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Abstract—Three coupled integral equations are formulated for the direct problem of scattering of
obliquely incident longitudinal plane waves from a rectangular crack. Chebyshev functions are used
to expand the unknown crack opening displiacements and to convert the tntegral equations into an
infinite lincar system of simultancous cquations which arc solved by numerical truncation. The
static and dynamic stress intensity factors for a square crack under normal incidence show very
good agreement with all data reported by other researchers. For a rectangular crack, the ratio
between the two local maxima of Mode [ stress intensity fuctors is found to be the square root of
the aspect ratio. A Rayleigh wave membrane analogy is used to expluin the appearance of peaks in
the dynamic responses. All the results for cracks under oblique incidence are new, as well as the
scattered far-ficlds and their long wavelength or quasi-static limits, The asymptotes of the scattering
cross-sections in the lngh frequency region are found to vary hincarly with the cosines of the incident
angles, and a corner effect is observed in the scattering patterns for moderately high frequencies.

L INTRODUCTION

The study of clastic wave scattering by cracks is of some importance in the ficld of ultrasonic
non-destructive testing and evaluation. However, to date there have been few analytical or
numerical studies on three-dimensional cruck configurations. In particular, we note the
work of Ttou (1980) who used eigenfunction expansions and integral transforms to formulate
solutions for a rectingular crack with a normally incident plane wave, The same method
was employed by Krenk and Schmidt (1982) for a circular crack under oblique incidence.
Lin and Keer (1987). Budreck and Achenbach (1988) and Nishimura and Kobayashi (1988)
applied the boundary integral equation method (BIEM) to tackle scattering problems by
cracks of arbitrary shapes.

The aim of this paper is to solve the direct problem of scattering of obliquely incident
Jongitudinal plane waves from a prescribed rectangularly shaped crack. The motivation for
this study stems from the possible existence of rectangularly shaped cracks in composite
materials, caused for example, by pinning. and also from an interest in the role of the corner
in influencing the scattered tar-field. The latter effect cannot be found in the study of
clliptical cracks or cracks with smoothly varying edges.

Similar to the approach employed by Itou (1980), eigenfunction expansions and integral
transforms are used in Scction 2 to formulate the governing equations for the present
problem. Analytical results are derived in Section 3 for the scattered far-ficlds together with
their Rayleigh limit. The criteria used to bound the computational errors are described in
Scction 4, followed by discussions of the numerical results for near-ficld crack opening
displacements (4 &) and stress intensity factors (Y.#.# ), and also for the far-ficld scat-
tering patterns.
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2. FORMULATION OF THE SCATTERING PROBLEM
2.1 Mathematical preliminaries
The response of an isotropic clastic solid is expressed as the superposition of the
complex valued incident and scattered displacement ficlds
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(X)) = " (X)+ uC(x), (n

where the superseript “tot” denotes the total field. ~in™ the incident field and “s¢™ means
the scattered field caused by the incidence. Latin subscripts run from | to 3. and the
summation convention is implied throughout for the repetition of indices unless otherwise
stated. Also. the subscript 0™ will be used to denote quantities associated with the incident
wave. The assumption in these equations and what follows is a time dependence of e " in
all fields. where < > 0 1s the circular frequency. This dependence is to be understood and
will be suppressed.
For an arbitrarily oriented incident plane wave,

w(x) = o7 d, e, )

where /) is the amplitude. the unit vectors p and d define directions of propagation and
polarization respectively, and &, = A or k¢ is the incident wave number,

0 w A4+ 2u I
. o o

o
I
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where pis the mass density, 4, geare the Lamg constants, and Cp and Cy are the longitudinal
and transverse wave speeds for the material.

