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Abstract-—The nature of singularities at the vertex of conical notches and inclusions is found for
problems of potential theory and for elastostatic problems of torsion and of axisymmetric
stress, A solution in terms of spherical harmonics and a general numerical solution based upon
the field equations are used to determine the power dependence of the field quantities upon
the distance from the apex of the cone. Eigenvalues representing the exponent are computed
for various values of cone angle and for various Poisson ratios.

1. INTRODUCTION

Whereas singularities in two-dimensional problems of potential theory and of elasticity
have aiready been thoroughly examined, little is known of the singularities in three-dimen-
sional problems. Even the singularities at conical notches and inclusions, the simplest of the
three-dimensional problems, seem to have escaped attention and will, therefore, be examined
in this study. Spherical coordinates will be employed and will be separated in a manner
which is analogous to that introduced by Knein|1} (upon suggestion of von Karman), and
later independently developed by Williams{2], and Karp and Karal[3]. Attention will be
restricted to problems that either are axisymmetric or are reducible to one-dimensional
problems. The axisymmetric ¢lasticity problems for a cone has recently been investigated
by Thompson and Little[4], but they considered only cones of acute vertex angle (less than n)
in which no singularities arise. Nevertheless, it is easy to check that their general solution
applies for all angles, and so it can be used herein.

Two variants of solution will be used. One will be based on spherical harmonics{4]. The
other will be a general numerical method which, after some additional refinements[5], is
applicable to three-dimensional singular problems in general. A demonstration of this
numerical method is a second objective of this study.

2. POTENTIAL THEORY

Consider a three-dimensional harmonic function u(6, ¢, r) in spherical coordinates 8, ¢, r
which are centered in the apex of a cone whose axis coincides with the pole. In analogy
with the method of Knein[1], Williams[2], and Karp and Karal[3], the radial coordinate r
will be separated by assuming the harmonic function in the form

wl, ¢, ¥y = r*U(8) cos k¢ )
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where & must be an integer in order to guarantee continuity of . If this expression is sub-
stituted into the Laplace equation

o%u 1 d%u ] 0’u  20u cotfdu
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variable r may be eliminated. This yields a second-order ordinary differential equation for
function U(6),

2

k
[A(ﬂ_+l)~§n—25]U=O (60#0). (3

il +cotd ou +
de? o0
In the limit 8 — 0, this equation degenerates into a condition of axisymmetry:

oU/00 =0 fork=0; orU=0fork #0 (at 8 = 0). {4

Two types of the boundary condition on the surface of the cone (8 = ) will be con-
sidered:

(a) U=0 at 6 = f (inclusion) (5a)
(b) ¢U/08 =0 atfd=f (notch). (3b)

(Note that the boundary condition U = const. may be reduced to U = 0 by a substitution of
a new variable for u.)

The boundary conditions on the radial rays will not be specified, and so an infinite
number of solutions is naturally expected. That this is indeed so is clear from the fact that
equations (2) and (5a) or (5b) represent an eigenvalue problem. Its eigenstates form a com-
plete orthogonal system and, therefore, a solution for any specified boundary conditions on
the radial rays is a linear combination of all eigenstates. However, in a sufficiently small
neighborhood of the apex of the cone, the eigenstate that corresponds to the root 4 of the
smallest real part prevails (except in the special cases in which the boundary conditions on
radial rays yield a zero coefficient for this eigenstate). Consequently, determination of the
smallest Re(4) is of particular interest, especially when |Re A| < 1 because the gradient is
then unbounded near the apex r = O (singular behavior).

(A) Solution in terms of Legendre functions

Introducing the new variable x = cos 6, it is readily recognized that equation (3) is the
Legendre differential equation (for k& = 0) or the associated one (for k # 0) [6]. Its solutions
are the associated Legendre functions P%(cos 8) [6] (automatically satisfying axisymmetry
condition 4). The boundary condition (5a) or (5b) requires finding such 4 that

(a) Plcos By =0 (inclusion) (6a)
k

o) 2D o), (6b)
a0 oy

The condition (6b) may be brought to the form (see formula 8.733-1 in [6]):
(A + Dxo PYxo) — (A — k + DPY, (x) =0. X, =cos B (notch) (6¢)

which is more expedient for numerical calculation. The values of A have been solved from
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equations (6a) and (6¢) numerically {with the aid of a computer), using the regula falsi
method. This has been particularly simple because it was known in advance (from the
numerical method described below) that all roots 4 are real. The values of Legendre function,
including the associated one, have been computed from its hypergeometric series representa-
tion[6}.

