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Abstract—Weight functions permit to represent stress intensity factors as weighted averages of the
externally impressed boundary tractions and body forces. In this paper the relevant weight functions
of all three modes are represented in closed form with the aid of elementary transcendentals.
Their derivation as displucements of fundamental ficlds is simple and without recourse to integral
transforms of any kind.

1. INTRODUCTION

We shall be concerned with the calculation of stress intensity factors within the realm of
the classical theory of linear elasticity of isotropic bodies. Poisson’s parameter v and the
shear modulus ¢ will be used to describe the elastic material. In the most general situation
one considers an elastic body V with a crack C, such as shown in Fig. 1. Let V be subjected
to distributed body forces of density F and let the surface S of V (the faces of C included)
be under distributed tractions T. F and T are vectors, forming fields throughout V and
along S respectively. Let the system of these fields be self-equilibrated. The body V responds
to them with a field of displacements, strains and stresses. Along the edge of the crack the
stress field is generally unbounded and characterized by three stress intensity factors k,(Q),
ko(Q) and k;(Q) at a generic point Q of the edge. (The frequently used “engineering”
intensity factors k,, k;, and ky;, are obtained by multiplying the k; by ﬁ.) For a fixed 0
the factor k;(Q) is a linear functional of the fields of F and T ; mindful of the representation
of linear functionals in certain function spaces one would expect a representation

kj(Q)=f (F, W*)dV+f(T,W*’) ds (.1

where W*, W* stand for vector fields in ¥ and on S respectively. The symbol (A, B)
denotes the scalar product of vectors A and B. W* and W*’ depend on the field location
P, on Q as a parameter and on the choice of j. They do not depend on F and T. We cali
them weight functions and write

w*=WwHP,Q), W¥=W¥PFrQ) (1.2)

Fig. 1.
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more explicitly. Once available the weight functions can be used to calculate the stress
intensity factors for all possible load systems F, T.

Formula (1.1) reduces to a much simpler form for plane strain deformation. Figure 2
shows an elastic region D in the Cartesian (x, y) plane with a crack along the interval (a, b)
of the x-axis. Let D be subject to tractions only, and in particular to a generic pressure
distribution p(x) along the crack faces. In this case the stress intensity factor k; at the crack
tip b can be represented by

b
k, = % J p(x)m(x) dx (1.3)

where the “crack face weight function” m(x) satisfies the normalization condition
ligr_lo(b—x)‘”-m(x)= 1. (1.4)

In the case of the Griffith crack (D is the full plane with the crack as shown in Fig. 2)
Muskhelishvili’s theory permits to determine the field responding to p(x) in closed form
with the aid of Cauchy integrals. Retrieving k, from that field one finds

, X—a

Formula (1.3) can be generalized so as to yield &, and &, under more general conditions of
loading.

It is trivial to interpret weight functions as influence functions. As an example we
derive from (1.3) that

\—{?m(t) =k, for p(x)=d(x—1). (1.6)
Here J stands for Dirac’s function and describes a concentrated load at location x = ¢. The
interpretation (1.6) makes m(x) an abstract from infinitely many fields. For each ¢ of the
interval (a, b) there is a field responding to & (x—1); this field yields a k, and thus the
particular value of m(x) at x = . Fortunately it is not necessary to procure weight functions
in this manner. More powerful methods are available.

Let us label as “‘general” any method by which we determine the k; in two steps:
(1) the field of displacements and stresses in ¥ in response to F, T is calculated ; (2) from
this field we retrieve the k; for any wanted edge point Q. If the field in ¥ can be found for
generic distributions of F and T then formulas of the type (1.1) follow suit. The same can
be achieved if a general method permits to analyse the response to concentrated loads,
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provided that the points of load application arc generically prescribed. If we arc content
with information on stress intensity factors only, then a general method provides more than
we want. It is conceivable that there are methods of crack analysis which yield stress
intensity factors, but nothing more. We shall denote them as “special”. It is natural to
expect the effort to implement a special method to be much smaller than the effort for a
general one.

The literature of stress intensity factors is based to a considerable extent on general
methods, applied to distributed or concentrated loads. We mention [1, S, 6, 8, 16-18] in
particular. The penny-shaped crack is no exception. Apart from [4] most of its cxtensive
literature is about general methods in one form or another. The crack can be considered as
a limit case of oblate spheroidal voids. Such voids are analysed in Neuber’s book[9] with
the aid of oblate spheroidal coordinates. Applying the latter and Neuber’s general formulae
Sack[15] determined the energy of deformation for a crack opened by uniform pressure. At
about the same time Sneddon{17] found, among other results,

2
ky="po/a (1.7)

for a crack of radius g, opened by the pressure p,. His analysis employs Hankel transforms
and dual integral equations. Following his example Barenblatt[1] applied Hankel transforms
in order to deal with an axisymmetric pressure distribution under the crack faces. Let
cylindrical coordinates r, 6 and z be associated with rectangular Cartesian coordinates x, y
and z through x =rcos 8, y = rsin 8. For a crack defined by z =0, r < a (Fig. 3) and
subject to a pressure distribution p(r) Barenblatt finds

kl:%f_lmf_d_’, (1.8)

The furthest reaching result obtained by a general method[5, 18] seems to be

i 2r (%
k,(0’)=;t—2.L J;M(r,O,G’)p(r,O)rdrdO with

M= ,/a2~r2/\/c-1'd"; d* = a®*+r*-2ar cos (6—6")

for a crack under a general pressure distribution p(r, 8) ; note that &, depends on the angle
8’ of the edge point.

Many other cases of loading appear in [6, 16, 18]. Nonc of them matches the
generality of (1.9). A comprehensive description of W*, W*’ in (1.1) for the case of the
penny-shaped crack and all three modes of deformation is still missing.

(1.9
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About the same can be said for the literature on the half-plane crack (Fig. 4). With
the exception of [4, 12] the emphasis has been on general methods. Special concentrated
loads are considered in [6] and dealt with the aid of functional transforms, in particular
Kantorovich—Lebedev transforms for modes II and I1I. A recent study of crack faces under
concentrated loads is given in [8]. The analysis in {12] covers the case of body forces and
provides information for the weight functions of mode I in explicit form. (The main subject
of [12] is the perturbation of crack front position ; here we refer to it only in the context of
half-plane crack analysis.)

In the sequel, a special method will lead us to the relevant weight functions of all modes
for both the penny-shaped and the half-plane crack. No recourse to integral transforms
will be taken and nothing more complicated than harmonic functions, elementary-
transcendental in their variables will be met. All weight functions will be given in closed
form.

The special method is not new. It makes use of a particular property of weight functions.
Introduced, discussed and applied in [2-4, 7, 10-14], the property identifies the vector
fields W*, W* in (1.1) as the displacements of one field of elastic deformation, also known
as fundamental field. Here is the place to refer to [12] again. The paper’s method is special
and uses features of weight function theory. A fundamental field displays neither body
forces nor surface tractions. It has unbounded displacements and infinite strain energy.
This admits its existence outside the family of those fields to which the uniqueness theorem
of elasticity applies. The fundamental fields of a given elastic body with one or more cracks
form a linear manifold. They stay fundamental upon multiplication of all field quantities
by the same scalar; the sum of two fields is also fundamental. To achieve our goal it will
suffice to find and describe certain relevant fundamental fields.

2. REGULAR FIELDS. PRELIMINARIES OF FUNDAMENTAL FIELDS

We begin with the commonly known asymptotic relations for displacements and
stresses near an edge point of the crack. It is convenient to list them for the configuration
of the half-plane crack (Figs 4 and 5). In the frame of a rectangular Cartesian coordinate
system with axes x, y and z, the crack occupies the left half of the (x, y) plane, x < 0. The
crack faces C* and C~ can be distinguished by ¢ = n, —n respectively where p and ¢
represent polar coordinates in the (x, z) plane.. We introduce

a=./2p cos ¢/2, B=./2p"sin ¢/2 @.n
Ye = cos ¢/2 cos 3¢/2, Ps = sin /2 sin 3¢/2. (2.1a)

Let u, v and w denote elastic displacements in the direction of x, y and z respectively and
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let ., 1., etc. denote the stresses in the familiar manner. The asymptotic relations for u, v
and w are given by
2uu—ug) ~ ka[2(1 = v) —cos? /2] +k.B[2(1 —v)+cos? ¢/2]
2u(w—wo) ~ kB2(1 —v) —cos? @/2]—k,a[2(1 —v)—2+cos? ¢/2] (2.2)
o —ve) ~ —k3p.
Here the stress intensity factors &, &, and 4, shall be smooth functions of y; so shall the
(suitably choscn) terms uq, vq and wy. Strains follow suit, and so do the stresses. The latter
are governed by
o, ~ [kia(l —ys)—k2B(2+7c)l/ 20
0. ~ [kia(1+ys)+k28vc)/2p; 0, ~ v(6,+0.)

e ~ k) Bre+kaa(1 ~75))20 @3
T, ~ —kyaf2p, T,x ~ k3f/2p.
All preceding relations have the general form
o~ (. 9); (2.4)
it applies to the approach p — 0 and shall mean that
w = pf(y, ) +o(p"). (2.5)

Let y, < y < y, be some segment of the edge of the crack. A field of displacements, strains
and stresses in the structure of the half-plane crack will be called regular along that segment
if the relations (2.2) and (2.3) hold with suitable u,, vy, wo; k|, k1, k3 along that segment.
We call the field regular if the segment coincides with the whole edge. These definitions can
be extended to other elastic structures.