The scattered displacement fields are constructed as an mtegral representation by
cmploying the sccond Green's identity at an observation point v away from the crack. Thus

wh(x) = J (X)X, X =X (X)) ds(x0), (4)

with the source point X running over the entire crack surfaces ' =% 0% | where 47
and ¢ are the surtaces facing down and up respectively. Also, £, (x’ —x) denote the
clasto dynamic stress ficlds at an observation point x caused by the application of a unit
force at a source point x* in the {th direction, and n' = 3, denotes the surfuce unit
normal, see Fig. 1. The crack opening displacement field (4¢<) is defined in the crack

Tt X3 n

Fig. 1. The coordinate systems.
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plane by
1 (x), X2 07) =1 (. 62, 07) = 1 (. X2 07 ) — 1%y, X2, 07)
0. x,.x, off crack :
Au¥(x,.x:). x,.Xx.oncrack. ©)
Using n; = —n7 and (5). eqn (4) eventually simplifies to a surface integral over the upper
face of the crack only
ur(x) = H dx’ dx’ Aw(X)Z,5 ,(x"—X). (6)
¢t

2.2. Derivation of the integral equations
Application of standard procedures (Achenbach et al.. 1982) leads to the following
integral form of the Green’s function for an isotropic elastic solid with x; > x%,

: I - l ,Ci ,
v O x) = - . c L = L :k, (x;—-x)
“ll.l(\ '\) SRI JJ{ dl\l dl\.{\'L /\/ I:( CL)(),/+ ,\ :]

1 i
+ - |:k,r5,-/+k,r5,/ ok, kTAT:' ’ h".’)}‘ "
Vi '

k

and when substituted into {(6) gives the following formula for the scattered displiacement
for all values of xy:

| ! . .
”“‘):.[j.d‘3“x3A“f‘“'N”sn=JJ. A, dky et YR g k).
)

In these expressions

‘ﬂ:ll(kl'k,;_\")z I k}‘[(l_zg‘i)ol‘_{_ 2 /\l vL] vy 4y
i VL oy ki

l
—"[/\ ()1/+l| i /\ vy ]‘wr"'x (())

Vr

where the wave number vectors k¥ are
K= (ki kov) (= L.T), (10)
The cquations of motion and the radiation condition at infinity imply that Im (v,) = 0, and

ORI fork? > kT 4A:
”_{J A SRS ) (1)

JETHKIZKZ, fork? < ki+ki;

Following the derivation of (8), the corresponding scattered stress ficlds are

x JI dxdxhe kA e xh), (12)
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where

5

Lo iy 2
A = ‘I(/_/(EO,I-{'-:#/\',L)[(I —2(:—§>()“+ /\T: /\'/L\'L:]C“‘ e
\ L r
4

! ,
FoH [(k,ro";/ TS KT KIS, + K10 0w e = S KTATK] vr] et (13)
r
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The term .4." physically represents the effect of the %4 7 component in the /th direction
on a stress component along the ith direction in the crack plane oriented in the v, dimension.
We note the symmetry property 4. = 42" Also. it is instructive to write out .4:V(k,. k,:0)
explicitly so that one may readily see the decoupling of the in-plane and out-of-plane terms
with respect to the crack plane v, = 0:

~

.| 4 ] 4 1
ki l:— (vp—vp)+ “] +vpo kK| sy + —
I\r \'r A’[' \'r

JB'”
— = 4 t .| 4 !
It k ik ﬁ(\'L—VrH—-]- kil (ve=vi)+ — |+
/\r Vr kr Vr
L 0 0
0
0

(14)

2 ek | kg
v, “’I\x( i+ :)_ +/\‘ vi(hi+A3)

J

Great advantages will emerge from this decoupling property in some of the subproblems
dealt with in Section 4,
The traction-free boundary condition on the crack surface implics

at+a =0, wherey, =0. (15)
Equations (2), (12) and (15) imply that, for all x|, x, on the crack plane,

0 = 817/ [Ad pid, o+ pd, p o+ dp )] etetre e

+ JJ dk | dk e 'k:"-".‘/f,’,”JJ‘ dyidyhe R AL xh), (16)

where the first term on the right-hand side stands for the incident stress fields, and the
sccond beirs the physical interpretation of the total scattered stress ficlds emitted from all
the secondary sources distributed over the entire crack fuce ¢ . The identities (16) are the
integral equations to be solved for the sought unknown %¢ & ficlds Aw;*. Note that there
arc three integral cquations which must be satistied simultancously cverywhere on the crack
plane. By the nature of the clasto-dynamic stress ficld (14), the third equation (/ = 3) stands
on its own, while the other two are generally coupled together. The major difficulty of solving
these integral equations rests with the Green's function, which in the present formulation
is cxpressed as a double integral of infinite extent.

