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THE OBLIQUE REFLECTION OF A RAYLEIGH WAVE
FROM A CRACK TIP

L. B. FReUNDT
Brown University, Providence, Rhode Island 02912

Abstract—The reflection of a free-surface Rayleigh wave from the edge of a half-plane crack in an unbounded
isotropic elastic solid is considered. The time-harmonic surface wave, propagating on one face of the crack, is
obliquely incident on the edge so that the problem is three-dimensional. Application of a displacement represen-
tation theorem reduces solution of the problem to solution of an integral equation, which is solved by application
of Laplace transform methods and the Wiener-Hopf technique. The transformed displacement has a simple pole
corresponding to the reflected surface waves, and the residues are determined. The amplitudes and phases of the
reflected surface waves on both faces of the crack have been calculated numerically, and are plotted as functions
of the angle of incidence. Energies of the reflected waves are also shown in graphs.

INTRODUCTION

IT HAS been known for some time that elastic surface waves may be guided over large
distances by forming waveguides on surfaces of elastic materials in certain ways. In a
recent paper [1], a method was introduced by which approximate dispersion relations for
a class of surface waveguides could be obtained. In order to apply the method, the results
of an auxiliary reflection problem must be available. Each edge of a surface waveguide
may be viewed as a discontinuity in surface impedance. The auxiliary problem which
must be solved is then the reflection of a straight-crested surface wave from one edge of
the waveguide, that is, from a discontinuity in surface impedance, assuming the other edge
of the guide to be absent. The solution of this problem consists of the determination of
the amplitude and phase of the reflected surface wave as a function of angle of incidence
of the incident wave.

All surface waveguides which have been proposed are formed by modifying the plane
surface of an elastic solid [2]. For example, a thin film of material having certain desirable
characteristics may be deposited either inside or outside the region of the guide [3]. It
appears that a slit (an open crack of finite width and indefinite length) running through
the interior of an elastic solid can also act as a surface waveguide. The surface waves, of
course, propagate on the faces of the slit along its length. In order to determine the dis-
persion relation of this guiding configuration, it is necessary to first study an auxiliary
reflection problem, which is the purpose here. The problem considered is the oblique
reflection of a surface wave, propagating on one face of a half-plane crack, from the edge
of the crack. The study of the waveguide itself will be taken up in a subsequent paper.
The simpler problem of a normally incident surface wave, which is a special case of the
problem considered here, was studied in [4].
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SOLUTION FOR REFLECTED SURFACE WAVES

The problem of an unbounded homogeneous elastic solid containing a semi-infinite
crack is considered. Cartesian coordinates x; = (X, y, z) are prescribed in the body in such
a way that the crack occupies the half-plane z = 0, x < 0; see Fig. 1. The crack is assumed
to remain open at all times, that is, the faces of the crack are taken to be free of traction.
The index notation of Cartesian tensor analysis is used in the following analysis, and the
range of the indices is usually 1,2, 3.

In the absence of body forces, the equation governing the components of the dis-
placement vector Ufx, t) is

CiulUej—pUi=0, =123 (1)

where p is mass density. For the isotropic material being considered, C;;; can be expressed
in terms of the Lamé constants A and p as

Cijg = N6;jdyg+ 030 ;1 + 640 ). (2

The boundary conditions which must be satisfied for the faces of the crack to be traction-
free are
Ti3(x, p,0%,0) = 0, x <0, i=1,273 3)

where the notation 0 means that the indicated stress components must vanish as z
approaches zero through positive or negative values. The stress matrix is related to the
displacements by

i = CijiUp,- 4)
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F1G. 1. The physical system viewed along the negative y-axis and the positive z-axis.
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The excitation is in the form of a surface wave on the face of the crack z =07. A steady-
state situation is assumed to exist with the surface wave, harmonic in time with circular
frequency w, obliquely incident on the edge of the crack at x = z = 0. Making use of the
notation for the discontinuity of a function across z = 0,

