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Abstract—A linear elastic body in plane strain which contains a stationary crack and which
is initially at rest and stress free is considered. It is shown that if the elastodynamic displacement
field and stress intensity factor are known, as functions of crack length, for any symmetrical
distribution of time-varying forces which acts on the body, subsequent to 7 = 0, then the stress
intensity factor due to any other symmetrical load system whatsoever which acts on the same
body may be directly determined. The other load system may be of arbitrary spatial distribution
and time variation. Further, that part of the elastodynamic displacement field due to the other
load system, which arises from the presence of the crack, may also be directly determined. The
results are obtained by extension of Rice’s mode of derivation of the corresponding Bueckner-
Rice elastostatic results to Laplace-transformed elastodynamic variables. Likewise, the existence
of a universal elastodynamic ‘‘ weight function’’ for any given cracked body is demonstrated.
As an application, Freund’s recent result for the stress intensity factor due to suddenly applied
concentrated forces on the crack surfaces is derived directly by our method, from de Hoop’s
earlier solution for suddenly applied uniform pressures.

INTRODUCTION

In a recent paper[l] Rice employed Irwin’s relation between the crack tip energy release
rate and the stress intensity factor, and also certain properties of perfect differentials, to
show that if the displacement field and stress intensity factor are known as functions of
crack length for any one symmetrical static load system acting on a linear elastic body in
plane strain, then the stress intensity factor for any other symmetrical load system acting
on the same body can be directly determined. Indeed, the entire displacement field due to
introduction of the crack may likewise be determined for the other load system. The result
leads concisely to the theory of a universal function for any given cracked body, known as
the “weight function,” the existence of which was previously demonstrated for isotropic
bodies by Bueckner[2] on the basis of detailed considerations of analytic function theory.

Our purpose here is to extend Rice’s method so as to derive similar results for dynamic
stress fields in an elastic solid containing a crack. Consider a linear elastic solid containing
a planar crack under conditions of plane strain. The body is assumed to be symmetrical
with respect to the plane of the crack, and only loading systems resulting in the plane strain
opening mode of deformation will be considered.

Consider any particular time-dependent loading on the body which contains a crack whose
length is determined by the parameter /. For time ¢ < 0, the material is stress free and at rest.
At time t =0, a traction distribution on the boundary I" of the body and a body force
distribution in the region 4 occupied by the body begin to act. The boundary traction and
body force are assumed to be given at any later time t >0 by T = @, T"(x,t) forxon T’
and by F = Q,F")(x, 1) for x in A, respectively. The parameter Q,, which appears as a
scale factor, will subsequently be viewed as a generalized force. Suppose that the resulting
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displacement field U = Q,U")(x, ¢) and stress intensity factor K = Q, K‘*)(t) are known as
functions of /. The main result here is in showing that this information is sufficient to deter-
mine the stress intensity factor for any other load system whatsoever acting on the same body.
More precisely, it is shown that if the Laplace transforms on time of U and K are known as
functions of / for all values of the Laplace transform parameter, then the Laplace transform
on time of the stress intensity factor for any other load system can be determined. The
convention is adopted whereby lower case symbols will represent Laplace transforms of
functions defined by corresponding upper case letters. For example:

k(s) = f: e~TK(f) dt. (0

ANALYSIS

A key step in the development of [1] was recognition of the fact that if W is the elastic
strain energy per unit thickness of a statically loaded cracked body, then

(a W/al)fixed displ. = _H_lestatic (2)

where “fixed displacement” means that the derivative is taken with loaded portions of the
boundary constrained against working displacements. For plane strain, H is given in terms
of Young’s modulus E and Poisson’s ratio v as E/(1 — v?). Fortunately, a result analogous
to (2) which applies in the case of dynamic loading may be determined. Let u be the Laplace
transform of the displacement field arising from application of any surface traction and
body force, with Laplace transforms t and f, respectively. A functional ® over the range of
displacement fields, which is the analogue of W in the present case, is defined by

Ofu; A']1= jA,%(Uij Uy j+ psiu;u; —2f,u;) dA 3

where A’ is any subregion of A, g;; is the stress matrix derived from u;, and p is the mass
density. Rice [3] has shown that the static elastic energy release rate can be expressed by
the path independent J integral, which is a conservation law of the first type as discussed
by Knowles and Sternberg [4], following from the potential energy variational theorem.
A similar variational theorem based on ® gives the elastodynamic field equations, and given
the method for associating conservation laws with variational theorems outlined by
Eshelby [S], a similar integral can be associated with ®. This has been given by
Nilsson [6], and is

J = J‘O [Boyju;, ; + spstuu, — fiu) dy — o;in;u;  ds] 4)

where C’ is the boundary of 4’ and n is the outward normal to C’. If 4’ is simply connected
and if f is spatially uniform then J' = 0.