3. SOLUTION OF THE INTEGRAL EQUATIONS
3.1. Reduction to a system of lincar equations
We proceed to solve the integral equations by expanding the €% in terms of a
complete set of functions. cach of which tends to zero at the edges of the crack in a square
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X;

X;-X; plane

Cy.

e”C e

Fig. 2. The rectangular crack.
root sense. For the rectangular crack, |x,| € a and |x,] € b, see Fig. 2, a suitable set of
functions is the following

|
1 €08 Usin ' ()], (odd D):

Pl =< (17)
:sin [{sin "()].  fevend).

These are related to Chebyshev functions of the tirst kind. The %€ 2 is then assumed to be

(31 = AL Y Y, onh ("',') b, (‘h) as)
/4

m-1 -1

Substituting (18) into {16} and using the wdentity
! R
j A = LIk, (19

where J, is the /th order Bessel function, yields an infinite linear system of equations

* %
Z Z alnngz:;npq = ‘;'7qu (P- q= Io 2- . ')1 (20)
mal p=)

where
- - J O LLE J,
Hy = | dg G| gy ("’) A (21)
- E [ [ S ™
- 8 v J(Eo) S, (1)
Fo= =2 )8, dldy | ezl L) 2
o oy c ke [(l-—?.v)("‘-*.d d.\] £ o (22)

and v is Poisson's ratio of the material. The over-bar in these expressions and what follows
denotes the normalized version of quantities, and the dimensionless variables are defined
as & = ak,, n = ak., k. = aky. ki = aky. ¥, = av, ¥r = av;. The parameter t = b/a is the
constant aspect ratio, and a superscript L™ is employed for the polarization vector d since
only longitudinal incident waves are considered in this paper. It is significant to note that
each clement in the matrix of the governing equations (20) is a double integral of infinite
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extent, the kernel of which possesses no singularity. This is a superior feature of the present
method over the boundary integral equation method (BIEM) which is extensively used in
solving scattering problems for cracks. Also, the decoupling property noted previously is
evident by rewriting (20) in the explicit form

LA x
Y Y [ Zrg + 22 IR = A (23)
m=|1 n=l
x x - - -
Y Y D Zomng F ton 2] = A, 2
m=] a=1i
Zl Z' (Xon L) = .- (25)
"t o= n=

3.2, Fur-field asymptotics
Some general features of the far-field scattering can be deduced without explicitly
solving the system (20). In the far-field. R = x| — =0, the scattered displacement becomes

in .\ ky
H:c{ - (‘:‘? T(l')‘d:,nk[, {dLgL+ (;\ )C{ (/ :} (26)

The far-ficld scattering amplitudes are defined by

o =n, Z Z o F L (27)

PRI TN

A ’
PP AE S 28)

met -1

o7

the direction functions are

, Ci i Jn(kpany) J,(k bny)
F(n) = : e ¢
Firm [( .'Cf)on-*_—CC"l' ‘] kyan, k. hn‘ ) (29

J,,,(A,(m,r) J (A )

3
kean,  kbn, G0

Flny = (ndn+md,—2nmn,)

where n = x/R is the observation direction, and the scattered longitudinal and transverse
spherical waves are

Atk K kR

R =GRy =" (31)

Expression (26) shows that at field points which are remote from the crack the scattered
ficlds decompose into fongitudinal and transverse components polarized perpendiculir to
cach other, namely .o/ .o/ = 0. Also, the dependence of these far-fields on the distance
from the centroid of the crack (31) is completely separated from their directional variations
(27. 28). and only the latter parts contain the scattering information.

It is informative to explore the Rayleigh or long-wavelength limit of the scattered far-
fields. Gubernatis and Domany (1979) expressed the far-field scattered displacement for an
arbitrarily shaped cavity as

urr o~ .cv’,“gL +./ g (32)
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and used the orthogonality property between the two scattered far-fields to define a vector
f such that
S =nnf). oA =0, —nn)f. 33

where fis written in terms of volume integrals. The static Eshelby solutions for ellipsoidal
inclusions were then employed by Gubernatis and Domany to obtain the quasi-static
approximation of f which turned out to have a leading order of . By letting the volume
of the cavity tend to zero several characteristics of the scattered fur-fields were recognized
for crack identification and hence called the crack scattering signatures. For the present
rectangular crack. it follows from (27) and (28) that when A ¢ « 1. the vector f becomes

simply
! : :
Ay Ci\ . Cs . .
| = M_I:(l -2 --,)()An -—Z(I — ;:)n ity + 0, + 150 :l 34
4 c)m c)m A

