J]

so that

(4.104) K(k) = K_(k)K, (k) = b_(k)by (k) [cos (a_ (k) + ay (k) T + sin (a_ (k) + ap(k)) J]
whereupon

(4.105) b_ (k)b (k) cos (a_(k) +ar (k) = b(k)

(4.106) b_(k)by(k)sin (a_(k) +ar (k) = a(k)

From here we deduce that

a(k) i (b3pa (af — b7) + Uiz (a3 — 03)) [K|
(4.107) a_(k) + a,(k) = arctan {m} = arctan {— 2 (@ =) — @ (@ —B)
and
(4.108)
b (k)by (k) = \/a2(k) + b2(k) = 2|k|21u2 \/(Ch(ﬂl — fi2) — bﬂlé;;_ﬂz%; EZg(ihb%—) p2) + b3(p1 + pi2)) — ]k|_1A

These two factorisations can be achieved heuristically.

The product factorisation of b_ (k)b (k) would be immediate, say:

(4.109) bo(k)=k? b_(k)=kT'PA
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where l{:frl/ ? has its branch cut defined so that the function is meromorphic in the positive half-plane,
and k=" in the negative half plane.

The sum factorisation of a(k) is also simple owing to the presence of the |k|/k factor. We merely need
express

i (b3 (af — b7) + bips (a3 — b3)) | Arg[k]

(4.110 a(k) = arctan | —
) ( Gy (@) a3 ) | =

where Arg[k] is the argument of k, which is defined so that it has its branch cut for Re[k] > 0. Thus we

need only separate the argument function into two analytic branches. Now, by definition

(4.111) Arglk] = —iln ’%’

which has the same branch cuts.

Thus, we can write

2 2 _ 12 2 2 _ 12
(4.112) a (k) = Fi arctan {_Z (b3 (af — b1) + bipe (a3 bz))} 1 k|

n —_—
a%ﬂl (a% - b%) - a%#z (a% - b%) k

With this in place, we note that

79 2 72 2 2 12 2 2 32 2 2 12
aretan | (Z;Q,ul (a21 l;l) + b;ug (a22 b;))} _ aretanh {_ bgﬂl (a; b;) + blzm (a22 522)}
aspuy (ay — bf) — ajps (a3 — b3) azpiy (ai — b7) — ajps (a3 — b3)
1. 1+ )
4.11 =—iln|——| =—
(4.113) 5¢ln ll — ﬁ] ime

where we define

(b3 (af — bF) + bipp (a3 — 03))
2

4114 8=
(4.114) B (@ — ) — ata (G — )

Having separated both a(k) and b(k) into sectionally analytic functions, we have the asymptotic

scattering matrix separated, and can employ eqn.4.94 to find that in the near field,

i 1 1+ k 1/9—ic
(4.115) Y, (k) ~ Pok™/2 cos [% In L — 5} In (’—k’)] ~ Pyk™1/?
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Upon inverting this, we find that, as expected, if one introduces an arbitrary length parameter r

P 2\ 7 1
(4.116) 04 (T;5) ~ —— (u) =7

vzl \ 7o
which renders the usual logarithmic singularity, as usual makes the asymptotic solution unbounded in
time with v/¢ growth. An almost analogous oscillatory singularity would be found for mode II.

We note here that the near field approximation can also be obtained by taking the |k|— oo limit
in the approximate form that was given in e.g., eqns. 4.94 and 4.95. The Padé approximant f, (k)
has by construction the property that f,(k) — 1 as |k|— oo for all values of n. This means that in
the asymptotic limit, K*(k) takes a mathematically analogous form to K (k). In particular, given that
h(k) ~ a(k), in the asymptotic limit of eqn.4.93 we would find that for any n, the dominant terms in

the asymptotic expansion allow us to write the K (k) matrix as

(4117 K (k) ~ R () = 1 \/ 1 cosay (k) —sinay (k)

K2\ papzal = bi)(as = 0) | (k) cosan(k)
and the rest of the decomposition would follow naturally to reach eqn.4.116.