For our purposes it will be preferable to replace some of the standard formulasin (2.2)
and (2.3) by equivalents of the form

Qu(u—ug) ~ — U, +4(1—Vv)A4; 2u(w—wy) ~ —U.+4(1 —-v)B (2.6)
0~ U, 0, ~ U, Txz ~ — Us:. (27)
Here and in the sequel we use coordinate denotations as subscripts in order to indicate
partial derivatives; stress denotations ., T,,, etc. are exempt. In (2.6) 4 and B are related

to one another by
4, = B., A.= -8B, (28)

and to U by

U+ U, =44,. 2.9)
If one replaces “~” by “=" in (2.6) and (2.7) one obtains Muskhelishvili’s general
representation of plane strain fields without body forces; “plane strain™ refers to the
(x,z) plane. U is the Airy stress function, A +iB is analytic in x+iz and identical with

Muskhelishvili’s ¢. In (2.6) and (2.7) 4, B and U are given by

24 =ka+k,p; 2B =k\f—kja

2.10
U=k|U1+k202 with 3U|=a3, U2-'= —azﬂ. ( )
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The functions a and f§ play an important role here and later. The derivations in (2.6) and
(2.7) are easily carried out if we observe

p,= PP, =COS P, p. = —pe, = Sin @. (2.11)
For the convenience of the reader we also list

o = p(l+cos @) = p+x; f? = p(1—cos ¢) = p—x

. (2.12)
aff=psin o=z
a,=p.=0a/2p; 0, = —B,=B[2p (2.12a)
2U,, = (1+cos ¢)a, 2U,, = (14cos @)p @2.13)
U2x = - Ul:’ U2: = le_2as
and, for later use,
4pU,,, = (14cos p+2 sin’ @)a; 4pU,,. = (—1—cos p+2 sin’ @) (2.132)

U2xx = - U]xzs Usz = lex_a/p'

Now we introduce a different type of field whose quantities we mark by an asterisk.
We set first

a*=a,, f*=B;
l* = le7 UZ* = U2x (2.14)

and define
U* =m|U|*+m2U2*, 2A4* =m|a*+m2ﬂ*, 2B* =mlﬂ*—”I2a*. (2.143)
The displacements of the field shall satisfy the asymptotic relations

uut ~ —UX+4(1—v)A*, 2uw* ~ —UX+4(1—v)B* 515

Ho* ~ —m; B* (.13)
m,, m,, m, are coeflicients, independent of x and z, but permitted to depend on y; they bear
no relation to the function m(x) in (1.3)-(1.6). We assume that m,, m, and m; are smoothly
defined along the whole edge and that at least one of them does not vanish identically. The
stresses of the field are implied by (2.15). We write

0': ~ Uz:s O': ~ Uxfw T:z ~ = Uxt

of ~ Gt +aY),  Th~ —myBY,  Th~ —maBt. 219
If y’ denotes an edge point where one of the m, does not vanish then the field has infinite
energy of deformation in any neighborhood of ). A field in the structure of the half-plane
crack will be called ordinary fundamental if the following conditions are met: (a) for
p—0 the asymptotic relations (2.15) and (2.16) hold along the edge with suitably chosen
coefficients m, in accord with the assumptions above; (b) there are no body forces; no
tractions appear on C*, C~; (c) the stresses go to zero as p — co. Extending the well-known
mode distinction of regular fields we shall speak of an ordinary fundamental field of
mode I if m, # 0, my = 0, my = 0. In similar vein we define modes II and III.

Ordinary fundamental fields form a linear manifold. It is not large enough to provide
all cases of important weight functions. Certain limits of ordinary fundamental fields have
to be adjoined. The mode distinction will follow suit.

Analogously fundamental fields for other cracked structures can be defined. Before we
do this for the case of the penny-shaped crack we have to consider an important line integral
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involving both a regular and an ordinary fundamental figld. We exclude from the structure
of the half-plane crack the interior of a cylinder p = constant. The remaining elastic body
displays certain tractions on the surface p = constant ; one set of tractions with components
X, Y and Z is due to a regular field with displacements u, v and w; another set with
components X *, Y * and Z* comes from an ordinary fundamental field with displacements
u*, v* and w*. Let & be the intersection of the cylinder with a plane y = constant, as shown
in Fig. 5. Along & we take the integral

I(p,y) = j (UX*+oY*+wZ*—u*X—0*Y —w*Z)p de. (2.17)

At least in an asymptotic sense the tractions X *, Y * and Z* on .# have no force resultant ;
more precisely

Ip,y) = Lf(uoX*+on*+WOZ*)p'd<p—>0 as p—0 (2.18)

for any set of constants u,, v, we. To the difference

n

Ip,y)—1Iop.y) = j

[(—u)X*+W—v) Y*+(W—wo)Z*—u*X—v*Y —w*Z]p do
one can apply all the asymptotic relations for the regular and the ordinary fundamental
field. It turns out that the products pXu*, pX*(u—u,), etc. are asymptotically independent
of p; their leading terms are functions of ¢ alone. Consequently /—/7, has a finite limit as
p — 0. Due to (2.18) the same limit is taken by I(p, y) alone as p — 0. We denote this limit
by I(y). Its detailed evaluation in Appendix B yields

4
I(y)= - ;[(1 —v)(kymy +kymy)+kyms). (2.19)
It is useful to introduce new coefficients m¥ by setting

(1=v)m, = —p/2mt,  (1=v)my = —p/2m3,  my= —p/2m3 (220)

this permits us to rewrite (2.19) in the form

1(y) = 20k \mt + kom% 4k ym3). .21)

The coefficients m} have a simple geometric interpretation. It follows from (2.14) and (2.15)
that on C*

Jouwromt,  Jovt o —my,  Jowtomt as  p-0. (222

Henceforth the m? will be referred to as the geometric intensity coefficients of the ordinary
fundamental field.

In its restriction to plane strain (k; = 0, m; = 0) the result (2.19) was first represented
in [2, 3]. Appendix B gives a complete derivation of (2.19) for the convenience of the
reader.

Turning now to the configuration of the penny-shaped crack (Fig. 3) we shall take
advantage of several coordinate systems. A Cartesian rectangular system with axes x, y
and z will be useful when dealing with general aspects of harmonic potentials, describing
fields of elastic deformation. The displacements will be denoted by », v and w and the
stresses by o, 1,,, etc. Cylindrical coordinates are convenient for geometric reasons. The
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relations x = r cos 8, y = r sin 6 were already mentioned. We shall have to consider elastic
displacements «’ in a radial and v’ in a tangential direction. These are related to u and v by

#' = u cos 8+v sin 6, v'= —usin 6+v cos 6. (2.23)

The stresses associated with cylindrical coordinates will be denoted by o,, 64, 0.; 1,4, T,:,
14,. In order to describe the asymptotic behavior of the field quantities near the edge of the
crack we employ local polar coordinates p, ¢ in analogy to their use for the half-plane
crack (Fig. 4). But this time we define

pe’ =r—a+iz. (2.24)

In the system of cylindrical coordinates both the first order derivatives of v, " and w and
the ratios u’/r, —v’/2r contribute to the strains. For the asymptotics p — 0 the terms «'/r
and v'/2r can be neglected so that plane strain deformation with regard to each meridional
half-plane 8 = constant prevails. (In this context we count a mode I1I deformation as one
of plane strain.) Under these circumstances the asymptotic relations (2.6) and (2.15) of the
half-plane crack can be retained after some nominal changes in order to define regular and
fundamental fields for the penny-shaped crack. In the displacement formulas one replaces
u by the radial and v by the tangential displacement. Stress symbols change by replacing x
by r and y by 0 in the subscripts; thus o, becomes g,, etc. All functions of p, ¢ such as «,
B,vc, Vs, Uy, U remain the same. Their x-derivatives are formally replaced by r-derivatives.
This applies in particular to (2.6)—(2.16). The coefficients k;, m,, m¥ become functions of
6. So do uy, vy, w,. After these modifications the definitions of regular and of ordinary
fundamental fields carry over to the structure of the penny-shaped crack. Condition (c) of
the ordinary fundamental field should be replaced by (c¢"): the stresses go to zero as the
distance from the center of the crack goes to infinity.

The same rules apply to the integral 7in (2.17); ¥ and v change into «’ and v’ and X
and Y into radial and tangential components of traction. Formulas (2.19)-(2.22) retain
their meaning accordingly.

It must be emphasized that the result (2.19) is based on the asymptotics for p — 0 of
both regular and fundamental fields. For this reason, a check on (2.15) must and will be
made whenever a candidate for an ordinary fundamental field is under consideration. It
will turn out that some special limits of ordinary fundamental fields are regular along
certain open arcs of the crack edge. In this case, a check on (2.2) will be added. For this
particular check it will suffice to show that relations of the form

w—ug ~ Jofi(0,0), v —vy~/pf2(0,0), wr—wy~/ofs(0,0) (2.25)
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exist; (2.25) in turn yields (2.2) and (2.3) by way of the equations of linear elastlcxty for a
field without body forces.

Although the asymptotic relations (2.2) and (2.3) are commonly accepted, the domain
of their validity remains to be staked out. What restrictions must be set for the distribution
of body forces and boundary tractions in order to ascertain (2.2) and (2.3)? In [3], p. 245,
the lesser problem of plane strain deformation without body forces has been dealt with.
The diflicultics to cstablish analogous results for stales of three-dimensional deformation
seem to be formidable. For simplicity we have postulated (2.2) and (2.3) through the concept
of the regular field. In similar vein we have introduced ordinary fundamental fields. The

construction of such fields for penny-shaped and half-plane cracks will be an important
part of this analysis.

3. GENERAL REMARKS ON HARMONIC POTENTIALS OF FUNDAMENTAL FIELDS

Although the penny-shaped crack will be in the center of our analysis, some basic
aspects of a more general crack configuration must be mentioned. Let C be a crack of
generic shape in the plane z = 0. C*, C~ will denote its faces on upper and lower z-halfspace
respectively. We denote by I” the edge of C and assume that T is a smooth contour. The
domain of the crack is either the inside or the outside of I'. We define as an elastic region
the three-dimensional cracked space without I" but with C*, C~ included and counted as
different entities.

In order to describe certain fields of mode I deformation of the elastic region, a
Boussinesq—Papkovich potential G (x, y, z) can be employed. G is harmonic, i.e.

V%G =G, +G,,+G.. = 0. 3.1
It generates the displacements
u= —zG,.—(1-2v)G,, v=—2G,.—(1-2v)G,, w= —2G,,+2(1-v)G, (3.2)
and the stresses

0y = — 2“[(ZG.rx): + ZVG)')'L Tyz - 2#‘76)'::
- 2“[(26)3'): + ZVGxx]; Ts: - zﬂZG.r:z (33)
- 2“ [:G::: - G::]- T,\;v - 2# [Zny: + (I - ZV)G.\'}']'

o,

7.

The field is without body forces. Assuming continuity in the elastic region of G and its
derivatives up to the 3rd order, we may write

w=2(1-vG. on C* C- (3.4)
6.=2uG.., 1.=0, 1.=0 on C*,C. (3.5)

In general, the boundary values of G and its derivatives will differ on opposite points of the
crack. For mode I, the potential has to be even in z. In this case o has the same value on
opposite points of C*, C~ while w is the same in magnitude but opposite in sign. The
potential G has been used in order to determine the field generated by pressure under the
crack faces.

It is possible to create mode I deformations in the elastic region by the application of
shearing tractions to the crack faces. Due to (3.5), G cannot generate such tractions. G then
is not sufficient to describe the class of “regular” fields of mode I in the elastic region.