[t is clear in (33) and (34) that reversal of the observation direction. n = —n. has no
impact on the amplitudes of the tar-ficld spherical waves. This means, as was explained by
Gubernatis and Domany (1979). that the waves will be seen identically from two diame-
trically opposite directions (n and —n): and. more importantly. this is the umque feature
which distinguishes an arbitrary-shaped crack from volumetric defects. Also. if the incident
longitudinal plane wave is directed cither perpendicular (0, = 0 ) or parallel (0, = 90 ) to
the crack plane, see Fig. 2, only the terms involving a7, in (34) remain, implying

1 ' =2y
KA by L+ cos? ()) . (35)
4 1-v v
t
o~ ,1;111 [sin 20]. (36)

Note that these results have no dependence on the polar angle ¢, and are symmetric about
the crack plane (0 = 90 7). In summary, as stated by Gubernatis and Domany (1979), these
long-wavelength scattering signatures can be utilized to determine the orientation of a flat
crack.

For the perfectly elastic material considered in this project no energy dissipution is
expected, Henee, the time average of the total energy flux must vanish within any surtuce
& enclosing the entire crack, implying (Achenbach, 1982)

[0
5 Im Jf (tu*) ¥ = 0, (37)

where t is the traction on ¥ and * denotes complex conjugate. By allowing the surface
to tend to infinity and using the method of stationary phase, we obtain the scattered-power

theorem
" . L2 ky r2 16 Logl
sin 0 d0 Ay | /7 + /77 + » L JRele/HdM)] =0, (38)
n 0 /\'L I’k[(l‘

Re[«/t(d")] = i Z‘: Re [x,.].71(d"). (39)

mel =y

where

The first term in (38) represents the total scattered flux, and the second bears the physical
significance of the interference between the incident wave and the scattered ficlds along the
forward direction of the incidence d". The fact that only .# [ is present in the interference
term originates from the longitudinal nature of the incidence and the orthogonality relation



[556 L. GLAN and A. NORRIS

'/ =0. The total scattering cross-section is defined as the time average of the ratio
between the total scattered energy and the incident flux over a unit area. Thus,

:((!)) <<;:1> __.[ JJ- w *#df} [i~ [m (G,m dL m*:l

-

= — Tf? (41a’) Re [o/“(dY)]. 40

where the final equality follows from (38).

4. NUMERICAL CALCULATIONS AND DISCUSSION

The bulk of the numerical calculations involves the evaluation of the double infinite
integrals 2%, in eqn (21). The integrands are even functions of their arguments and
therefore the integrals only need to be computed in the first quadrant of the n-¢ planc.
They are further split into four integrals for numerical computation

J,’,’,,,,l,—-llij‘ dr]f d"’:(q.é)+f dr/J dZ%(y. &)
+J dr,[dj’//(r].f)+J dqj di’ﬁ(rl.i)]. (41}

where % (. &) is the integral kernel. Asymptotic approximations to the semi-infinite integrals
are derived for a chosen large number x > | through repeated integrations by parts and
the use of the leading term in the asymptotic expressions of Bessel functions for large
arguments, The finite mtegrals are computed by a composite Simpson’s rule. The use of a
pre-caleulated data table for the Bessel tunctions actually reduced the computer CPU tume
by about an order ol magnitude. The solution of a truncated version of the simultancous
equations (20) for the unknown expansion coeflicients was accomplished via an algorithm
based on Gaussian elimination with LU factorization. Evaluation ol the other physical
quantitics which are represented explicitly by the expansion coctlicients is then straight-
forward. To keep the numerical caleulations reasonably simple the incident waves were
restricted to be puarallel to the x,-x; plane, sce Fig. 2.