AULx, y,8) = Ufx, y,0%,)—Ufx,y,07, 1), (5)
the discontinuity in the incident disturbance is written as
(AU = A4, i@t~ x<0 6)

where A; is an amplitude, and « and § are components of the surface wavenumber vector.
If y is the wavenumber of Rayleigh waves, then « = ycos 8 and § = ysin 8. Any two
components of 4; may be expressed in terms of the third, for example,

BAI = aAz, aAl +ﬂA2 - A3r
I = =2’ (> — k(29> —«?)

where «, is the wavenumber for shear waves. Therefore, once the frequency and direction
of propagation of a Rayleigh wave are specified, the wave can be completely characterized
by a single amplitude. (Since amplitudes here are taken to be complex, this means two
real quantities must be specified, for example, a real amplitude and a real phase angle.)

It is assumed that the scattered field has the same harmonic time-dependence as the
incident wave. Furthermore, the fact that the physical system is invariant with respect to
translation in the y-direction makes it possible to write the dependence of displacement
and stress on y in the form

™

Uix, y, 2, 1) = ufx,z) e’ =), ®)
Zifx, ¥, 2, 1) = Gfx, 2) e’ P, 9)
AU{x, y,t) = Aufx)e@ =, (10)

The problem is thus reduced to the determination of the amplitudes u; and o;; in the
x, z-plane.

A very useful result in solving for these amplitudes is a displacement representation
theorem due to de Hoop [5]. In Section 4 of [5] the problem of an elastic solid bounded
by a closed surface is considered. Time-dependent boundary data are specified on the
surface in such a way that the elastodynamic problem is well-posed. It is then shown
that the displacement at any interior point and at any time can be represented as a sum
of two surface integrals over the bounding surface, plus a body force term which is neglected
here. A similar representation was derived by Krupradze in chapter 1 of [6] for steady-
wave problems.

A representation theorem of use in solving the problem at hand may be derived from
the result in {5]. Since this representation is valid for any time-dependence, the simple
harmonic time-dependence may be made explicit and some integrals over time may be
evaluated. Suppose that the elastic solid is a long cylinder whose lateral surface is generated
by a line parallel to the y-axis moving along a curve C in the x, z-plane. The surface of
the body is then made up of the cylindrical surface plus the region of the planes y = +L
interior to C, where L is large. In view of (8)«10),-the dependence of all fields on y may
then be made explicit in the representation formula, and the integration with respect
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to y may be performed. The result of this tedious but straightforward calculation is, for
L - oo,

uie) = fC C T A, SNt n(SInyls) ds

+ % J; Cjktmr.-l(f, s)uj(s)nk(s) ds (a1

where ¢ = (x, z) is any point interior to C, s = (x;, z,) is a coordinate along C, n, is the
outward normal to C, and

I (& )~—1— —-—62——+'B5 i+‘ﬁc5 i+/32(5 o
ine S = S ? 0x,0x; ! iz@xj ! 20x, i2%)2
. {KO()'ar) - Ko(/lbr)} + Kgéino(ibr)’ (12)
r = [(x,—x)* +(z,—2)*]%. (13)

In (12), K, is the modified Bessel function of the second kind, x, is the wavenumber of
dilatational waves, and

j’a = (ﬁz_xtf)i’ Ab = (ﬂZ_sz)%' (14)

For the problem being considered here, the curve C is shown in Fig. 1. In view of
the boundary conditions (3), the representation (11) reduces to

b 0
u,-(x, Z) = —Ex—f Cj3,mr,-j(x, Z, xs, O)Auj(xs) dxs. (15)

Relation (15) has exactly the same form as the representation formula derived in [4].
The array I';; is quite different in this case, however, because (15) is a special case of a
three-dimensional representation while equation (12) of [4] is strictly a two-dimensional
result.

The general scheme for obtaining the reflected surface waves on the faces of the crack,
due to the incident surface wave, is the following. A bilateral Laplace transform is defined
over the spatial variable x. This transform is then applied to the representation formula (15),
to the stress—displacement relation (4), and to the boundary conditions (3). Then, working
exclusively with transformed quantities, the representation formula is substituted into
the stress—displacement relation, and the boundary conditions are imposed. The result of
these steps is a system of Wiener—Hopf type equations. In general, such systems of
functional equations cannot be solved [7]. For the particular case being studied here,
however, the system is degenerate and the equations can be combined in such a way as
to yield three uncoupled Wiener—Hopf equations of the standard type.