The smallest A-values (probably accurate to four digits) are shown in Fig. 1. Singularity
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Fig. 1. Four smallest values of A in potential theory problems.

(i.e. A< 1) is obtained only for § > r/2, and for k =0 (axisymmetric state) in case of
inclusion, or for k = 1 (period 27) in case of notch. For angles f# close to © (8 > 0-957) the
hypergeometric series converges poorly and an asymptotic expansion[6] is required; from
such an expansion it further follows that

. dA
ayimi=0, lim— = i i
(a) 5::1; ﬁ:n; T oo {inclusion) (7a}
(by im A =1, lim dA 0 (notch) 7b
=1, 2 notcn).
Bn p-n dp -~ (70)

In the limiting case of a line inclusion (8 = ) the solution is well known[7):
0
UG =C ln(tan »2-) A=0, 8)

while for a line notch a homogeneous field (1 = 1) is the solution.
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(B) Direct numerical method based on field equations

Interval 0 € (0, f) is subdivided by discrete nodes, uniformly spaced, and equation (3) and
the boundary conditions are replaced by their finite difference approximations. If the
boundary conditions (4) and (5a} or {5b) are eliminated. one obtains for the nodal values U,
a tridiagonal system of linear algebraic equations which can be brought to the form:

}:a,-jUj——yU,-:O with g =AA+ 1) (i=1,2,....n). {9)
i=1

where coefficients a;; are independent of .. Thus, the problem is reduced to a standard
eigenvalue problem. Standard library subroutines have been used for its numerical solution.
After determining u, whether complex or real, the corresponding value of 4 is computed as

A=—1 +\/i + . The solution has been programmed for complex 4, and it has been proved
that no complex roots exist. With a step size A = 3/48 the results coincided to four digits
with those obtained analytically (Fig. 1). To illustrate the convergence, the i-values for
BiAG = 12, 24, 48 and 96 are 0-46396, 0-46332, 0-46315 and 0-46311 in the case of a notch
with f# = 4 and & = 0 (for second-order finite difference formulas). The direct numerical
solution involves more algebraic operations than the previous numerical solution based on
an analytical approach, but the cost of computation is so small that the difference is unde-
tectable. When searching for complex 4, the direct numerical approach is more simple 10
program, and even more importantly, all computations are explicit and the computer runs
are sure to succeed (whereas the solution of A from (6a) or (6¢) requires tracing in the
complex plane the curves of Re(A) = 0 and the curves of m(4) = 0, and finding their intersec-
tions, for which a computer program that would not necessitate many runs and an inter-
action of the programmer is difficult to write). It seems that with small A0 the direct numerical
method works satisfactorily even for f§ quite close to 7 (0-97r). although for § sufficiently
close to r it must fail, because function U(f) tends. according to (8). to become singular at
0=

Physically, the above solutions represent distributions of temperature near a uniformly
heated perfectly conducting conical inclusion or a non-conducting conical inclusion: or
similar distributions of electric charge, of stream function in flow or seepage problems, etc.
The cases for k = 1 and k = 0 correspond to homogeneous distant field with gradients
parallel 10 ¢ =0, § = r/2, and to 6 =0, respectively. The above solution also describes
scattering of waves by a reflecting or absorbing cone, because near the singularities the
Helmholtz reduced wave equation is equivalent to Laplace equation. The same is true of the
Poisson equation.