Two uaccuracy control criteria were employed in the numerical process: the optimal
truncation rule was used in the asymptotic evaluation of the semi-infinite integrals in order
to bound the truncation error to a minimum (Bender and Orszag, 1978). A simple truncation
procedure was applied to determine the number of terms needed in the simultancous system
of cquations. Some results from different trunctions are compared in Fig, 3 which shows

o
[ao ]
n /\ 6,=0° 6 terms
& \
2 rerms //’\_\_
S N
i /7
| /
T 2
= 7 \
0,=945 . 6 terms /
g - 2 terms
o
© T —T g 1
00 1.0 15 T 20 25 30 35
L

Fig. 3. A comparison to show the convergence of the expansions.
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that with only two Chebyshev functions the 4¢ 7 can be fit very well in a low frequency
regime where the dimensionless frequency &, < 1. Bevond that. six functions were found
to be sufficient within the frequency range considered. The scattered-power theorem, eqn
{38). served as a check on the over-all consistency of the numerical results. Thus, for all
the numerical results discussed here. the two terms of this equation had a relative error of
less than one percent. It should be noted that the scattered power theorem can only verify
the consistency of the numerical results, but not the accuracy. since the results from the
two truncation versions mentioned above both had less than 1% relative error in the entire
frequency region 0 < k| < 3.5.

4.1. Cruck opening displucements

Before discussing dyvnamic results, we note that in the limit © — 0 the system (20)
reduces to the corresponding set of equations for an arbitrarily applied static load. We have
numerically solved the static equations for a normal load P, in the x, direction. and found
that the maximum crack opening displacement of a square crack (t = 1) appears at its
centroid and s

; , I—v
A (0,0) 3 1,40 ( “‘>UP.,. (42)

which is about 10 Lirger than the corresponding vadue for an tnscribed penny shaped
crack

A“\(.nm' (() ()) — 4 I =V I,
A 3 (pennyy . - n /l iy,

(But. 1977). Note that the dilference in arca between these two cracks is more than 27%.

Some ol the dynamic 4 ¢ & profiles tor a square crack are plotted in Figs 4 6. These
‘¢ s have been normalized with respect to the right member of (42) with
Py = i/ Vh GG F 200 Tor the dynamie load. For a normally incident wave of moderate
frequency, the only non-zero component Awy has the form shown in Fig. 4. This is clearly
symmetric relative to both the v, and x, axes, which is also the case in the static Himit.
Under oblique incidence another component, Au¥, becomes non-zero, although one still
has Auy = 0 because the incident wave is assumed to be parallel to the x,~x, plune. The

A 77 “
M‘”ﬂ%/t/ ’,I/ 55 S XS o y
iy
A s 55 s S S SeSSE S S SSORT X SRR
; e A S S S I S S S SO L L St L T T LR RN
T R T T LTI
//////// ////7 ST, \\\\\\\\\\\\‘\‘\‘iﬁi‘\
€S 3
Ul
U5

Fig, 4 [Aut] tor normally incident waves, & = 1.
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dependence of the ¢ &7 profiles on the incident angle is illustrated in Figs 5 and 6, and we
note the changing shapes when the excitation frequency is high.

4.2, Stress intensity factors
Three possible types of stress intensity factor (4.4.7) are defined as

K, = lim

\, vl 2‘ (/ - /)‘

i 21 Au ()W) b d =a.
Iz 2n ,“‘(\',\-) j={ d=ua 43)
4(1—v) d /-
\ .

I

-
SO
e% et
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il

SRt
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Uit i
s
W:‘:ﬁﬁ‘;\?ﬁ\\‘f\\\‘ﬁ\\\\\\\\\“\\“\“““““\
7568 '
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lj

Frg. 6. [ A ] for an obliquely incident wave with 0, = z 4 ath, = n.
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/2 A (x). x5
Ky = llm # ™ At Y'):I. (44)
4(1—v) =%
\ .

) SCO v,
Kus, = lim [’_‘\/i‘ A_"l(x_'___~-‘:’]_ (45)
b | 4V ta \/l__\:'

where ¥ = x//d. The Mode [l and Mode [l ¥.#.Fs have relatively simple expressions in
the present problem owing to the specific orientation of the incident wave in conjunction
with the inherent symmetry of rectangular cracks. Only the Mode [ #.#.# is present for
normal incidence ; otherwise, all three modes exist. In the static limit the Mode [ ¥ 7.7
achieves local maxima at the mid-points of the long (/) and short (s) edges. and can be
simplified to

rect & & .
K([;cu.mglc) = ; Z Z ’15“‘“ __ l) (46)
2.2.c
T (rectangle) - - -S( t { ned
A|§“ angle) _ _ z Z as atic (_ l) T (47)
.’\/t m=1n=1| m
These results were normalized by K50 = \/nuPn. the . 7.7 for a two-dimensional plane-

strain Griffith crack of length 2a. For a square crack (r = 1), as shown in Fig. 7. we have
Kiatr 5 0.738K13,.0. (48)

This result agrees very well with the data reported by both Weaver (1977) and Mastrojannis
ctal. (1979).