No such shortcoming of G appears as we endeavour to determine “fundamental” fields
of mode I: Ordinary fundamental fields in the elastic region can be defined in analogy to
what was done for half-plane and penny-shaped cracks. Briefly speaking, such fields shall

SAS 23:1-E
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have no body forces and no tractions on C*, C~; their displacements are permitted to be
unbounded in the order 0(d " "?) as the edge T is approached, d being the distance from T,

Their stresses shall go to zero as we let |z| go to infinity. The condition of traction-free
crack faces means simply

G.=0 on cH,C, (3.6)

and the potential G seems naturally suited for the search of fundamental fields of mode I.

Pursuing this goal we should look for functions G with these properties : (a) G is harmonic

in the elastic region; G and its derivatives up to the third order are continuous in that

region; G is even in z; (b) G satisfies (3.6); (c) |grad G| = 0(d~"?) as I is approached;

(d) the stresses (3.3) shall go to zero as we go away from the crack towards infinity.
Condition (3.6) can be rewritten. Combining (3.1) and (3.6) we find

AG=G,+G,,=0 on C*,C . (3.6

We can say that G, as a function of x, y on the crack faces must be harmonic in these two
variables. In the sequel we shall call a harmonic function G crack-harmonic if it also abides
by (3.6*). Harmonic functions in two variables have conjugates. This suggests to denote
another crack-harmonic function H = H(x, y, z) a conjugate of G if for a suitable choice of
e=+1

G, =¢H,, G, = —¢H, on C. 3.7
If ¢ = 1 we combine the two potentials into a complex one J = G+iH. J satisfies (3.1), i.e.

it is a complex-valued harmonic function of x, y, z. In addition the functions J(x, y, +0)
and J(x, y, —0) are analytic functions of x+iy in the crack domain so that

Jo+iJ, =0 on ct,C. (3.8)

We call J crack-analytic. Such potentials will enhance the search of fundamental fields.
Turning to the other modes of deformation we consider fields generated by three
harmonic potentials g(x, y, z), h(x, y, z) and ¥ (x, y, z) where

V. = goth,. (3.9)

The field quantities are given by
u= —=2(1-vg+z¢,, ov=-=2(1-vh+z¢,, w=—(1=-2W+zy.. (3.10)

ax/zﬂ = _2(1 _v)gx_zv'l’:'*'zl//xx’ 02/2# = Z¢::
0,/2u = =2(1=v)h,—=2v.+2zy,,, Tol2u = —(1=v)@g,+h)+z¢,, (3.11)
sz/zﬂ = - (1 —v)gz+w/’x+z¢xn Tyz/Z# = - (1 _v)hz+v'py+z¢yz-

They form a field without body forces. The preceding formulas are well known, especially
for their use in crack analysis. The reader should observe that the functions g and 4 of
(3.9)-(3.11) appear in the form of z-derivatives g,, A, in [6, 16]. Assuming the continuity
of the potentials and of their derivatives up to second order in the elastic region, we find in
particular

u= —-2(1-vg, v=—2(1—vh, w=—(1-2v)y
on ct,C; (3.12)
g, = 03 sz/zll = _(l_v)gz+w//x, Tyz/zu = _(1 —-v)hz+w//y

on c+,C. (3.13)
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For the shearing modes II and III one assumes g and 4 to be odd in z; y has to be even.
The potentials g, # and ¥ can be used to analyse fields generated by shearing tractions on
the crack faces, such that opposite points have opposite tractions, but fields of modes II
and III can also be generated by normal tractions. As (3.13) shows, such fields are beyond
a description by g, A, Y. So much for “regular” fields.

In the case of ordinary fundamental fields, already defined above, there must be no
traction on the crack. This leads to the two conditions:

—(1=v)g.+w, =0, —~(1=v)h,+w, =0

on ct.c (3.14)

and suggests that the potentials g, # and y are ideally suited for the search of fundamental
fields.

Let G be crack-analytic. We define
9=G,, h=iG,, =G, +iG,. (3.15)
Condition (3.9) is satisfied. On the crack ¥ vanishes. Furthermore
ih.= —g.= -G, =G+G,=0 on C*,C". (3.16)
Consequently the real parts of g, h and y describe a field with no body forces and with no
tractions on the crack faces ; the same holds for the imaginary parts.

Let L be another complex-valued harmonic function such that L, is crack-analytic.
Now we define

g=U-vL,+iL,, h=(0-vL,—iL,, ¥ =-(-v)L,. 3.17)
We find
geth,—y.=(1-vVIL=0. (3.18)
Again (3.9) is satisfied. On the crack we have L,,+iL,, = 0 and

- (1 —v)gz+vll’x

—(1-9I(1=v)L,+iL,,+vL,)
= —(1=(L,+iL,)=0

—(I=vh4+vw, = =(1-=v)[(1-v)L,,—iL,+vL,)
= i(l —v)(L, +iL,)) =0.

(3.19)

Conditions (3.14) are satisfied. Altogether the real parts of the potentials (3.17) describe a
field without body forces and without tractions on C*, C™; so do the imaginary parts.

The results associated with (3.17) and (3.15) reduce the search for ordinary fundamental
fields of modes II and III to the acquisition of crack-analytic potentials. In the case of
(3.15), G should be even in z, while the L of (3.17) should be odd. In both cases |grad G|
and |grad L| shall be of the order 0(d~'?) as I is approached. We can expect that any G
that yields an ordinary fundamental field of mode I gives rise to a field of mixed modes II
and III through (3.15). As for L, one can conjecture that it should be possible to relate it
to a suitable G of mode 1. This is indeed so for the case of the penny-shaped and the half-
plane crack.

Let G be even in z and crack-analytic. For the half-plane crack of Fig. 4 we introduce

L = 2(2G,—xG.). (3.20)

It is easily checked and explicitly shown in Appendix A that L is harmonic. It is also odd
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in z. Since x = 0, = = 0 hold on the edge of the crack one can expect |grad L| to have the
same order of growth as |grad G| as the edge is approached. We observe that

L.=2G,-2xG.. =2G, on cr.C. (3.21)

Now if G (x, y, +0) and G (x, y, —0) are analytic in x+ iy so are their x-derivatives. L. then
is crack-analytic.
For the penny-shaped crack we define L by

al = *+a*—r?)G.+2rzG, +2G. (3.22)

As shown in Appendix A, the function L is harmonic; it ts odd in z and |grad L| can be
expected to grow like |grad G| as the edge r = a is approached. On the crack we have

al. = G+2rG, = G+2(xG,+yG,) = G+ 2(x+ )G, (3.23)

where the right-hand side is analytic in (x+iy). The function L of (3.22) is thus seen to
have a crack-analytic derivative L,. '

For easy reference the field defined by (3.15) will be denoted as a field of the first kind ;
the field by (3.17) will be referred to as a field of the second kind. We use the same names in
order to distinguish the displacements of these fields.

The foregoing considerations indicate that the crack-analytic potentials G of mode I
are the key to all of our goals. With their aid we shall be able to find all relevant ordinary
fundamental fields for mode I for penny-shaped and half-plane crack. With their aid
we shall construct ordinary fundamental fields of the first kind for the shearing modes;
finally, by way of (3.22) or (3.20), a potential G of mode I lets us construct fields of the
second kind for the shearing modes.

We conclude this section with a list of representations of «’, v and w in cylindrical
coordinates. It should be kept in mind that all potentials are complex-valued and that the
displacements derived from them are actually pairs of displacement in complex form.

Mode I

U = —2G,.—(1-2v)G, = (G—-2zG.),—2(1 —v)G,
w= —zG..+2(1-v)G, = (G—zG,). +2(1 —v)G. (3.24)
v = —zGy.[r— (1 =2v)Gy/r.

Modes II and Il ( first kind)

W= —2(1—v)e®G,+z¢,  with ¢ = e®G,+iGy/r)

) (3.25)
v = =2i(1 =G, +zypfr, w= =2(1—=v)+(2¢)..

Modes II and 111 (second kind)

w = —2(1-W[( =L, +iLe/r)+zy,  with Y= —(1-v)L,
v = —2(1=V)[~iL, + (1 —v)Lo/r] + zg/r (3.26)
w= =2(1—v{+(2¢)..

4. THE PENNY-SHAPED CRACK. FUNDAMENTAL FIELDS OF MODE 1

A class of ordinary fundamental fields has already been described in [4]. We repeat
and extend the former results. In this context it is necessary to introduce oblate spheroidal
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coordinates s, 1, given by

r+iz = a cosh (s+if) in complex,
r = a cosh s*cos 1, z =g sinh s-sin ¢ in real form

@.1

s, t have ranges 0 < s < 0; —in <1< in. On the crack s = 0. t is positive for z >0
and negative forz < 0; ¢ = 0 for z = 0 and r > a. Our first concern are harmonic functions
of the form

G(x,y,2) = H(g,s) with g¢= gexp i(6—8), 4.2)

where 8’ is some parametric angle. Now
V3G = H,*Viq+ HV2s+ (g7 + g5 Hyy + 2054, + 5,4, )Hye + (1 +57 +5DH,.. (4.3)

Here the co-factors of H,, H,, vanish (trivial); as for the other terms we list for present
and later use the relations

s, = t, = sinh s*cos t/aN, s; = —t, = cosh s*sin t/aN
with N = sinh? s+sin? ¢ 44)
si+si+s?=st+s=1/a’N
Vs = s,/r = (tanh 5)/a’N; 5,q,+5,q, = gs,/r. @.3)
Altogether
a’N+V*G = tanh s(H,+2qH,)+ H,,. (4.6)
Harmonic functions H(g, s) satisfy
Hg +tanh s (H,+2gH,) = 0. 4.7
For nonnegative integers n we set up
Gu(x,y,2) = " Hy(9). 4.8)
Harmonicity is achieved if
H)(s)+(2n+1) tanh s H,(s) = 0 4.9)
whence
Hi() = = —r 4.10)
We give ¢, the same value for all #, namely
o= a (4.102)

 J2a(1-v)

where £ is the unit of length ; this gives ¢, the dimension of the square of length. We define

do

e (4.10b)

H,,(S) =y Jw
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The integration yields
H(s) = co[n/2 —arctan (sinh s)] (4.11)

and, more generally,

: . " 1
H,(s) = ¢, [n/2—arctan (sinh 5)—c, sinhs k; mi} 4.12)

with
e = co(— ¥ <—(l:/2)> for k=1

Since (4.12) will play no major role in the sequel the verification of that representation is
left to the interested reader.