The result which is of primary interest here is that the J'-integral in (4) has the same value
when taken along any path which begins on one face of the crack, surrounds the crack tip
in question, and terminates on the opposite face. Following the analysis of [3], two main
results can be deduced. First, by shrinking the path of integration onto the crack tip, it is
seen that only those terms which are singular at the tip contribute to the value of J’. Because
the singular terms are certain universal functions of position times the stress intensity factor
k, it can be shown that J' = k?/H. Second, by assuming that the region 4’ in (3) contains
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the crack tip and by differentiating with respect to / (recall that u is taken to be a known

function of crack length), it can be shown that J' = —d®/d/, where the boundary of A’ is
constrained against working displacements. In particular, if 4’ = 4,
(ad)/al)fixed displ. = "H_lkz, (5)

which is the desired result. Clearly, J' does not have the interpretation of energy release
rate in this case, but rather the release rate of the energy-like quantity ® defined on trans-
formed variables. The same results apply when f is nonuniform, provided that J’ is always
interpreted in the limit as the path shrinks onto the crack tip.

From this point on, the analysis of the dynamic case parallels that of the static case, with
® taking over the role of W. Consider two loading systems acting on the body which are
characterized by the generalized forces Q, and Q,. The complete solution to problem 1
is assumed to be known. Generalized displacements g, and g, are associated with any
displacement field u by

q,.=J. t“’-udl"+f £ uddA. 6)
r A
If both load systems are simultaneously applied, linear superposition yields

9= C;;Q;, Cyy= [ V- dr + [ {9 uPdd, Q)

r A
where Q,u"> and Q,u‘® are the separate transformed displacement fields. Finally, the
Laplace transform of the stress intensity factor is defined in terms of the transformed stress
by
k(s) = lim + (2nx)%0,,(x, 0, 5). 8)
x—=0*

When both load systems are simultaneously applied to the same body, ® may be regarded
as a function of ¢q,, ¢, and /, with

0®/0l = —k*[H, 0®[dg, = Q; )
where k = Q, kY + 0, k¥, It is then possible to write the differential of @ as
00 = Q, 8q; + Q, 3q, — (K*/H) L. (10)
A transformation of variables yields the equivalent perfect differential
3011 + 0292 — ®) =4, 60, +9, 60, + (K*/H) 5. (11)
Because (11) is a perfect differential, the following relations hold:
dq;/0l = (dC,;/d)Q; = o(k*/H)/0Q; = 2kkYVQ,/H. (12)
Since (12) must hold for arbitrary Q, and Q,,
dCy;/dl = 2kVkV/H. (13)

But C,, = C,, and k') are known functions of /. Thus, making use of (7), (13) can be
solved for k® to yield

H o) o
KD — 2. 0 g [ g, 2 dA}, 14
D Ur a ¢t L al (14)
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where 0u'V/6l is taken with x and s held fixed. This is our main result. It can be seen that the
form of (14) is essentially the same as the corresponding result in equation (12) of [1].

AN APPLICATION

To illustrate the procedure of applying relation (14), consider the case in which 4 is the
entire x, y-plane, with a crack along y =0, x < /. In this case, I consists solely of the crack
faces. The loading system 2 is defined by F*> = 0 and T®(x, 0, s) = +5(x)H(t)e, where
d is the Dirac delta function and H is the unit step function. Thus, this loading system
consists of suddenly applied concentrated normal forces acting on the crack faces at x =0
and tending to open the crack, as shown in Fig. 1. This is one of the most recently solved
dynamic elastic crack problems, and the results are reported in {7].

Fig. 1. The plane of deformation.

The Laplace transform of the stress intensity factor for loading system 2, k‘®, will be
determined according to relation (14) from the solution of the problem defined by the
loading system F) =0 and T(x, £0, 5) = £ H(?)e, on I'. The loading system 1 consists
of a suddenly applied uniform normal pressure acting on the crack faces. This problem was
first solved by de Hoop [8], who considered the general plane strain problem of diffraction
of a longitudinal pulse by a half-plane crack. The loading system 1 corresponds to normal
incidence of a step tension pulse.