The bilateral Laplace transform of a function is denoted by a bar over the function
and is defined by

o4, z) = fjo €™ **P(x, z) dx. (16)

The same reasoning employed in [1,4] suggests that the inversion path of integration
for (16) is the imaginary axis, approached from the right in the lower half-plane and from
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the left in the upper half-plane, as shown in Fig. 2 for the case k, > # > «,. Furthermore,
transforms of functions which represent outgoing waves and which vanish on the half-line
x > 0(x < 0) are taken to be analytic on, and to the left (right) of, the inversion path.

The transform is first applied to (15), making use of the familiar result for transforming
a convolution integral. The result is

a4, 2) = GifA, 2)Aufl), (17)
ia A-PLANE
L A\p
)‘CI
<<% < -;\a < - —
-)‘b
-ia

FiG. 2. The complex A-plane for the case when 4, is real and 4, is imaginary, including the transform
inversion path.

where
Gif4,z) = — Jm e “ng,,ml"i,,,,,(x, z,0,0)dx (18)
—_— 0 .
Aufl) = f e” *Auyx) dx. (19)
Application of the transform to the stress—displacement relation yields
Gy3/p =ty 3+ Al (20)
Gy3/p = iy 3— i, 21)
Gas/i = (K2 —2)(Am, —ifias) + k> 5 (22)
where k? = kZ/k2. Finally, the transformed boundary conditions are
G:3(4,0%) = uR{(4), (23)

where R; is an unknown function analytic in the right half of the A-plane. Taking R; to
be independent of whether z = 0 is approached through positive or negative values
implies that the traction is continuous across z = 0 for x > 0.
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The system of Wiener—Hopf equations is obtained by substituting (17) and (23) into
(20)+22), and the result is

R{(2) = Wi {(AAufd)2qr; (24)
where

W,, = (4A2pq—4i2q* —«}i}) (25a)

V., = (—4pq+4q* +xP)ipi (25b)

VYis=¥3 =¥;3="5,=0 (25¢)

¥, =Y, (25d)

¥,, = (—4B’pq+4B*q* + 15 + k%) (25e)

W33 = qd)/p (25f)

p=W—% g=@4-2 (26)

d(2) = A% —B)pq+ (24 + Kk —2B%)> (27)

The branches of p and ¢ selected are those for which Re (p) > 0 and Re(g) = 0 every-
where in the A-plane. The function d(4) is the modified Rayleigh wave function introduced
in [1]. The equation d(1) = 0 has two roots in the cut A-plane at A = +ix. These roots
are indicated in Fig. 2.

It is helpful at this point to write Au; as a sum of two terms

Auf2) = L{A)— A/(+ia), (28)

which separates out the discontinuity in displacement due to the incident wave. The
function L, is the transform of the discontinuity in u; across z = 0 due to outgoing waves
only and this function is, therefore, analytic in the left half-plane. It is also convenient
to introduce the auxiliary function D(]) defined by

D(1) = d(A)/k(A* +a?), (29)

where x = 2(kZ —«Z). This function has neither zeros nor poles in the cut A-plane, and
D — 1 as |A] » o. A product factorization of D into sectionally analytic functions D,
and D_, in a form which is useful here, has been presented in [1]. As usual, the subscript
plus or minus denotes the domain of analyticity, the plus (minus) referring to the right (left)
half-plane.