For rectangular cracks with increasing aspect ratio © > 1, the static limit discussed
above gives the absolute maximum K, at the mid-point of each long edge. Fig. 7, and the
value there approaches the corresponding 7. 4.# for a planc-strain Griffith crack when ¢
is large enough [t > 3, see Weaver (1977)]. The local maximum K;, on the short edges
behaves diflerently, and according to egn (47) it decreases as the reciprocal of \/ in
agreement with the numerical results. This phenomenon can be understood by considering
the close analogy between a prolonged rectangular crack and an elliptical crack. In the
fatter case an exact expression exists for the Mode 1.2, und a comparison of the .4 F
for elliptical cracks with different values of t shows that the local maxima behave very much
fike those of the rectangular crack as a function of 1. Plots of the ¥ #.F for elliptical cracks
may be found in the book by Sih and Licbowitz (1968). By a modest stretch of the
imagination we may ascribe these changes in the local .2 F maxima to a St Venant

=
=]

T T T T
00 150 300 450 600 750 900
W

Fig. 7. K™ versus polar angles ¢ for different aspect ratios.
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phenomenon. Thus. for a rectangulur crack which is gradually elongated, the constraint
posed on the mid-portion of the long edges by the short ones attenuates. and the ¥.#.7 in
this portion tends to the value for a two-dimensional Griffith crack. By the saume reasoning.
as the long edges are extended. their influence on the short ones in turn becomes stronger,
and this is related to the decrease of the local maxima of .7 7.

We note that different features were predicted along the short edges in the paper by
Weaver (1977). However. a caretul study reveals that Weaver's results were based on a
different mathematical model of the rectangular crack than used here. In particular, the
maximum value of the ¥.#.# was estimated using an energy method which allows only the
short edges of the rectangular crack to grow while fixing the long edges (Budiansky, 1990).
Thus. the predictions of Weaver are not in conflict with the present results.

In the finite frequency region 0 < k; < 3.5, the maximum A, for a square crack is
displayed in Fig. 8. The first peak on the solid curve appears at about &, = 0.85, and its
value is about 632, higher than the corresponding static limit. The second peuk occurs
around A = 2.6, and has a magnitude of 0.84. These data match very well with the results
reported by Nishumura and Koboyashi (1988). The tirst peak ts slightly higher than the
corresponding value given by Ttou (1980) where the frequency range of his computations
was 0 < A < L5

Using a membrane analogy. after Budreck and Achenbach (1988), the “resonant™
frequencies of the first two Rayleigh modes of the crack faces are found to be hig, = 0.87
and kg, = 2.62. These can explain the occurrence ot the two peaks found on the K| curve
as the constructive interterence between the incident wave and the excited standing Rayleigh
surface modes on the traction-tree crack faces. The membrane analogy is also helpful in
understanding the origin of the peaks appearing on the maximum Ky curves tor rectangular
cracks under normal incidence, plotted in Fig. 9. When the aspect ratio v > 1, two distinct
Rayleigh mode frequencies can be estimated for the vy and x, directions separately. and
the resonant frequency for the true drum-head mode of the crack faces can be obtained as
a simple combination of the two. This procedure gives kg, =0.655 for t=2 und
ki, = 0.582 for v = 3, which corrclate well with the positions of the primary peaks in Fig.
9. The relatively constant position of the secondary peaks can be explained by the dominant
cilect of the second Rayleigh mode ulong the short dimension of the cracks.

A general observation can be made concerning the order of appearance of the primary
peaks in Fig. 9 the more a rectangular crack is prolonged, the lower the frequency at which
the peak appears. This is consistent with the statement made by Budreck and Achenbach
(1988) tor elliptical cracks.