We have to look into the behavior of G, near the crack edge and far away from it. In
this context, we list here

pe' = a[cosh (s+it)—1] = 2a sinh? ¥(s+it)

) 4,13
2\/;1 sinh $(s+if) = (2pe®)"? = a+if @.13)
whence
\/5(s+it) a+1ﬁ—( + 'B) +0(p**) as  p-0. 4.14)
We observe that
a*sinh? s < r?+22 = R* < @’ cosh?s (4.15)
which entails
2R =ae’+0(e™”) as §— 0 (4.16)
ae’ = 2R+0(1/R) as R . (4.16a)

The power ¢" is analytic in (x + iy) ; since G,(x, y, 0) = ¢"H,(0) on the crack the potential
G, is crack-analytic. Due to (4.10b) the functions H,(s) are negative. Another consequence
of (4.10b) is

0< —Hy(s) < —2¢cp0e™* 4.17)
and
H(s)
0< —H,(5) < — “osh® 5 (4.18)

From (4.18) it follows that

lqi cost \
|Gal < - (E&‘{]—rs)"(?o =T (cosh s> Go- (4.19)
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From (4.16)-(4.19) we infer that

G,=0R ") as R . (4.20)
As a Boussinesq—Papkovich potential G, generates the displacements (3.2) and the stresses
(3.3). For R — oo the displacements have the order 0(R~"~ %) while the stresses go to zero

like R="~2. This follows from (4.4), (4.9) and (4.10) and from (4.16)-(4.20).
By (4.14) s and 1 go to zero as p — 0. We may write

H,(s) = Hy(0)—cos+0(s%) = H,(0)+ca+0(p*?)  with c=—cofi/a. (4.21)

Any unboundedness of grad G, can only be due to the term cx. For the simple case G = ca
the formulas (3.24) for the displacements yield »* = 0 and

u/jc=(a—za.),—2(1 —v)e,, wic = (a—za,), +2(1 —v)a,. 4.22)
With reference to (2.12)-(2.13a) we use @, = — f, and
a—za, = a—14if sin ¢ = (1—sin? ¢p/2)a = (1 +cos @)a = U,,
so that (4.22) can be rewritten as
ufc=[U,—-2(1-v)d], wic = [U;,—2(1-v)f].. (4.22a)

The displacements «’, v’ and w comply with the asymptotics (2.15) of an ordinary fun-
damental field for the approach p — 0. In the preceding form the displacements are those
associated with the potential G,. In the case of G, the factor 4" must be taken into account.
For n > 1 the displacement v’ will no longer vanish identically but it will stay bounded. The
other two displacements are obtained from (4.22a) by multiplying the right-hand sides by
¢ for r = g, i.e. by exp ni(0—0). We can now pronounce that G, generates, through (3.2)
and (3.3), a fundamental field. It has the geometric intensity coefficients

exp ni(0—6)t mi=0, m

fher ¥
1
o

4.23)

Q|-

mt¥ =

Actually we have two fields, corresponding to Re G, and Im G,. The intensity coefficients
follow suit.

Let a regular field, not necessarily of mode I, be the response to a distribution of body
forces F and of tractions T on C*, C~. Its intensity factors k; are functions k;(6) of the
position angle 6 on the edge of the crack. Let

ki(0) = ao+ . (a, cos nf+b, sin nf) (4.24)
n=1

represent k,. The Fourier coefficients are given by

2n 2n
2na, = k,(6) do, na, ='[ k,(0) cos nf d6
niay J; 1(0) R 1(0) 4.25)

2%
nb, = J‘ k,(6) sin n6 40
0

t The factor 7%, where ¢ denotes unit length, has been omitted.
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2
i43
R|
' \ o }
A NS _
Fig. 6.
50 that
k(B')-*—i- 2ﬂk @) do li 2"k 8) cos n(f—0') do 4.26)
| —27'[0 I() +n"=l o '()C n . (-

Since {8} is real-valued we may rewrite (4.26) in the form

2n

1 k,(8) exp ni(0—9) de}, (4.27)
Q

n
A 1 &
ki(8) = Re {21:_[ k1(6) B+ ~ E.

0

We shall determine the integrals in (4.27) with the aid of the fundamental fields generated
by the potentials G,. To this end we apply the reciprocity theorem to the regular field and
to the pair of fields defined by G, within the subregion V'’ of the configuration of Fig. 3.
This subregion, shown in Fig. 6, satisfies both R & R’ < co and p 2 p’ > 0. The boundary
of ¥* consists of the torus p = p’, of the sphere R = R’ and of certain portions of C*, C~.
For easy reference we denote the torus by w and the remaining boundary by §”. In V¥ the
regular field yields tractions T on « and on §'; we denote its displacement vector by .
G, generates, through (3.2), a complex-valued displacement vector field W7, and through
{3.3) complex-valued tractions on the boundary of ¥, which we denote by T;}. We repeat
that G, does not generate body forces. The reciprocity theorem leads to the following
balance of energies:

j. [(WTH-(WET]dS = .{E{Wf,'r)"(W,Tf}] dS-+ j,(W;“,F} dav. (4.28)

Although the vectors marked by un asterisk are complex-valued the scalar product notation
in (4.28) follows the definition for real-valued vectors. Thus:

(W, T +iT) = (T'+iT", W) = (T, W)+i(T", W)

for real T’, T". We let p” - 0. Asymptotically dS = ap’ de d6 on w; the integration on w
with respect to ¢ gives

Hp'.0) = 9"_{ (W, TH-(Wr Tl de
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which has the form (2.17). The asymptotic behavior of regular and ordinary fundamental
fields led us to (2.21) which we repeat here as

lim 7(p",6) = 1(6) = ny/2(k mt +kum$ +kym?)

In the case in hand, the geometric intensity coefficients are those of (4.23). Altogether

2n
lim L[. .1dS =12 L k,(6) exp ni(8—8) dé. (4.29)

As p’ = 0, the subregion ¥’ changes into the interscction of the original clastic region V
with the ball R < R’. S” becomes the union of C*, C~ and the sphere Q of radius R’. Since

G, has no tractions on the crack faces the right-hand side of (4.28) will balance the limit
(4.29) in the form

2n
n\/ij ki(0) exp ni(6—0") d6 = J wrT)dS+ L[(W,,*,T)—(W, T¥)) dS
0 C

+ f (WP dVt (4.30)

Finally we let R” — c0. We can expect

2n
nﬁj k(6) exp ni(@—0’) df = J (W*,T) dS+ J (W*F)dV. 4.31)
0 o 14

This happens in particular if, for R — oo, Wis bounded, T - 0, F = O(R™*) for some 4 > 1.
With (4.27) and (4.31) we have determined k,(6") for the given regular field.
It is possible to give the sum in (4.27) in closed form. We compose

= Wg+2 Z wr (4.32)
as well as

G*—Go+2ZG (4.33)

n=1

Due to (4.19) the series (4.33) converges uniformly in domains in which p is bounded away
from zero. The same applies to its partial derivatives of any order and to (4.32) in particular.
G * is a function of g and s. Taking the s-derivative at fixed g we find

@® n 2
. _ o q ) __—C (__ 2 cosh s)
G = cosh s [1 +2 ,,Z:, (cosh2 s cosh s I+ cosh? s—q/° (4.34)

Integration in accord with (4.10b) yields

1 sinh s—. /g~

G*= —c¢g log +n/2 arctan (sinh s)} . (4.35)

q-—1 sinh s+./q—

+ Here and clsewhere integration over C applies to C* and to C~.



74 H. F. BUECKNER

Here we determine the square root such that
Im/qg—120 (4.35a)
and the log-function such that

n>Imlog (...) 2 —m. (4.35b)

G * is a complex-valued harmonic potential. It takes the values

i
G*=Co

1 ~72] on C*,C. (4.36)
q-—

Evidently G * is crack-analytic. The two fields generated by G * are the limits of ordinary
fundamental fields. As such they need not be ordinary fundamental. We must take a closer
look at the behavior of G* as R — o0 and as p — 0. For R — o0, equivalent with s — o,
we have . /q—1/sinh s — 0. In this case (4.35) yields

Co
sinh s

*

[1+0(e~*)) (4.37)

which coincides with the asymptotic behavior of G,, as one would expect.
For the approach p — 0 we assume some ¢ > 0 and

le"—e”| > c. (4.38)

By this condition g is bounded away from unity and (sinh s)/./g— 1 goes to zero as p does.
From (4.35) we derive

G* = fo(q)+f1(q) sinh s+/;(¢) sinh® s+0(sinh? 5) (4.39)
with

in
Jg—1

2 0
@) = cop =53 ~i@) = = 3, ).

1
folg) = co<—n/2+ ) fl@) =t

1
(4.39a)

The behavior of the fields of G* near the crack edge and under the restriction (4.38) is
determined by the approximation

+1
G*=COZ-—]

. (4.40)

This indicates that the fields of G* behave like ordinary ones everywhere at the edge but
at the point r = a, # = 0’. We shall go into more detail in Section 6.

Turning to W*, the displacement vector generated by G *, we derive from (4.27),
(4.31), (4.32) and (4.33)

|
2./2xn?

kl(ol) =

U (Re W*,T) dS+ j (Re W*,F) dV:!. (4.41)
C 14

With this formula our goal has been reached with respect to mode I. The combination
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(4.35) and (4.41) represents a concrete example for the representation of a stress intensity
factor due to generic three-dimensional loading F, T. The search for such representations
was suggested by Rice[l11, Appendix].

5. THE SHEARING MODES

We begin with the displacements of the first kind as listed under (3.25). For
G =G, = q"H,(s) we find

G.=qH/(s)s., Y=e"qH/(s,. (5.1)
For the approach to the edge of the crack the terms s,, 5, will determine the asymptotic
behavior of the displacements. In this context we can replace H, (s) by —c, and ¢" by

exp ni(0—@’). This leads us to

u' ~ COEl [2(1 - V)SZ—ZS,,], v~ 2iC0El(l - V)Sz, w~ COEI [2(1 —V)S,— (zsl)z]

where  E, = exp [i6'+ (n+1)i(6—90")). G-2)
By (4.14)
\/;s ~ o, \/t;s, ~a,, \/;s, ~ —B, (5.3)
so that

Jaw ~ cE [=20=Vp= ()}, Jav' ~icoEi(1=V)fjp

\/;W ~ ¢oE\[2(1 = v)a— (za).], . G4

A comparison with (2.15) shows that these displacements represent shearing modes with
the geometric intensity coefficients

mt =0, m}=—E /a, m¥ =ik /a. (5.5)
The asymptotics for R — o0 of the field of the first kind are easy to establish. The properties
of G, imply that the displacements go to zero like R~"~2, while the stresses are of the
order 0(R™"~3). Altogether we can now pronounce that the fields of the first kind due to
G, are ordinary fundamental.
Turning to the field of the second kind we derive from G the potential L through (3.22).
If G = H(q,s) then
L = sin t[H, cosh s+ (H+2qH)) sinh s]. (5.6)
This relation is easily proved with the aid of (4.5) and
a’+2z*~r*42rz-s,/s, = a*N. (5.7
The details are left to the reader. The special case G = G, yields
L, = q"[cosh sH,(s)+ (2n+1) sinh sH,(s)] sin ¢. (5.8)
For the asymptotics of p ~ 0, one can use

L, ~ —coE,t, E, = exp ni(6—6). (5.8a)

Now (4.14) states \/(—1 - t ~ B; this and the relations (2.12) and (2.12a) yield the following
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asymptotic representations of the displacements of second kind :

Jarw ~ (1=eEal2(1 =), + (B.)] = (1 =v)eoEal2(1 = v) 4+ (za),],
Jarv ~ =2i(1=v)eoE B, = i(1 =)o Bl (59
Jarw~ (1=v)eoEy[—2(1 = v)a+ (z5),],.