The function dul" /ol is given along the crack faces x < / by

dug? _FDp @z O
(x, £0,5) = _fazm

s&(x—1)

ol 2nis ¢ d (15)
where a, b and c are the inverse longitudinal, shear and Rayleigh wave speeds. The path of
integration B, is an infinite straight line parallel to the imaginary axis and lying in the strip
—a < Re({) < a in the complex &-plane. S_(&) is the function, analytic in the left half of the
E-plane, arising from the product factorization into sectionally analytic functions of the
Rayleigh wave function in determining (15) by integral transform methods and the Wiener—
Hopf technique. This function is analytic in the entire &-plane cut along the real axis from
{=ato =b,anditis given by

1 b - 4’12(r’2 _ a2)1/2(b2 _ ,12)1/2 di’]

5.0 =enp -~ [[ran [Tt | 10

The function (@ — £)!/? in the integrand of (15) is made single-valued by providing a branch
cut along the real axis in the interval a < Re ¢ < o, and the branch of positive square roots
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is chosen. Finally, the value of the constant D appearing in (15) is inconsequential for this
development. The Laplace transform of the stress intensity factor for loading system 1 is
given by

K = HDJ(2!/253/2), amn

which yields the well-known result that K itself increases from zero in proportion to
t!/2, By substituting (15) and (17) into (14), it is found that

N1 @-v
(2) _ - . s sél
k ‘(s) s M v R (18)

In order to find the stress intensity factor itself, the Laplace transform (18) must be
inverted. To this end, the path of integration B, is deformed into the right half of the &-plane
so as to embrace the branch cut along the real axis. The integrand of (18) meets the condi-
tions of Jordan’s lemma, and no singularities of the integrand are crossed in so deforming
B, . Call the new path of integration B} . Next, the inverse transform of (I8) is written, the
order of integration is changed, and the integral over s is evaluated to yield

o z)l/zi H(t — &) (a— &)"?
K )(t)_( 2nif3;(t—él)”2 (& —0)S-(%)

T
_ 1 t/1 (a _ 5)1/2
= s [, I [(t— e c)S-({)] a. (19)

Both integral representations of the result (19) are considered in some detail in [7]. In par-
ticular, it is shown that for ¢/l < b the second integral is most convenient, and it is eval-
uated numerically in [7]. On the other hand, for #// > b the first integral is more convenient,
and it is evaluated by contour integration methods in [7]. The final result for K®(¢) is shown
in Fig. 2. The stress intensity factor is zero until the longitudinal wave arrives at ¢ = al. It
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Fig. 2. Nondimensionalized stress intensity factor vs. t/al for suddenly applied loads on the
crack faces.

remains negative as time increases, and it becomes square-root singular as the Rayleigh
wave approaches. At the instant the Rayleigh wave arrives, K‘¥ takes on its appropriate
static value (2/nl)}/2. This value is maintained thereafter. The results are discussed in much
greater detail in [7].
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DISCUSSION

As in the static case, the stress intensity factor for loading system 2 can in no way depend
on the particular choice of loading system 1. Hence, the function h analogous to the static
weight function, defined in terms of any solution by

H ou
h= 3% 71 (x, , 9), (20)
is a universal function for a cracked body of any given shape, regardless of the way in which
the body is loaded. Here Ou/d! is taken with the loading history, as well as x, y and s, held
fixed. The uniqueness of h can be established by following the analysis of [1]. Further,
from (14) it is evident that if t and f are the transforms of any particular symmetrical loading
system, then the corresponding transformed intensity factor is

k=frt-hdr+fAf-hdA. 1)

Also, once k is determined for this load system, one may solve for du/d/ from (20). In this
way a knowledge of the weight function for each value of / enables that part of the displace-
ment field arising from the presence of the crack to be determined by direct integration on .