The presence of this oscillatory singularity in both the nominal Wiener-Hopf problem and the approx-
imating one is not a core result of this work, but rather serves to verify that the results matches in this
article match the expected behaviour observed in the elastostatic case. The presence of the logarithmic
singularity ought to regarded undesirable because it entails interpenetration of the crack faces about
the crack tip. Because this region, in case of existing, would be spatially localised about the region
immediately surrounding the tip, the transient solution away from it would largely remain the same,
and hence the transient solution would remain valid away from the crack tip. Nevertheless, it is possible
to relax the boundary conditions in such a way that the oscillatory singularity disappears. As we have
seen in section 3, relaxing the shear stress transfer condition along the interface cancels the oscillation
altogether; thus, in interface where in the immediate area surrounding the crack tip the interface were

allowed to slip would not display such oscillation whilst maintaining the v/¢/y/z singularity. This would

resemble Comminou’s contact zone solution[14, 30] for the elastostatic bimaterial crack. Alternatively,
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a single material intervening layer[18] would also cancel the oscillation, albeit the crack tip would in
this case be subjected to continuous rarefaction waves diffracted by the boundaries between this layer
and the bulk materials, the magnitude of which would be dependent on the width of an artificial layer,
an undesirable situation unless the layer itself could be proven to have a physically motivated width.
Conceivably, Sinclair’s suggestion[17, 59, 60] that the crack tip geometry also affects the oscillatory

nature of the singularity is also extensible to the elastodynamic case.

4.3. The transient solution. The formalism leading to eqns.4.94 and 4.95 (and their inverted coun-
terparts, eqns.4.99 and 4.100) are a core result of this work. Their significance is that they enable a
fast and simple treatment of the far field, and can be employed to obtain the full transient solution to
arbitrary accuracy. This is particularly important for dynamic applications where multiple interacting
cracks may be present, as is the case of fragmentation of composite materials or the interaction between

faults in multilayered geophysical systems.
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Eqns.4.99 and 4.100 render the normal and shear field radiated away by a bimaterial crack under the
action of remote normal and tangential loading respectively. Both equations may be solved numerically
with relative simplicity, following a procedure very similar to that outlined in section 3 for the slipping
interface. The salient features of these solutions are shown in figs.5 and 6, which display the numerical
solution to the transient bimaterial crack fields under varied material conditions and for increasing
accuracy of the Padé approximant.

In both figures, we observe two common features. First, an oscillatory singularity at the crack tip,
the nature of which has been explained in detail in section 4.2.2; this oscillation is marked in figs.5
and 6. Second, a far field displaying the characteristic wavefronts due to the two longitudinal and two
transverse waves that make up the dissimilar elastic medium. Fig.5 shows the solution with increasing
level of accuracy at time ¢t = 0.15 using a; = 1/6, ag = 1/5, by = 1/3, by = 1/2.5, py1/pe = 1.15

(i.e., relatively similar materials). As in the slipping boundary’s case (see fig.3), the first longitudinal
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wavefronts mildly disturb the interface, is subsequently accompanied by a sign reversal in the interfacial
traction relative to reference, which is reversed once the transverse wavefronts reach a point. The
convergence of the solution is such that by n = 12 we observe small differences other than in the width
of the peak the approximation introduces in the sign change. Fig.6 explores the same spatial situation,
for two very dissimilar elastic materials. In that case, no obvious sign reversal in the solution is observed
between the longitudinal and transverse wavefronts. The solution does reveal more clearly, even for low
order approximations, the role of the wavefronts, and it highlights the importance the Rayleigh wave
speed appears to have in triggering an oscillation in the interfacial traction about the first transverse
front. More importantly, the successive approximations are able to capture with high fidelity the average
trends in each part of the wavefront: aside from the oscillatory near field, the dissimilarity in the elastic
constants appears to induce a much faster drop in the stress, and all approximations capture this trend

irrespective of particular local details.

4.4. Final remarks and generalisations. The loading conditions we have examined in this article
concern a shock load, suddenly applied at the interface. The interest of this solution is that it can be
used as a fundamental solution to more complex loadings, whilst the salient features of all such cases
would mirror those of the solutions presented here.