The Mode 1 ./.4.#s of three rectangular cracks under an oblique incidence, with
0, = 45", areshownin Fig. 10. The high secondary peaks occurring in Fig. 10 are understood
to be caused by the sccond anti-symmetric Rayleigh modes which do not exist when the
crack ts under normal loading.
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4.3, Scuttering cross-sections

The scittering cross-section defined in (40) is normalized by the arca of the crack,
A = 4ra’, and some numerical results are shown in Figs 1 and 12, The computed values
of £ for rectangular cracks with different aspect ratio t are plotted in Fig. 11 as a tunction
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Fig. 11. £ versus &, for different aspect ratios cand 0, = 0
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Fig. 12. £ versus &, for different incident angles 0, with ¢ = [,

of the dimensionless trequency. The high frequency asymptotes are virtually the same for
normal incidence for the range of crack aspect ratios considered. The specific value, £ ~ 2.
can be interpreted as both of the crack faces subtracting energy from the incident wave and
converting it into scattered waves. The same value of 2 also follows from the use of the
Kirchhofl approximation. It is not surprising that Budreck and Achenbach (1988) found
exactly the same result for a circular crack, ie. £ ~ 2, since in the high frequency regime
the Kirchhoft approximation can be used tor both rectangular and elliptical cracks. Note
that the Kirchhoft approximation is independent of the boundary conditions at the crack
edges.

The scattering cross-section is plotted in Fig. 12 for a square crack (v = 1) under
different incident angles. The high trequency asymptotes of these curves display a simple
relation to the incident angle which can be explained on the basis of physical elastodynamics
or the Kirchhott approximation. Thus, when the incident angles €, are not very large, the
scattered wave is dominated by the reflections, and the high frequency value of £ can be
estimated by the geometrical projection of the crack tace onto the plane normal to the
direction of incidence, which implies £(0,) ~ 2 cos 6. This estimation breaks down near
grazing incidence, 0, = #/2, because the crack edge ditfraction dominates the scattered field
in the frequency range considered.

4.4. Scattering patterns

The scattering patterns are defined by the scattering amplitudes of the fur-field dis-
placements, eqns (27) and (28). The physical significance of .«/% is the angular dependence
of the far-field longitudinal wave, </ corresponds to the far-ficld SV-wave, while /)
defines the angular dependence of the far-field SH-wave. These factors are illustrated in
Figs 13--15 in the same way that Krenk and Schmidt (1982) used to represent the scattering
patterns for & penny-shaped crack. In cach of these figures the scattering pattern is char-
acterized by a pair of graphs with a bird’s-cye-view on the left looking down on the crack
plane and side-views on the right for an observation direction in the crack plane (see also
FFigs 1 and 2). These patterns are symmetric to the x,-x, plane, and therefore it is suflicient
to show only half of them. Thus, in cach bird’s-cye-view the upper half depicts the pattern
above the crack plane with heavy solid lines, and the lower halt shows the contour lines of
the pattern beneath the crack plane, and they are in lighter solid lines. In the side-views,
sohid or heavy chain-dot lines show the views looking in the positive x; (or Y) direction,
and light dash lines represent the view in the negative x; (or .X') direction in cases where
this is different than the former view.

The scattering patterns for a square crack under normal incidence are shown in Figs
13 and 14. Comparisons of these with the counterparts published by Krenk and Schmidt
(1982) for a circular crack show there is virtually no difference when the incident frequency
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is low, k_ = 1 for instance. This illustrates the point that it is impossible to distinguish the
shape of a crack based on low frequency scattered data.

At higher frequency, such as k| = . the crack shape becomes visible in the longitudinal
patterns observed from a direction normal to the crack fuce (Fig. 13). and the corner effects
appear more clearly in the SV-wave patterns (Fig. 14). Because the corners are kinematically
more stff than the straight edges. it 1s expected that far less energy is scattered from the
corners than from other parts of the crack edge. This effect is evident from Figs 13 and 14.
Changing the aspect ratio to t = 2 (Fig. 15) further verifies this expectation since the lobes
are much bigger on the longer-edge sides. comparatively smaller on the short-edge sides,
and almost zero about the corner positions. This corner effect is a new feature of rectangular
criacks in contrast with elliptical ones.

Finally. we note that the scattering patterns become much more complicated when the
tncidence is oblique (Fig. 16). especially in the high frequency region. and the afore-
mentioned corner effect is difficult to discern. Nonetheless, at k&, = n the frequency is
obviously high enough for the scattering patterns to show a ray character. Thus, the
“reflected rays™ in Fig. 16 are in the directions predicted by Snell’s law (Achenbach, 1973).
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