3. ELASTIC TORSION
Asiswell known ([8], p. 326), the elasticity problem admits solutions for which u, = 4y =0
(u denotes displacement component in the direction defined by the subscript). These solutions
correspond to the case of torsion about axis # = 0. Displacement u, then satisfies the equa-
tion ([8], p. 326):

Vi(uycos ¢) = 0. (10)

In the case of a rigid conical inclusion, the boundary condition on the surface of a cone is
u, = 0. Thus, the problem is identical to the previously solved potential theory problem of an
inclusion (case a in Fig. 1) with & = 1. It is seen that no singularity of stress occurs (4 > 1).



Singularities of elastic stresses and of harmonic functions at conical notches or inclusions 961

In the case of a conical notch, shear stress o4, must vanish at the cone. Using the expression
for strain ey in spherical coordinates (8, 9], this condition reduces to

Buy/08 = uy cot B (11)
which gives (according to formula 8-733-1 in [6])
AP (x) — 24+ DxPi(x) =0  (x =cos ). (12)

This case has been solved in the same manner as described before and again no stress
singularity was found to occur.

4. ELASTICITY

In analogy with Knein’s or Williams® approach. or equation (1), displacements i, u,, u,
will be considered in the form

u, = r*Uf0),  uy=r"Uy®), u,=0 (axisymmetry). 1))
In case of a rigid conical inclusion, the boundary conditions require that
Uy=Uy=U,=0 atf=pf (inclusion). (14)

In case of a conical notch, the boundary conditions require stresses gge and ¢,4 10 vanish.
If these siresses are related according to Hooke's law to strains &g, ¢,,, and &,. and if these
are in turn expressed in terms of displacements u,, uy (see [9, 8)) and equation (13) is sub-
stituted, variable r disappears and the boundary conditions of a notch take the form

oUgjef = —(1 + v + AU, — (v cot YU,

2U.J20 = (1 — DU, } at @ = f (notch) {15)

where v = v/{] — v). v = Poisson’s ratio.

(A) Solution in terms of Legendre functions

The displacements are best expressed in terms of the Papkovich—-Neuber potentials, which
automatically satisfies Navier's differential equations of equilibrium. This approach has been
adopted by Thompson and Little [4]. Although they considered no notches or inclusions
(B > =/2), it is easy to check that their solution also applies to these cases. According to
equation 2.39 in {4}, non-zero solutions of the type (13) exist, in case of a stress-boundary
condition, if

x{2c(x? — DA% + 2e(x? — DA+ xBP (0
+ x{2e(x?* — DA% + 2e(x* ~ DA+ BIP,_,(0F
—2e{2x%(x* — DA% + (x* - D3x* - DA
+ [t + 21 — WA + 1P, (0P, (x) = O,

(16)

X = Cos 6, ¢ = 1/41 — v}

In case of displacement boundary condition (14), equations (2.32) and (2.33) from [4] can be
shown to yield

(1 + eDx[PL] + cAX[P;(OF — [xPe(l + 20) + (1 — PP, _,(x) =0 (A  0).
17
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Similarly as in the potential theory case, A has been solved from equations (16) and (17) by
the regula falsi method. (Legendre functions have been evaluated from their hypergeo-
metric series representation[6].) The resuits, which seem to be accurate to four digits, are
shown in Table 1 and Fig. 2.

Table 1. The smallest value of A in axisymmetric elastic problems corresponding to Fig. 2

B
ks Im 3 57 ¥
¥ O-5tor e 3 vy % E 097

Inclusions
0 0-9793 0-8387 0-6886 0-5416 0-4014 0-2682 0-1760
01 0-9809 0-8492 0-7028 0-5536 0-4091 0-2720 0-1777
02 09830 0-8638 07227 0-5700 04193 0-2768 0-1798
03 0-9861 0-8856 07528 0-5939 04334 0-2834 0-1827
04 09911 09222 0-8057 0-6325 0-4544 0-2926 0-1866
0-46 0-9957 0-9599 0-8675 0-6709 0-4728 0-3003 0-1899
049 0-9988 0-9882 0-9309 0-6993 0-4846 0-3047 0-1916
0-499 0-9989 0-9987 09779 0-7099 0-4887 0-3066 0-1927
Notches
0 0-9706 0-8486 08334 0-8798 0-9411 0-9854 0-9983
01 0-9676 0-8293 0-8072 0-8577 0-9294 0-9825 0-9980
02 0-9645 0-8089 0-7781 0-8318 0-9153 0-9790 0-9977
03 09614 0-7874 0:7456 08012 0-8978 0-9749 0-9973
0-4 0-9584 0-7648 0-7093 0-7644 0-8755 0-9694 0-9971
0-499 09553 07411 0-6686 07200 0-8464 0-9624 0-9969