This again characterizes an ordinary fundamental field of mixed modes II and III, this time
with the geometric intensity coefficients

mt =0, m¥ = (1—v)E,/a, m}% = iE,/a. (5.10)
Let R — c0. From (5.8) and the properties of H, it follows that

L, =0(R""?). (5.11)

Displacements and stresses of the field of the second kind due to L, go to zero as R — oc.
They decay one order faster than the corresponding quantities of the field of the first kind
generated by G,. We can now state that the fields of the second kind for L = L, L,,... are
ordinary fundamental.

It is convenient to denote the displacement vectors of the field of the first kind by 2,G,
if G is the generating potential. We denote the displacement vectors of the second kind by
92,G, if L is derived from G by means of (3.22). If G = G, then the 6-dependence of the
displacements shows up in a factor E(8), common to all displacements of the same field.
Obviously E(8) = constant exp nif for 2,G,, and E(0) = constant exp (n+ 1)if for 2,G,.
Without loss of generality we may set E = E, for the first and £ = E, for the second kind.
E, and E, appear in (5.2) and (5.8a) respectively.

The field 2,G, deserves special attention. G, = Hy(s) is real-valued, and so is L,. The
real part of 2,G, is represented by

w=—(1-v)[2(0=vLo+z' Lo}, v =0

(5.12)
w = —(1=v)[=2(1 =v)Lg. + (zLy.).]

and the imaginary part by
v'=2(1-v)L,,, u =0, w=20. (5.13)

The results (5.5) and (5.10) permit to combine the fields of first and second kind so as to
obtain ficlds of pure modes 1l and I11. One finds the following combinations:

W = (Re D,Go)/(1—v);  W¥*=(2,G,—e " 92,G,_)/2-v) n=12,...
(5.14)

for mode 11 ;

W =ImD,Gy;  W*= —i(@:,G,+(1~v)e™" D,G,_)/2—v) n=12...
(5.15)

for mode III.

In the case (5.14) the geometric intensity coefficients m} and »% vanish; we have
am3 = exp ni(0—0") for W,* and all ». In the case (5.15) m¥, m¥ exchange roles.
Relations (4.27), (4.29) and (4.31) apply again after certain nominal changes. They
yield k,(8') instead of k, if the displacements come from (5.14) and if the T,* follows suit.
Similarly they furnish k,(8") if the W,* are from (5.15). Ultimately we want the analogues
of (4.41) for k, and k;; this is easy to do. We extend the meaning of the composition (4.32).
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If the W,* in (4.32) are of mode I (as originally assumed) we set W* = W for the sum. If
the W.* come from (5.14) we set W* = W,k Il they come [rom (5.15) the sum W * is denoted
by Wi%. In detail we have

Wit = (Re 2,Go)/(1—v)+2 Z (2,G,—e™"+2,G,_1)/(2~V)

- (5.16)
Wl’lkl =Im .@200—21 Z [@2G,,+(l —V)(’_'U' .@lGn—- ]]/(2'—\’)
n=1
Through (3.22), G* gives rise to a potential L*. From (4.35) and (5.6) we derive
«_|. g+1 _qsinhs _sinhs el
L |:‘°q—l P G* |'sint. (5.17)

L* determines a field of the second kind with displacements 2,G*. With the aid of G*, the
sums (5.16) can be expressed as follows:

2— N
Q—v)Wi = IT:Re D,Go+D1(G*—Go)—e~ "+ D,(G*+Gy) (5.18)

Q=W = 2—Im D,G,—i2D,(G*—Go)—i(1—v)e ™ - D (G*+G,). (5.19)
These expressions yield in particular
(2—V)Re Wit = Re {2,Go/(1-V)+2,G*—e™ % - 2,(G*+G,)) (5.18a)
(2—v)Re Wit = Im{(1 —=)2,Go+ 2,G*+(1-v)e "D (G*+Gy)}.  (5.19a)
The required analogues of (4.41) are:

1
2\/5712

ky(0) = [J (Re Wi, T) dS+ f (Re Wit F) dV] (5.20)
C 4
1

ky(0) =
2./2n?

[J (Re Wi, T) dS+j (Re Wi, F) dV]. (5.21)

Here the weight functions Re Wi, Re Wi} are available in closed form through (5.18a) and
(5.19a).

The fundamental fields with the displacements W }and W} are important beyond the
configuration of the penny-shaped crack. For this reason we list their poteatials g, 4 and
¥ as well. We distinguish them by an asterisk.

Mode IT
(2—v)g* = —e 7+ (G*+G,).+Loe "+ (1 —v)L¥+iL*
R-vh*= —ie " - (G*+G,),+iLoe "+ (1 —v)L*—iL*
QR-vY* = —e" NG, —e ¥ (G¥+iG¥)—Lo.— (1 —V)LE.
Mode 111

2—v)g* = —i(1-v)e ¥ (G*+Gy),+i(1—v)Loe ¥ —i(1—v)L¥+ L}
QR=vh* = (1=v)e " (G*+Gy). — (1 —v)Loe = L¥~i(1 —v)L¥
QR=v* = —i(1-v)[e" DG, + e““"(G,,“‘+iG_,T")+(L0—L"‘)_.].
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G* and L* have been referred to Cartesian coordinates. Since G, and L, depend on r and
z only, their derivatives have been given accordingly. One can rewrite the lists of g*, A*
and ¥ * in terms of cylindrical coordinates. In this case it is useful to present the information
about these potentials in the following form:

Mode 11
g¥* = g* cos O+ h* sin 0 h** = —g*sin 8+ h* cos 6
2-vg** = =" (G*+Gy).+ Lo+ (1 —v)L¥+iL}/r
Q—Vh** = ~ i (G*+Gy). +iLo,—iL*+ (1 —v)LE/r
Q-vW* = =" (GF+Go,+iG/r)—Lo.— (1 —v)L*
Mode 111

QR=v)g** = —i(1 =)= (G*+Gy),+i(l —v)(Lo—L*),+ L¥/r
Q=vh** = (1 -y 9. (G*+Gy),—(1=v)Lo,—L¥—i(1—v)LF/r
Q=v* = —i(1—v)[e P (G¥+ Gy, +iGFPN+ (Lo~ L*),).

6. SINGULARITY CONDENSATION
The fundamental fields which furnish the weight functions in (4.41), (5.20) and (5.21)
will be considered in some detail. We assume (4.38) first and proceed with an analysis of

G* = f,(g) sinh s+f3(q) sinh’ s. (6.1)

G'* represents those terms in the expansion (4.39) of G* which can cause unbounded stresses
not only in the field of mode I for which G* serves as Boussinesq—Papkovich potential, but
also in the fields of the first and second kind, derived from G*. From (4.14)

sinh 5 = ——oi—(l +p/da+0(p?)), sint= LA (1-p/da+0(p?) (6.2)

Ja Ja
(6.1) and (6.2) imply

3
o4 o

Ja Ja

At this point an expansion of the functions of ¢ is necessary. To this end we introduce two
distances d, 4’ in the plane of the crack (Fig. 7). We define

G* = f1(q)— (1 +p/da)+/5(q) +0(p>?). (6.3)

d*=r*+a*=2racos 9; d'? =2a*(1—cos 9); 9 =6-9. (6.4)
We can write
¢+1 2 2 R
filg) = L co(r* —a*—2iar sin 9)/d>. (6.5)

Bearing in mind that r—a = p cos ¢ we observe that

r2—a?—2iar sin 8 = 2a(r—a)— 2ia* sin 9<1+ r%a) +0(p?)

& = d" + 2a(r— a)(1 —cos 9)+0(p?) = d'2-<1 + '—;—") +0(p?) (6.6)
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i i
y
N d
d\“\‘
a
g o
x
r=q
Fig. 7.
whence )
1d? = [1 - -r—;f -4-0(;)2)]/d’2
6.7}
JSilg) = 20o(a/d’)2'[-—-i sin 9+ 5—;- +0(pz)]-
From (6.7)
3y = 2coa/d)? - [i sin §—14+0(p)]. (6.8)

Using (6.7) and (6.8) along with & = p(1 +cos ¢) we obtain

~ o4
G* = 2cfald) —
Ja

{—1isin 3[1 +p/da—p(1 +cos @)/3a]l+p(2 cos o—1)/3a}+0(p*%) (6.9)

and in particular,

Re G* = 2eg(a1d’)z%'§'(2 cos p—1)+0(p*?). (6.92)
a

The displacements Re W are generated by the Boussinesg-Papkovich potential Re G*,
Due to (6.9a) these displacements are bounded along any segment of the edge of the crack
for which (4.38) holds. They also comply with (2.25); this makes the field by Re G* regular
along those segments. The field is of mode I and possesses a stress intensity factor k*(6)
for 8 # 8 mod - 2n. Here and in two more cases to come it is convenient to determine the
stress intensity factors of an explicitly given field with the aid of (2.2) taken on C*, i.e. for
p = a—r and ¢ = n. This yields

1=k, = Imutw=wo)\/205  (1=v)ks = lim pu(u—uo)/r/20:

(6.10)
ky= — iigq,ﬂ(vwvo)/\/2p.
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In the particular case of W* one finds (sec also the list of crack face displacements in
Section 7) an axial displacement component of Re W

wt= 2 =) Jad  on  C (6.11)
whence
2p
k*(0) = (—ll—/_vﬁa' (6.12)

[For simplicity the factor £*?, ¢ = unit of length, has been omitted on the right-hand sides
of (6.11) and (6.12).] This stress intensity factor goes to infinity as § — §". It grows in inverse
proportion to d".

Let us now take a look at w* for 8 = '. In this case (6.11) yields

0=0:w*= /E(aaﬂ(a—r)‘m. (6.11a)

We can now state: the summation to Re W* of the ordinary fundamental fields due to
Re G, removes the unboundedness of the displacements at all points 8 # 6’ mod - 2n and
aggravates the unboundedness at § = 8’ to the order of d~** for some displacements.