The three uncoupled Wiener—-Hopf type equations are now obtained from (24). In
view of (25c), one of these equations is obtained by setting i = 3 in (24), with the result

2K pR(A) = Auy(A) d(2). (30)

The second of these equations is obtained by taking the sum of iff times (24) with i = 1
and A times (24) with i = 2, with the result

2(ifRy(A)+ARy(H)]) = — qliBAufA)+AAuy(2)) (31)

Clearly, the left side of (31) is a function which is analytic in the right half-plane. Further-
more, the quantity in parenthesis on the right side of (31) is the sum of a function which
is analytic in the left half-plane plus a function whose only singularity is a simple pole at



The oblique reflection of a Rayleigh wave from a crack tip 1205

A = —ia. The relation (31)is thus a very common form of a Wiener-Hopf equation. Finally,
the third equation is obtained by taking the sum of A times (24) with i = 1 plus —iff times
(24) with i = 2, with the result

23 q[AR (D)~ iBRy(A)] = —d(D)[—AAu,(2) +ifAuy(A)]. (32)

Relation (32) has essentially the same form as (31).
The steps which are followed in determining Au, from (30) are identical to those
discussed in [4], and only the result is included here,

An. = AaQit)p_ (YD _(—io)
P (P +adp(—iD-_(3)
To derive (33) it is necessary to factor p into a product of sectionally analytic function

p+p—, where the plus and minus signs indicate the same domains of analyticity as before.
The result of the factorization is

(33)

p:(d) = (A, 3, (34)

with a similar result holding for g.

In the initial stages of solution, the remaining two Wiener—Hopf equations may be
approached separately and in the usual way, for example, as outlined in [4]. Certain
functions are factored into sectionally analytic functions and each equation is rewritten
in such a way that opposite sides of the equation are analytic functions in complementary
half-planes. By an analytic continuation argument, it is concluded that each side is one
and the same entire function. It can often be shown by applying “uniqueness conditions”,
as is the case here, that the entire function has algebraic behavior of a certain order at
infinity and is therefore a polynomial function of known order. The problem then remains
of determining the unknown coefficients of this polynomial function.

For the problem being considered here, it turns out that the polynomials obtained
for both (31) and (32) are simply constants. This follows from imposition of the uniqueness
condition requiring the displacement to be continuous and the strain energy to be integrable
at the edge of the crack. It is found that, in order to determine the values of these constants,
the two equations must be considered together. Since this feature of interaction is the
only novel aspect of the solution of the problem at hand, only those steps relating to this
feature are outlined.

If the steps outlined above are carried out for equations (31) and (32), the following
results are obtained,

iBAuy +AAu, = —E,/q_(A), 35)
B, —ifAa, = u—zﬁ%m{mwwz—m, (36)
K = —20T 43D _(—i)/q_(—ia), 37)

where E, and E, are the aforementioned unknown constants. Together (35) and (36)
form a system of linear algebraic equations for Au; and Au,. The determinant of the
coefficients of this system is (82 — A2). Therefore, for all values of A such that 1% # B2 the
system of equations has a unique nontrivial solution. When 42 = B2, however, the system
of equations has no solution, in general. This undesirable result can be avoided by requiring
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that the coeflicient matrix and the augmented matrix of the system have the same rank
for all 4 and, in particular, for 2 = + . This is essentially a compatibility condition on
the right sides of (35) and (36) which requires that, for A = +f, the right side of (35) must
equal +i times the right side of (36). This yields two equations which are linear in E; and
E, with known constant coefficients. The solution of these equations completes the solution
of the Wiener-Hopf problem.

The constants E, and E, may be found by an alternate scheme. The equations (35)
and (36) are first solved for Au, and Au,. The solution shows that both Au, and Au, have
apparent simple poles at 4 = + f. From (28), it is clear that neither of these functions may
have a pole at 4 = —fj, since the only admissible singularity in the left half-plane 1s at
A = —io. Furthermore, the presence of a pole at A = f implies that the discontinuity in
displacement across z = 0 increases exponentially with distance from the edge of the
crack. Such a result is physically inadmissible. The net result is that the residues of the
apparent poles of Au, and Au, at 4 = + 8 must vanish. This yields four equations, only
two of which are independent, for the determination of E, and E,. These equations are,
of course, the same as the equations referred to in the preceding paragraph. The result of
solving them is

E, = 2iBkZK/y2C, (38)
E, = K[D.()(4,—B)+ D _(B)(4,+ B)]/C, (39)
C = [D(B)(A— B (B +ix)— D _(B)(A,+ B)(f —ivt)]. (40)