If the remote loading is given by P(z,t), Q(x,t) at the interface, then the resulting interfacial tractions

p(z,t) and t(z,t) would be given by (cf.[4], ch.11)

* (100 (v —a t—t)
411 e ) P ! 4/ / /
( 8) p(z,t) /0 /0 ETe (', t")dx'dt
> [PO*H (v —alt—t)
411 — 9 P / / / /
(4.119) t(z,t) /0 /0 5t0m (', t")dx'dt

where o, (x,t) and t,(x,t) are the interfacial tractions due to the shock load that has been derived in
this work, whether for the slipping or welded boundaries.
Furthermore, the solution in this case has focused on a quiescent crack, i.e., a crack that does not

propagate. The solutions we have achieved here can be readily adapted to solve the problem of a
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uniformly moving crack. If the crack tip moves at a constant speed v = 1/d, this can be imagined to
modify the support of boundary conditions to the the region where H(xz — vt). This leads to swapping
the 1/kP term with 1/(k — d)P in all its occurrences (for a similar remark, see e.g.[61]). The treatment
of the pole this entails will be largely analogous too. In particular, in the solution to the matricial

Wiener-Hopf problem we would find that

(4.120) > (k) = ﬁ [I — Lt k)] L+(d)] p

Under such circumstances, the crack tip’s speed v = 1/d may cause the solution to diverge when LT (d)
does. In this study, we have identified several instances when this happens: if the crack tip were to travel
at the Rayleigh wave speeds of any of the two media, or if the crack tip were to travel at the Stoneley
wave speeds of the interface under some circumstances, the scattering kernel would become divergent
when k = d. These barriers are prompted by the fact the loading is remote; they do not necessarily
entail that intersonic crack motion be impossible, provided that the elastic mismatch between the two
media is large as we have seen in section 4.3; this is found to be in agreement with empirical observations
by Rosakis and coworkers [33, 40, 62]. Furthermore, as with the case of crystallographic dislocations[63],
it is not necessarily clear either that non-uniform acceleration across such barriers be impossible when
considering other effects that may be dominant at the crack tip (e.g., discreteness and trapping, or other
non-linearities); such effects, missed in their entirety by linear elasticity, may facilitate the motion across

these barriers.

5. CONCLUSIONS

In this article, we have solved the transient problem of a mode I (or mode II) plane strain bimaterial
interface subjected to transient loading. The first part of the article shows that when the bimaterial
interface lies along a slipping boundary (i.e., an interface unable to transfer shear stress), its fields can be
solved analytically in full using the Wiener-Hopf technique. This article has fully derived this solution,

and used it to study the most important features of the fully transient state. The slipping boundary fields
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display a characteristic four-wave front: two longitudinal waves and two shear waves, each propagating
at the corresponding longitudinal and transverse speeds of sound of the media, combine to form the full
solution. As has been explained, in the far field, sign reversals (relative to reference) of the interfacial
tractions are possible, and result from the fact that in the region loaded by the fastest wavefront alone,
the second medium, the speeds of sounds of which are by definition lower than those of the first, is
being loaded at a supersonic speed. The interface accommodates this by prompting a transient sign
reversal, which is significant as it could prompt the transient detachment of the interface, and is a source
of unexpected vibrations that appear only in the transient. The near field solution has been shown to
display a 1/y/x singularity: relaxing the ability of the interface to carry on interfacial shear (in mode
I) or normal tractions (in mode II) avoids the formation of oscillatory singularities about the tip. In
mode I, the slipping interface is a solution to the Hertzian contact problem along a bimaterial system.
In mode II (i.e., when the interface cannot transfer normal loads), it may be regarded as a deformation
kernel for coupled dynamic contact problems.

The article has then focused on solving the problem for the fully transient crack along a welded
boundary, i.e., a bimaterial crack along an interface able to transfer both normal and shear tractions.
The subsequent mathematical problem is of much greater complexity than the slipping boundary’s.
It results in a matricial Wiener-Hopf problem dominated by a scattering kernel matrix that cannot
be obviously separated into sectionally analytic parts via the usual Daniele-Khrapkov decomposition.
Rather than performing a near field Williams expansion of the matricial problem, which is only useful
to study the near field, but renders the study of the far field transients more difficult, here we have
advocated using an Abrahams expansion of the scattering matrix instead, thereby retaining the right
asymptotics for both near and far field, and converges quickly to an acceptable approximation. The
thus obtained far-field solution displays similar features to the one in the slipping boundary, with a four
wavefront structure, and sign inversions related to the relative speed with which the two media are being

loaded; in this case, the presence of interfacial Stoneley waves is also noted. Furthermore, the solution
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also captures an oscillatory 1/4/z singularity at the crack tip, which we derive fully from the near field
asymptotics of the scattering kernel, familiar from the solution to the equivalent elastostatic problem.