The mode I field generated by Im G* is quite different. It is ordinary fundamental at
all edge points 6 # 6 mod - 2r with the geometric intensity coefficient

cot §(6—8). (6.13)

Q-

mt =

The coefficient goes to infinity as 8 — 6" and changes sign after the passage through 8.
The phenomena (6.11a), (6.12) and (6.13) suggest to call G* a potential with a con-
densation point (8 = 8’) at the edge of the crack. The two associated fields, defined by
Re G* and Im G*, will be referred to as fundamental fields with a condensation point.
The phenomenon of condensation is also present in the fields of W fand W};. In order
to exhibit the essential features we need the analogues of (6.9) with respect to G,, L, and
L*. For p — 0 we find

Gy = co(m/2 —sinh s+1 sinh® 5)+0(s%). (6.14)
The portion that can cause infinite stresses is

Gy = —c, sinh s+ %sinh3 s = —co—[(1+plda—p(1+cos @)/3a]+0(p>>)  (6.15)
a

(5.8) yields
Ly = —¢q sin t+2G,/a. (6.16)

Unbounded stresses are due to

Ly=—co (sin t+ g sinh s) = —co-—l-i——[l —plda+p(1+cos @)/a]+0(p*?). (6.17)
a

7

As for L* we go back to (5.17); using also (4.39) and (6.16), we find that

£* = fi(q) sin t—3 Z £,(q) sinhs (6.18)
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can be taken as that portion of L* which gives rise to unbounded stresses. With the aid of
(6.2), (6.7) and (6.8) we can writc

B

L* = 2cq(ajd’)? = {—i sin 8[1 + p(3+4 cos @)/4a)+ p(1+2 cos @)/a}+0(p*?).
a
6.19)
The leading terms in the representations of Gy, Lo, G*, L* are (in this order)
Go=aly, Lo=fpn  G*=ifufy L*=y@By o0

with  y=.2(1—-v)a, f(9) =cot }3.

We must now determine to what extent these leading terms will prevail in Re W,
Re W The following list of displacements due to the leading terms is found :

2(G*+Gy)

ye"'o'u' =2(1 =1 —iNa, — (1 = iNza,, — (1 = if +f)z(a/r),
ye v’ = 201 = V) (i+ N+ if 20, fr— (f" — if Yza)r?
ye"w = 2(1 =1 =N+ (1= if+f Y/ + [(= 1+ i)z, — (L= if +f)zar],

2,G*;

' = =2(1=v)[(1 =f B, =1 B{r]—i(1 - ) f2..
w = =2(0=V)UB,+A=v)if'B/r1—i(1—v)f"zB./r
yw = 2i(1 =v)’fB. —i(1 —v) f(zB.):

2,G,;

yw = —2(1-v)*B,— (1 —v)zp,.
yo' = 2(1 —-v)if,
yw = 2(1-v)*B.— (1=v)(zB.)..

These displacements show both bounded and unbounded terms. It turns out that the
unbounded terms annihilate one another in the compositions Re W,}, Re W\},. We show
this in detail for the component u’ of Re Wi}. By (5.18a) and the preceding list

Q- = ~-2(1-v)B,—zB,.+2(1 =) ['B/r—=2(1 —v)a. +za,, + (1 + 1)z (a/r),

(6.21)
= 2(1=v)/"Bir+ (1 +/ )z, /r—ajr?),

since &, = f. and a. = —f,. The terms in the last line are bounded and they vanish at
the edge. We emphasize here that (6.21) represents only the contribution of the leading
terms (6.20). In order to obtain the complete #° we must add the contribution from
91(6*—G*+Go—éo), 92(6*-—@“‘), D,(Go— Gy). Obviously these yield bounded dis-
placements so that the total u’ for Re W;fis bounded. Moreover it abides by (2.25); the
last line in (6.21) illustrates this phenomenon. To show the same for the other components
of Re W ¥and for all of Re W}, is left to the reader.

Altogether we can state that the fields of Re Wi, Re W}, behave like regular ones for

SAS 23:)-F
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8 # 6’ mod - 2n. As such, they exhibit stress intensity factors. We state that
2u .
k¥ =0, k¥ = _,_\L_ IRV SR,
, R ool (CRER G Iy

2\/5;& ,
¥ = . 2
k3 2-7 sin 9/d

for mode I1. ' (6.22)

i

2./2
k¥=0, k? —(;[:;sinS/d’z

k¥

I

2
—f—# [@+v)/d?—(1-v)/a’]
2—v
for mode II1. (6.23)

Again (6.10) can be used in order to derive (6.22) and (6.23) from asymptotic or explicit
representations of the displacements on C*. In particular the list of crack face weight
functions in the next section can be chosen. In this context one should observe that

20+8=+n for r=a (6.24)
With this much said, the detailed verification of (6.22) and (6.23) can be left to the interested
reader. The behavior of k% for mode II and of k% for mode III is similar to that of k* for
mode I. It is interesting to note that k;* for mode II and k;* for mode III do not vanish.
They also go to infinity as § — 8’ ; their order of growth is given by 2a* sin 3/d’? = cot 39,
and they change sign as 8 passes through . We shall return to these phenomena in our

discussion of the half-plane crack.
Relation (4.28) of the reciprocity theorem can be replaced by

by

f[(W,T*)—(W*,T)] dS=J [(W*, T)— (W, T*)] dS+j (W*,F)dv,
o A

where W* is either Re W*, Re Wit or Re W}, and T* is the associated traction vector. A
comparison between formulas (4.41), (5.20) and (5.21) shows that :

lim j (W, T*) = (W*T)] dS = 2./2+ n? - k,(6"), (6.25)

where j = 1,2, 3 in accord with the mode chosen for W*. Now the surface of the torus w
in (6.25) can be split into pieces w’, w” with w” satisfying (4.38). Since the field of W* is
regular under (4.38) we have

lim J (W, T*)— (W* T)] dS = 0. (6.26)
Combining (6.25) and (6.26) we see that
,l,i_rg .L [(W, T*)—(W*,T)] dS = 2ﬁnzk, @) 6.27)

no matter how small ¢ > 0. This relation applies to any regular field with intensity factors
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k; at 6 = @". Therefore, the fundamental fields associated with Re W*, Re W} and Re Wil
have universal character near the point of condensation.

7. THE HALF-PLANE CRACK. A LIST OF CRACK FACE WEIGHT FUNCTIONS

We return to the configurations Figs 4 and 5. One can derive the weight function
formulas (4.41), (5.20) and (5.21) for the half-plane crack by a suitable adaptation of the
procedures used for the penny-shaped crack. The equivalent of the potentials G, is[4]

G(x,y,z) = constant -Erfc(\/Ia)e“”‘”, A>0. .1

The series (4.33) is to be replaced by a Fourier integral. The potential L is derived from G
by means of (3.20).

We can also obtain the weight functions for the half-plane crack by a limit procedure.
To this end we place the center of the penny-shaped crack of radius a at the point x = —g,
y = 0. As a — oo the penny-shaped crack turns into the half-plane x < 0. Following this
procedure we confine the point x, y and z to a fixed finite domain. The coordinate of
condensation on the crack edge is denoted by y’. It takes the place of §’. We have to use

r=a+x+0(1/a), O=yla+0@? as a—© (7.2)

whence

a(g—1) ~ x+i(y—y)={,  2asinh? (s+it) = r—a+iz ~ x+iz = pe*

\ (7.3)
s+it ~ —(a+if).
a
The potential G*, defined by (4.35), goes to the limit
G ! 2=/t (7.4)

.= log .
J2:0-NWST et /T

This result is partially due to the influence of ¢, since this coefficient is in proportion to
a~ ', We observe that G, = 0 as a — 0. For fixed G (x, y, z) the function L of (3.22) depends
on a. As a = o, the function L takes the limit (3.20). In the case G = G* the limit of L*
as @ — oo turns out to be

Ly = 2(2Gu;—xGha,), (7.5)

i.c. Lx is found by direct application of (3.20) to G«. The weight function formulas retain
their form after replacing 8’ by y’. The displacements Re W *, etc. are obtained as follows:

For mode I. Use Re G, as Boussinesq—Papkovich potential and determine the displace-
ments by means of (3.2).

For modes II and II1. Determine displacements of the first kind by (3.12) and (3.15)
for G = G« ; find the displacements of the second kind by (3.12) and (3.17) for L = La.
The displacement vectors so obtained are combined into

Q-vWit=2,G+—2,Gx (7.6)
Q=W = —iD,G+—i(1—-v)2,Gx. (1.7)
From these it follows that

(2—V)Re Wit = Re (D,G+—2D,G») (7.8)
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(2—v)Re Wit = Im[D,Gx+ (1 =)@ ,Gsl. (1.9)

With these rules and formulas the weight functions for the half-plane crack are completely
described.

In many applications the weight functions for the crack faces C*, C~ alone are needed.
For the convenience of the reader we list the displacements of the relevant fundamental
fields for penny and half-plane. It suffices to do this for C*. The displacements on C~ are
found by the following rules: the normal displacements w of modes II and III and the
displacements &” and ¢’ (x and v) of mode I are the same at opposite points of the crack.
All others change sign as we go from a point on one face to the opposite one of the other.

Crack face weight functions on penny
Abbreviations: v’ = 2(1 —v)/(2—v); €* (G*+G,,) = G’
Preliminary Forms:

Mode I.
U= —(1-2v)Re G}, v = —(1—2v)Re G}/r, w = 2(1—v)ReG%.

Mode II.
U = —vRe[Ly,+(1—v)L¥+iL¥/r—G'

v = v'Re[iL¥— (1 —v)L¥/r+iG’], w = v'Re[Lq.+(—v)L¥.

Mode I11.
u = v'Re[(1—v)iL¥—L§/r+i(1-v)G’]

v’ = vRe[(1=V)Lo, + L*+i(1 =v)L}/r— (1—V)G']

w=v({ —v)ImL*

With the abbreviation T = . /a’—r? the quantities in the preliminary forms take these
valueson C*:

G} = —%coni~———————q G}/r = iG} G} = co—qil«
rg—1/g-1 (4=DT

G = ZCOeis/(q—‘ l)T, Lo, = Cor/aT, L()z = CoTC/za
.o _ g7 (@+Dhr P L
Lr = =2 o~ fg=tyar L=~ oo Ty

L¥ = —con/2a—cqymi

|
alg—Jg—1

In order to express real and/or imaginary parts of these quantities in a convenient way, we
use besides r, d, 9, the angles é and 4 [no relation to the parameter A in (7.1)] as shown in
Fig. 8. We can write

] — id q+1_ 1A
=1 ae*/d, q_l--l 2ae”[d

. ) 1
q — _aelA/d+(a/d)282u;

= i 2w
(g—1)? \/q——l \/a/~d (sin 4/2—i cos i/2)

= (a/d)¥?* (—sin 34/2+i cos 34/2);

1
(g—-1/gq-1

q _ 1 + 1
(g-D/gq-1 g—1 (g—1/q-1

G’ = =2cylajd* T)e** = 2ca/dT)e .
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I..l
condensation
point

r=qQ

sgnA = sgnp=sgnat for O<jH<

Fig. 8.