This essentially completes the outline of the steps followed in determining the trans-
formed displacements. The constants E; and E, given in (38) and (39) may be substituted
into (35) and (36). The latter equations, along with (33), determine Aw;. The expressions
for Au; may then be substituted into (17) which yields the Laplace transform of the displace-
ment, which must be inverted. Since attention here is focused primarily on the reflected
surface waves on z = 0%, and since a surface wave is completely characterized by a single
component of surface displacement only the z-component of surface displacement is
considered here. The result of the analysis outlined above is

inA,D _(— io) {+ p_(4) il“(2pq—2q2 KZ)

= ty
B0 = b S~ s (-

[(/H— in)E,/K — 1]} 41)

The displacement in the z-direction on z = 0% is then found by inverting (41),
uz(x,0%) =5 J 3(4, 0%)e** di 42)

where the inversion path is shown in Fig. 2. The integrand of (41) has branch points at
A= x4, £1, and simple poles at A = tia. For x > 0, the path of integration of (42)
may be deformed into the left half-plane, with the result that u,(x,0%) may be expressed
as the sum of the residue at A = —ix plus a branch line integral. The latter represents the
body waves in x > 0 arising from diffraction. For z = 0%, the residue represents a
surface wave which exactly cancels the incident surface wave for x > 0, while forz = 07,
the residue is identically zero. For x < 0, the path of integration may be deformed into
the right half-plane, with the result that u; may be expressed as the sum of the residue at
A = io plus a branch line integral. As before, the latter represents the body waves arising



The oblique reflection of a Rayleigh wave from a crack tip 1207

from diffraction. The residue, on the other hand, represents the reflected surface waves on
z = 0% which are the waves of interest here. Denoting the residue by u§(x, 0%), the reflected
surface wave amplitudes are given explicitly by

D—(_ia) p_(ld) Q-(l“) . i(n+ax
D) {ip_(_ia)—q_(_ia)(2lozE2/K—1)}e‘ . (43)

ui(x, 0%) = %A

All quantities in (43) have been explicitly defined except the ratio D _{—ia)/D _(ie), which
is given in [1]. The reflected surface waves are then described by the real parts of

Us(x, y,0%, 1) = us(x, 0%)ef@ =8, (44)

NUMERICAL RESULTS AND DISCUSSION

As has been shown, the transformed solution of this problem is quite complicated
and only expressions for the surface wave contribution can be extracted for direct numerical
evaluation. The qualitative features of the complete wave -motion associated with the
reflection process are apparent from the analysis and the numerical results, however.
For any angle of incidence 6 the incident surface wave gives rise to reflected surface waves
on z = 0%, The situation is more complex than the elementary reflection process, however,
because of the possibility of mode conversion from the surface wave mode to a body
wave mode upon reflection. If such mode conversion occurs, then the energy carried away
from the edge of the crack in the form of surface waves is less than the energy transported
to the edge by the incident surface wave. In contrast, the elementary reflection process is
governed by a conservation of energy at the reflecting boundary.

The ratios of the amplitudes of the reflected surface waves to the amplitude of the
incident wave versus angle of incidence has been calculated for the special case of Poisson’s
ratio of 0-25. The result is shown in Fig. 3. The wavenumbers for this case are related by
kZ = 3x2 and y* = 3-549x2. Figure 4 shows the phases of the reflected surface waves,
assuming the phase of the incident wave to be zero. A parameter which is a convenient
measure of the relative energy of a surface wave can be obtained by squaring the magnitude
of the z-component of displacement of the surface wave. Assuming the energy of the incident
wave to be unity, the relative energy of each of the reflected surface waves is shown in
Fig. 5. The sum of these relative energies is also shown in Fig. 5.

For small values of 8 the apparent wavenumber B of the incident surface wave along
the edge of the crack is greater than the larger wavenumber of body waves. Equivalently,
the apparent wave speed of the incident wave along the edge w/p is less than the slower
body wave speed. Consequently, only localized, nonpropagating body wave modes are
excited near the crack tip. All energy transported to the edge by the incident wave must
be carried away by the reflected surface waves. This is indeed the case, as can be seen from
Fig. 5. Even though the partition of energy of the two reflected surface waves varies with 6,
the sum of the energies is unity for sufficiently small 8, that is, for 8§ > x,. For the numerical
values used here § = k, at # = 23.2°, which is indicated in the figures.