The oscillations of the stress field about the crack tip revealed here for the elastodynamic solution
are a well-known feature of the static solutions. Because the oscillation is highly localised about the
immediacy of the crack tip, the transient solution derived here for the far field remains unaffected by
it, and hence the inasmuch as the far field is concerned, no further mathematical considerations are
needed to remedy the presence of the oscillatory singularity via any of the strategies that have been
proposed for the elastostatic case. In the elastodynamic case this article is concerned with, we have
regarded the traditional ‘intervening layer’ solution to the oscillatory singularity as undesirable owing
to the expected elastic wave scattering at the boundaries of the said layer, the width of which would
have to be physically motivated to justify allowing for such a scattering to interfere with the crack tip
itself. Other alternatives reliant on the relaxation of the boundary conditions about the crack tip may
be more suitable for the elastodynamic case, e.g., via Comminou’s proposal of contact zones about the
crack tip[14], or by allowing the crack tip to slip freely or with friction, or altering the crack tip geometry
as suggested by Sinclair[59, 60].

The far field of the solution we have achieved for the welded interface displays the same general char-
acteristics irrespective of the order of the Padé approximant employed: a slow uptake in the interfacial
traction upon the first longitudinal wavefront reaching a point, with a sign reversal of the interfacial
stress field that is cancelled once the shear waves reach the same point. The trends observed in all
approximate solutions were the same irrespective of local detail; the latter included the presence of
peaks of stress preceding the arrival of the shear waves, and oscillations in the solution due to Stoneley
wavefronts.

Comparing a welded and a slipping interface has further revealed that inherent role the nature of the
interface plays in dominating the near and the far field response of the crack. For instance, Stoneley

waves do not appear to play any role in the motion of the crack along the slipping interface, nor would
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they do so if only the area immediately surrounding the crack tip along a welded interface were allowed
to slip, in which case the oscillatory singularity would also cancel. However, in relative terms, interfacial
tractions appear to drop faster in the far field for welded boundaries, and the magnitude of the sign
reversals, if present, can also be smaller.

Irrespective of the solution chosen, this article offers a self-contained hierarchy to solve the bimaterial
interface problem in transient elastodynamics. We have shown the method developed in this article is
able to study the transient solution in its entirety, both in the near field about the crack tip and in the
far field, with solutions the mathematical complexity of which is comparable to that of the well-known
single material solutions. Therefore, solutions and method developed in this work will serve as the basis
for further studies of the transient behaviour of interfaces in layered media. For both the slipping and
welded interfaces, the solutions we have derived in this article have a vast array of applications. On
the one hand, they provide an easily implementable analytical formula with which to study the far field
signals radiated or diffracted by a bimaterial interface. This is significant in geological materials, where
seismological signals are often triggered by the sliding or fracturing at bimaterial interfaces[4]; the models
derived in this article offer a pathway with which to study those signals in the far field. Furthermore,
they provide a physical rationale with which to understand instabilities in the motion of the interface
(e.g., at the speeds of sound, or the Stoneley wave speeds). On the other hand, the solutions achieved
here will find wide use in the study of fast delamination in composite materials, and in the study of
the near field and the far field of cracks in layered media. In these cases, we have provided closed form
solutions to determine the crack tips’ stress field, one of the key ingredients to determine whether or
not the crack will propagate, and at which rate. Our solutions enable the modelling of these crack’s
propagation as convolution kernels. Finally, the solutions presented here pave the way for the analytic
study of the bimaterial contact problem in the presence of friction, which can now be achieved using an

approach similar to that discussed in[64, 48]. Consequently, this article offers an analytic treatment for a
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problem of significance both in geophysics and materials science: elastic wave scattering by a bimaterial

interface.
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