The following two identities are useful in order to obtain the final form of the displacements :
[2(a/d)cos 6—r/a)/T = T{I —(a/d)?]/ar (7.10)

[(2a*/rd) cos A—r[a)/ T = T[1+(a/d)*}/ar. (7.11)

Final Forms:

Mode I.
Y = (1-2v)n
(1-v)2r/2d
= (1-2v)n
(1=v)-2r/2d
w=/2T/ /ad

[—cos A/2+(a/d) cos 34/2)

[sin 4/2— (a/d) sin 34/2]

Mode II.

u = f r —~————{v+2(a/d) cos A+ (a/d)*[v—2—2v"cos 24]}

-y Jaar

v = 2\/— T — Y [(1=v)(a/d) sin A+ v(a/d)? sin 24]

(2 —v)* \/;ar

W= — ——\/—5ﬂ——[§+v+(1—2v)(a/d)’/2 cos 34/2].

22-v)a*\/a

Mode I1I.

u = 2\/' T — Y [—(a/d) sin A+v(a/d)* sin 24]

2-v): \/;ar
v = ‘/— T [v—2(1—v)(a/d) cos A+ (a/d)*(2—v—2v cos 24)]
(2 v)* \/;ar

Q- zv)ﬁn.
W= 2Gy. gTENR 32
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At r = 0 the displacements «’, " become ambiguous and Cartesian displacements u, v are
preferable. The transformation from one pair to the other is—in complex form—

u+tiv= e +iv'). (7.12)
As an example let us consider mode 1. From the list of final forms we derive

(1—2v)

(1- v)2r\/§;1

u+iv= .e—ll/z.eiﬂ[_l+(a/d)e—u];

here
o . o g e T
e;B -—l+a e.z=e:o, -=exo —,
(=14 (@™ = e s o= e oo

Asr—0wehaveqg—0,4—0and

(1-2v)n o
(l—v)'2a\/§; .

The same result is found as we use the preliminary list and

utiv=

| )
G* > 5" come® as r—0 atconstant 9

together with G¥ /r = iG?*. The other modes can-be treated in the same vein.

The weight functions for the half-plane crack, in particular on C*, C~, can be derived
from those of the penny by letting a — co. The quantities d, &, 4 retain their previous
meaning, and Fig. 9 shows the relevant details. We observe that

T/ 2a—/-x asa-w. (1.13)

In the limit process the term ar behaves like °. The displacements «’, v” become Cartesian
ones u, v. We list the final results.

Crack face weight functions on half-plane C*

Mode I.
_ (1—2v)\/§1r 2.
u= ai—v) d cos 34/2
(=)o,
v= - d™%*sin 34/2
w=2-/—x/d.
Mode I1.

U= 2(l+§2—_v—vcos 21)-,/-x/d2

4
b= — Z—_f—v (sin 24)/ — x/d?

. -0 ~2)n

-3/2
22—7) cos 34/2.
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¢ .

X
A .
_______ -4 y' ;condensation point

sgni= sgnly-y")

Fig. 9.

Mode I11.
=Y sin 2y /T
Ty

2
v= —2(1—- 2—_vvcos 21) J —x/d

IRENEA (L2 ) vy
2—v

The limit process @ — o0 can also be applied to the formulas (6.12), (6.22) and (6.23)
for the stress intensity factors of the fundamental fields at the edge points 8 # 6’ mod - 2x.
Relation (6.12) stays verbally intact ; (6.22) and (6.23) become simpler. For the half-plane
crack k3* vanishes for mode III and k;* for mode I1. The terms 1/4* are to be replaced by
zero. That k* does not vanish in (6.23) and that k§ does not vanish in (6.22) must be
interpreted as the effect of curvature of the edge of the crack.

We conclude this section with two examples. For our first example we expose the crack
faces of the penny to distributed pressure p(r,8). Formula (4.41) and the displacement
w = /2T/,/ad* of mode I lead immediately to (1.9). In an earlier derivation of (1.9) in (4]
the displacement w was found by summation of (4.32) with the W,* taken at the crack faces.
The second example is for the half-plane crack. At the point x = —dj, y = 0 of the crack
we apply forces Y to C*, —Y to C; the force vectors are parallel to the y-axis (the edge
of the crack). In this case the elastic deformation is of mixed modes (II and III). Equations
(5.20) and (5.21) are to be used in conjunction with the displacement v. In the list above, v
is given with the aid of 1. We have

do+iy =d-e®, d*=di+y?, d*cos2i=di—y?  d*sin2i= -2dyy.

This leads to the stress intensity factors:

Y
k() = (_2_—‘,‘,)‘1?\/2‘{0‘(10}"/(34 (7.149)
Y v di-y?
k() = —mivzdo(l—i_%'—o—‘ﬂz—) (7.15)

8. FINAL REMARKS

For the penny-shaped and the half-plane crack in the full space all relevant fundamental
fields are now available. The associated weight functions permit the calculation of the stress
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intensity factors of interest by mere quadrature but our results are significant beyond such
applications.

Let us consider a finite elastic body 4 with a penny-shaped crack inside, say the body
in Fig. 6, bounded by the spherical surface Q. Let # " denote one of the fundamental fields
with condensation point § of the infinite structure, say the field of mode I, generated by
Re G*. One can show that the tractions on £, generated by %, are self-equilibrated. It is
therefore possible to determine within 4 a regular field #” which annihilates those tractions.
Moreover #’ can be assumed to have no body forces. The sum & = F '+ %’ constitutes a
field in ¢ without body forces and without tractions on C*, C~ and Q. It is a fundamental
field for 4. Assume now in ¢ a regular field &, whose stress intensity factors we wish to
determine. To this end we apply the reciprocity theorem to & and & for that portion £° of
¢ which is outside the torus w (Fig. 6). If Wand W * denote the displacement vectors of #
and & respectively, if furthermore T, F are traction and body force of # while T* stands
for the traction due to &, then

j[(W,T*)—(W"‘,T)] dSzf (W*T)dS+ J{/(W*,F)dV;
w S 4

S’ consists of Q and of those portions of C*, C~, which are outside the torus. As p’ — 0
this equation takes the form

Cufd

2- /27 = J (W*,T)dS+ L(W “F)dr. 8.1

The right-hand side needs no explanation. The left-hand side is based on the observations
(6.25)-(6.27) with regard to &’ and on the circumstance that the contribution of #’ to the
integral over « will vanish in the limit p’ — 0. Formula (8.1) can be extended towards &,
and k;. Moreover the validity of (8.1) is not confined to a body bounded by a sphere. Q
can be any surface containing the crack. The computational effort to acquire a weight
function formula of type (8.1) is modest. We merely have to modify an already available
fundamental field by a regular field 2’

We can go further. Let ¢ be a finite body with a plane crack of convex shape. Moreover
we assume the edge of the crack to be smooth and to be composed of circular arcs of
various curvatures. Let I be such an arc. Without loss of generality we can assume that
I'” lies on a circle of radius a, as shown in Fig. 8. We now pick a point of condensation on
I’ (¢ in Fig. 8) and draw a sphere of radius ¢ (called an ¢ sphere) around it. For sufficiently
small values of ¢ the arc will have its endpoints outside the sphere; all points on and within
that sphere will belong to 4. We take again the fundamental field & of mode I and
condensation point 8’, as generated by Re G* for the penny-shaped crack in the infinite
space. We define: a field % in ¢ is fundamental of mode I with condensation point 8" if:
(a) the field has neither body forces nor tractions on the crack and other boundary of ¢;
(b) it behaves like a regular one at all points of the edge, different from the point of
condensation ; (c) within the ¢ sphere it differs from %’ by a regular field.

For such a field # and any regular field in ¢, formula (8.1) applies again; this time C
is the plane crack of convex shape and Q the remaining boundary of 4. In the same vein,
fundamental fields with condensation point 8 can be defined for the other modes. In [10],
Paris, McMeeking and Tada described a numerical method for the calculation of plane
strain fundamental fields. It is based on a priori knowledge of the asymptotic behavior of
the displacements of the fundamental field near the tip of the crack. Their method can be
utilized for the computation of #. Inside the ¢ sphere we approximate # by & ’; in the
remaining portion 4, of ¢ we approximate &# by a regular field #, without body force,
subject to these conditions: (i) on the ¢ sphere, the displacements of #, and &’ coincide;;
(ii) &, has no tractions on all other parts of the boundary of 4,.

On this occasion, some comments on the uniqueness of weight functions are perhaps
in order. Returning to (1.1) we assume that W* is continuously defined throughout the
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elastic region, i.e. at all points of ¥ other than those on the edge of the crack. W * shall be
continuously differentiable at the inner points of the region. As for W*’, this vector field
shall be continuous at all points of the boundary S of V, the edge excluded. Let there be a
second pair of such fields, W* and W*' for ¥ and S respectively such that

ki (Q) = L (F,W*)dv+ L (T, W*) ds, 8.2)

for all regular fields responding to self-equilibrated load systems F, T. Subtracting (8.2)
from (1.1) we find

0= .[ (F,W,)dV+ J‘ (T, W) dS
v s

with  Wo= W*—W*, Wg=W*-W*. ®3)
If Wy is a displacement field of rigid body motion and if W; = W, on S then (8.3) is satisfied
for all self-equilibrated load systems F, T. We assert that this is the only choice of W,, Wy
in order to make (8.3) possible. Proof: let P,, P, denote position vectors of two inner
points of V and let concentrated body forces attack P; and P,, such that A(P,—P,) is the
force at P, and A(P,— P,) the force at P,, A being some scalar. This system of forces is seif-
equilibrated. From (8.3) it follows that the component of W, in the direction of P,— P, is
the same at both points and, more generally, the same at all points P = P,+t(P,~—P,)
where ¢ is a scalar restricted by the condition that P belong to V. Since W, is continuously
differentiable inside V, one can derive that W,, interpreted as a displacement field, has
vanishing strains. Consequently W, is a displacement field of rigid body motion. With this
taken into account, (8.3) implies

0= J (T, Wi— W,) dS (8.9)
S

for all self-equilibrated systems F, T, but F does not appear in (8.4) and (8.4) can be taken
as valid for arbitrary T, which in turn implies Wy = W,, Q.E.D.