When § < k,, the apparent signal speed along the edge of the crack is greater than the
shear wave speed. Propagating shear wave modes are therefore excited, which carry some
energy away from the edge of the crack. This is born out by Fig. 5, which shows that for
B < k, the total energy of the reflected waves is less than the energy of the incident wave.
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0 20 40 60 80
ANGLE OF INCIDENCE-DEGREES

FiG. 3. Normalized amplitudes of reflected surface waves vs. angle of incidence.

The surfaces of constant phase of these shear waves are right circular cones whose axes
coincide with the y-axis. When f < k,, propagating dilatational modes are also excited.
The value of 8 at which § = k, is approximately 57-9°.

In this paper, only an incident surface wave on z = 0* has been considered. Results
for other cases may be easily deduced from results for this case, however. For example,
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F1G. 4. Phase change of reflected surface waves vs. angle of incidence.
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F1G. 5. Normalized energy of reflected surface waves vs. angle of incidence.

suppose a surface wave is propagating on z = 0~ and is obliquely incident on the edge
of the crack with angle of incidence 6. Furthermore, suppose that the z-component of
displacement of the incident wave is the same as for the original problem. This does not
impose a restriction on the modified problem, but merely fixes the zero phase line so that
adirect correlation can be made. The results for the modified problem may then be obtained
by replacing A, and A; by — A, and — A;. Then, in view of (5), the reflected surface waves
in the modified problem are given by (43) with the sign of the first term in brackets being
changed. That is, if v{x, z) is the solution of the modified problem, then

vi(x, 0%) = ui(x,07). (45)

Similarly, if the z-component of the displacement of the incident wave on z =07 is n
radians out of phase, then the solution is obtained by replacing A; by — A4, in the original
problem. If wyx, z) is the solution of this second modified problem, then

wilx,0%) = —ui(x,0%). (46)

Any symmetric or antisymmetric motions (with respect to z = 0) may be constructed
from (45) and (46). For example, for § = 90° the sum u(x, 0)+ wi(x, 0) yields the reflection
coefficient by Fredricks and Knopoff [8] for a Rayleigh wave normally incident on a rigid
smooth barrier loading half of the surface of a half-space.
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AGcrpakT—HMccneaerca otobpaxenne cBobonHol nosepxHOCTHOH BONHbL Penes oT kpas NOAYIUIOCKO#H
eny, B HEOTPAHKWICHHOM M30TPONHOM yNpYroM Mesie. TapMoHWveckass IO BPEMEHM, [OBEPXHOCTHast
BOJIHA, PACMPOCTPAHAIOMIAACA TI0 IIOBEPXHOCTH IUEJIH, KOCO HANpaBJIEHa HAa Kparo Tak, 4TO 3ajaya
oka3biBaeTcs TpexMepHOi. TIpuMeHeHne 3a1a4y B MEPEMEILIEHHAX CBOOUT PELIeHNE MPoOIeMBl K PEIICHHIO
MHTErDILHOIY YPaBHEHHs. JTO ypaBHEHHE PELIAeTCH ¢ IOMOLUBIO MeToLOB npeobpazoeauns Jlamnaca
u Meroaa Bunepa-Xonda. [TpeobpazoBanHoe nepemeiiende UMEET NPOETON NONIOC, COOTBECTBYIOMuU
OTOOPaXEHHBIM [IOBEPXHOCTHBIM BOJIHaM. Onpenenstorcs BoIYeThi. [TOACYMTAHO YHCACHHO AMIUIHTYAbL!
¥ $a3nl 0ToOpaXeHHBIX, HOBEPXHOCTHBIX BOJIH HA ABYX CTODOHAX UISNM Y NPEACTABAKIOTCH rpaduyecku,
B 3aBHCHMOCTH OT YTJIa JIa IAJICHHs. YKa3biBaeTs, Takke, Ha rpadmKax JHEPruH OTOOPaXCHHBIX BOSH.