Our mode of presentation emphasizes the construction of the weight function from any
one known solution. But it is also possible to directly set a boundary value problem for
determination of h, as discussed by Bueckner[2] and Rice[l] in the static case. Indeed, it
is clear from (20) that h.satisfies the same field equations as does a dynamic displacement
field, but that the “stresses” derived from h equilibrate zero boundary tractions and body
forces. A non-zero field satisfies these homogeneous equations because h is not a member
of the bounded-energy class of displacement fields for which elastic uniqueness results.
Instead, h has a singular term of order r ~!/2, where r is distance from the crack tip, and this
singular term is exactly the same as that constructed in the static case through equations
(19-21) of [1]. Thus the problem of determining h reduces to a standard elastodynamic
problem, whereby the bounded-energy, non-singular part of h is identified as the “* displace-
ment” field which annihilates the boundary tractions and body forces arising from its
known singular part.

Although only transient problems were discussed so far, the results of the present analysis
may equally well be applied to study the steady-state response of cracked elastic bodies to
harmonically time-varying forcing functions. For example, suppose that the solution
corresponding to the loading system F{(x, f) = f/)(x)e’’ and T'(x, 1) = t')(x)e’" is given
by U¥(x, f) = uP(x)e". If the solution for loading system 1 is known for all / and o, then
the stress intensity factor resulting from loading system 2, that is, K‘®(#) = k®%e'®’, can be
determined from (14) with s being replaced by iw.
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AGcTpakT — PaccMaTpdBaeTcsl JIMHEHHOE YOpyroe Teno, B IUIOCKOM JedopMupoBaHHOM
COCTOSIHHH, 3aK/IFOYAIOIUES CTAMOHAPHYIO TPEIIHHY, H KOTOPOE C Ha4aJla B [IOKOE ¥ CBOGOAHOE
OT HampspkeHui. Jloka3niBaeTcs, YTO KOrga HOJA YNPYTOAWHAMHYECKOTO MEPEMEICHHUS H
(paKTOpbl HHTEHCUBHOCTH HANPSDKEHHH HM3BECTHBI M MPEACTABIIEHB! B BHIEC (YHKIMH MTHHBI
TPELIMHEI, IJIA JIF060T0 CHMMETPHYCCKOTO PaclpelesicHus YCHIINMR, 3aBHCAIMX OT BPEMEHH,
KOTOpbIE NEACTBYIOT HA 3TO TeJO W mocje ¢ = 0, Tak 1a MOXHO HENMOCPEACTBEHHO OIpENEIHTh
(haKTOp HHTEHCHBHOCTH HANPSKCHHH, BCIENCTBHE KAKOW-HUOYOs APYTOH CHCTEMBI CHMMETPH-
4YeCKOW HArpy3KH, KoTopas AeHCTBYET Ha TOXe camoe Teso. JIpyras cHcremMa Harpy3kd MOXET
6BITh IPOU3BOJIBHOTO MPOCTPAHCTBEHHOTO PACTIPEAETIEHHS B JII060ro H3MeHEeHUs BO BPEMEHH.
Jlanee, MOXHO TAKXE HEMOCPEACTBEHHO ONPEAETHTh 3TYIO YaCTh IO/ YNPYrOQNHAMHYECKOTO
nepeMeLeH s, BCICACTBHE IPYTOM CHCTEMbI HArpy3ku, KOTOpas BO3SHHKAET ¢ HAJIMYUSA Tpe-
LMHBI, Pe3yjibTAaThl HOJYYArOTCH MyTeM o000weHns cnocoba BbiBeneHHoro PaticoM mns
COOTBETCTBYIOILMX YIIPYTOCTaTHYECKUX pe3ybTaToB Brokuepa—Paiica Ha npeobpasoBanue no
Jlamnacy, ynpyroaMHaMuyveckde nepeMeHHwie. Bonee Toro, yka3biBaeTCsi CyLIECTBOBAHHE
Bceoblelt, ynpyroguHamMuyeckoi «®yHKUMH Beca», Ja mo60ro 3aJaHHOro Tena ¢ Tpemm-
HaMH. B kadecTBe nmpuMepa, HA OCHOBE yKa3aHHOTO METOHa, OMPENCIISETCS HEMOCPEACTBEHHO
nocrenHu#t pesynbratr ®pefiana o8 ¢axTopa HHTCHCHBHOCTH HAmNpshHKEHHI, BCIEACTBHE
BHE3AMHO ITPMJIOKEHHBIX, COCPEAOTOYCHHBIX CHJI HAa NOBEPXHOCTAX C TpemmuHamu. B stom
ciIy4ae, HCIoNb3yeTcs Ooree mpexaeBpeMenHoe pemenne I'yna, A BHE3aMHO NPHIOKEHHBIX
OOCTOSHHBIX NaBJICHUIA.