From here on it is reasonable to assume that the weight functions W*, W* in (1.1)
are displacements of a suitably normalized fundamental field # with condensation point
Q. The stress intensity factor k;(Q) in (1.1) is that of a regular field, responding to body
forces F and boundary tractions T. Let us now change the causes which give rise to the
regular field. Let the displacements of such a field (#) be prescribed on a portion S, of S
(Fig. 1, shaded area) and let the tractions be given on the remaining portion S, of S.
Body forces are admitted as before. In order to find a formula for k;(Q) under the new
circumstances we modify # by the addition of a regular field %, such that the sum
F = F + R, yields zero displacements on S,. In this context it is assumed that S, is away
from the edge of the crack. Altogether & is a field without body forces, without tractions
on S, and without displacements on S,. With # and & we form the energy balance on the
reciprocity theorem and obtain

ki(Q) = J; (T, W*)dS—- J; (T, W) ds+ J'y F.w*dv (8.5)

where W*, T* go with #. This brings us to another utilization of the fundamental fields
of the penny-shaped and of the half-plane crack. If a finite body with a penny-shaped crack
inside is subject to geometric boundary conditions one can acquire weight function formulas
of type (8.5) by merely adding regular fields to the fundamental ones, described in the
preceding sections.
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The infinite structure, cracked in a plane outside of a circle of radius a, can also be
treated by the method of crack-analytic potentials and with the aid of relation (3.22)
between G and L. Its fundamental fields, modified by the addition of regular ones, can be
useful in the analysis of finite structures such as the cylinder with an external circumferential
notch.
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APPENDIX A: HARMONICITY-PRESERVING LINEAR DIFFERENTIAL
OPERATORS OF ORDER |

We take a domain D (an open and connected set) of the space and consider the class % of functions which
are harmonic in D. If F(x, y, z) belongs to % then F admits continuous partial derivatives of all orders and satisfies

VF =F,,+F, +F, =0. (Al)

Let P, X, Y, Z be four functions, defined in D, each of them having continuous partial derivatives up to the
second order. We construct the linear operator

0 a a
g—P'{'X'é;‘FY@“PZ‘—?E (A2)

and pose this question : how must P, X, Y, Z be chosen in order to enforce
ZFeG forall Fe%. (A3)
Applying & to the harmonic functions F = [, F = x, F = y, F = z we see at once that
Pe% (A4)
X+xPe¥9, Y+y-Pe¥, Z+z-Pe¥ (AS5)

are necessary conditions in order to achieve (A3). They imply in particular that P, X, Y, Z must admit continuous
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partial derivatives of any order. Assuming (A4), (A5) from here on and using

VP =0 (A6)
VIX+2P, =0, VY+42P, =0, VZ+2P,=0 (A7)
we obtain
!
3 VL = XF + Y F +ZF. + (X, + Y)F,+ (X, 4+ ZIF+(Y,+ Z)F,, (A8)

for a generic Fe 9. For the special harmonic functions
F=xy, F=xz, F=ypz;, F=x—p? F=xl~z}, F=pi-7?
the condition V2F = 0 and (A8) necessitate
X,+Y,=0, X, +Z, =0, Y.+Z,=0 (A9)
X.=Y, =2Z,. (A10)
Now (A8), (A9) and (A10) imply
V2&F = 2X,V’F =0 (All)

for a generic Fe 9. Altogether we can now state that conditions (A4), (AS), (A9) and (A10) are necessary and
sufficient to enforce (A3), i.e. to make #F harmonic whenever F is so. It is easily checked that the following
functions comply with those conditions:

P=Py+ax+by+cz (Al2)
X = a(x’—y* =2+ 2bxy+ 2cxz +dx — *p+b*z+ X, (A13)
Y = 2axy+b(y*~x?— )+ 2cyz + dy + c*x~a*z+ Y, (Al4)
Z = 2axz+2byz+c(z? — x* ~yY) +dz ~b*x 4+ a*y+ Z, (A15)

where Py, Xo, Yo, Zy; a, b, ¢, d; a*, b*, c* are constant coefficients. The case where all coefficients but P,, X, Y,.
Z, vanish can be considered as trivial. Of the others we list three in particular. These are

LF = xF, +yF,+2F, (Al16)
£F = 7F, —xF, (A17)
LF = 2F +22(xF, +yF,) + (22— x*—y*)F,. (A18)

The operators of (A17) and (A18) are useful in the crack analysis of this paper. In terms of cylindrical coordinatcs
r, 0, z we can represent (A18) in the form

XF = zF +2zrF, + (z* = r¥)F,. (A19)

The operators defined by (A12)-(A15) are the only ones complying with (A4), (A5), (A9) and (A10). We consider
the function P. From (A7) and (A9) we derive (X,+ Y,) = —4P,, = 0; in the same vein P,, = 0, P,, = 0 follow.
(A7) and (A10) yield

VX, = —2P, =V?Y, = ~2P, =V'Z, = —2P,;

this and the harmonicity of P imply P,, = P,, = P,, = 0. We have shown that all second order derivatives of P
vanish ; (A12) follows. Turning to X, Y, Z we derive from (A9) and (A10): X,, = Y,, = — X,  X,, = —X,,, hence

'« = —V2X = 2P, Integration yields X, = 2P+ u(y, z); analogously Y, = 2P+v(x,z2), Z, = 2P+ w(x,y). Due
to (A10) we must have u = v = w, which cannot happen unless u, v and w are constants. Altogether we have found
that

X,=2P+d, Y,=2P+d, Z,=2P+d (A20)

where d is a constant. At this juncture we derive from (A9):
Xp==Y,=2,=-X, whence X,=Y,=2,=0. (A21)
Let now d and P be given, the latter in the form (A12). It remains to determine X, Y and Z from (A20) by
integration, complying with conditions (A9). It is obvious that X, Y and Z by (A13), (A14) and (A15), satisfy

(A20) as well as (A9); in particular (A20) and (A9) are already satisfied by those terms of X, ¥, Z which go with
the coefficients a, b, ¢, d. The remaining portions of X, Y and Z satisfy (A9) and the homogeneous forms of
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(A20), i.e. the equations
X,=Y, =2 =0. (A22)
The most general solution of (A22) under condition (A21) is of the form
X =a,(y)+a,(2), Y=56,x)+b5(z), Z=c;(x)+c,(»);

the general conditions (A9), of which (A21) is but a special consequence, cannot be satisfied unless the functions
a,(y), etc. are linear. This leads to the linear functions

X =Xo+ay+asz, Y="Y,+b,x+b;z, Z=Zy+cx+cyy.
Even so the coefficients are not free to choose ; we must have
a,+b, =0, as+c¢; =0, by+e, =0.
It is now seen that the terms with X, Yo, Z,, a*, b*, ¢* in (Al3), (Al4) and (A15) represent the most general

solution to (A22) under (A9). This completes the proof that formulas (A12)-(A15) provide the most general form
of the operator & in order to preserve harmonicity under (A3).

APPENDIX B: EVALUATION OF SOME INTEGRALS
The integrand in (2.17) contains factors

X*pdo = —(0¥ cos p+1¥, sin @)p dp = —g? dz+1% dx ~ —dU*
Z*pdep = — (1% cos @+0* sin p)p dp = —1% dz+0* dx ~ dU? (B1)
Y*pde = —(1} cos o+ 1% sin @)p do = —1}, do+ 1k dx ~ pmy(BX dz—p* dx) = —pm, da*.

The analogous terms for X, Y and Z are obtained from the preceding ones by removing the asterisks and by
replacing m; by k,. We observe that «, U,, U,, Uy, and U,, and the x-derivatives of these quantities vanish for
¢ = +n. Therefore

J. dUu* =0, J‘ dur =0, j do* =0 (B2)
L's 4 g

which proves (2.18). The limit /(y) is of the form
I(y) = .gg a,mk, (B3)
with certain constant coefficients «,. The asymptotic relations for regular and ordinary fundamental ficld make
it obvious that ay, = ay, = a, = a;; = 0. Therefore
I(y)=‘gla,,m,kj+a,,m3k3. (B4)

We determine aj, first. As a consequence of (Bl) we can write
Hasyy =f (B da*— p* da) =j (8 da,— B, da)
whence
l L3
Hazy = — f f da. (BS)
P J-x
Along & we have 2da = — f do, 2df = a de. The first of these relations permits us to rewrite (BS) as follows :
LI 2
pay= -3 Bdp =~ sin’ ¢/2dp = —m. (B6)
In the absence of terms with k,, m; one may write

2ul(y) = J' {=[-U,+4(1 =v)A) QU +[- U, +4(1 —v)B] dUX +[- U X +4(1 —v)4*] dU,

—[-U*+4(1—v)B*} dU,}. (B7)
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We split
2ul(y) = Jo+4(1—v)J, (B8)

where J; is that portion of (B7) where A, 4*, B, B* appear ; J, is the remainder. Observing again that U,, U,, U*
and U¥ vanish for ¢ = £ we find

J.,=J (U, QU+ U? dU,— U, dU* - U* dU,) = (U, U*=U,U®)| =0. (B9)

This leaves us with J, which we treat by integration by parts as follows:

Jy =J (—A dU#+4* dU,+ B dU* ~ B* dU,)

(B10)
=I (U* dA=U, d4*+U, dB*-U?* dB).

Let us now consider the special case k, = 0, m, = 0. This implies that 4, B*, U,, U} arc even in ¢ while 4*, B,
Up, U, are odd. Consequently J, = 0. Altogether we have found that a,, = 0. The same holds for a,,. Returning
to (B4) we may now write

1(y) = ayymk, +azamak; +aysmsk;. (B11)

It remains to determine a,,, a,;. We have

uay/(l—v) = J'x (U da—U,; do, + Uy, dB,— Uy, 46) (B12)

#‘122/(1 —V) = J (UZx: dﬂ— UZ: dﬂx— U2x dax+ U2xx da) (BIB)
Proceeding with (B12) we make use of (2.13) and (2.13a) in particular and find

uan/(1-v) =J: (U)o = U1./2p) da— (U + U\, /2p) dP]

I x
= %J [(14cos @ ~sin® @) >~ (1 +cos p+sin? p)a?] de

= —%Ji [(1+cos ¢) cos @+sin? @] de = —n. (B14)

As for (B13) we observe that

Way + /(1 =) = 2[ @ db-a, )= - ja ap
= —2°£ncos2 @/2do=-2n (B15)
whence ay, = a,,. This, together with (B14), (B6) and (B11), leads to
1) = = 210 = eymy +kms)+koms) (®B16)

repeated as (2.19) in Section 2.