! T T

[ v=0 Ol 02 03 04 0489
g A % |(a) Notches ____|
NS
el AN el .

(b} Rigid
1. _dnclusions

Fig. 2. The smallest value of A in axisymmetric elastic problems.
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{B) Direct numerical solution based on field equations

The numerical approach could also be based on Papkovich—Neuber potentials, but with
regard to stress boundary conditions it is more convenient to use the three Navier’s differ-
ential equations of equilibrium in terms of displacements (see Ref. [9]. Section 96, p. 141), of
which the condition for the ¢-direction is automatically satisfied. If expressions (13) are
substituted into these equations, variable r disappears and one obtains:
it V) ¢u,

07 + cot 6 p

U,
FO =D == 11 v = DA+ 2,

+[y”(/«~—]}~—f{—I]COtGUg:‘Ov (18)

~2 - ”
Ue N aU’ . UUQ [ v ]

— a — " cot 8 —— MA+ 1) — e L Uy = 0,

307 + A+ 2) — 4] % +v'co e + [AHA+ D el e

”

v

where v' = (1 — v)/(0-5 — v). For 0 =0 these equations degenerate into conditions of
axisymmetry:

oU,/j068 =0 and U,=0 at 8 =0. (19)

For numerical solution, interval (0, ) is subdivided by discrete nodes and equations (18),
(19) and (14) or (15) are replaced by their finite difference approximations. (To achieve high
accuracy. fourth-order approximations [10] have been used.) This results in a banded system
of n linear algebraic equations (of band-width 11):

iAij(x)szo (i=12.....n (20)
j=1

where coefficients 4;;(1) are nonlinear functions of . When complex roots 4 are searched,
A;; and U; must be considered complex; otherwise they may be treated as real. (No advan-
tage is gained by eliminating the boundary conditions from equation 20.) Equation (20)
defines a nonlinear generalized eigenvalue problem which cannot be reduced to the standard
linear eigenvalue problem (equation 9). However, efficient computer methods exist which
could handle this problem (up to a size of several thousands of equations without special
difficulties); see [5].

Computer analyses for a subdivision with step Ap = /96 (resulting in a system of 192
equations) have yielded results (Fig. 2, Table 1) that coincide to four digits with the results of
the preceding analytical solution, except for the case v = 0-499 for which the error varies
between 0-0001 and 0-08. (This is because v' — oo for v — 0-5; but for v = 0'5 the solution
could be based on differential equations of equilibrium for anincompressible material.) The
numerical solution is about equally easy to program as the analytical one. It involves more
arithmetic operations but the computer cost is not excessive, anyhow.

Approaching the cone vertex along any radial ray, the stresses grow to o as r*~*. Note
that the stress singularity strength A — | depends on Poisson’s ratio. Physically, the axisym-
metric singular stress states obtained are excited by combinations of a normal stress parallel
to axis 8 = 0 at infinity and of equal biaxial normal stresses perpendicular to axis 8 = 0 at
infinity,

Knowing 4. the eigenstates, when desired, can easily be computed from the formulas 2.32
and 2.33 derived in [4] by setting in these formulas C; = C and D} = Cxo(l + cA)P,(x,)/
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AP, _{(xy) and taking into account minor changes in notations. {In particular, k = ¢,
o, = 4, 4 = x and ¢, 8 are interchanged.) According to these formulas,

Xo P00 ]
u, = Cri{l + CA}{,‘:P);(_X) _ Yo lal%) P,«lm{{x)s,
P,_itxg) J
d I A)xg Pi(xe) d 2
i \ 4 ca)xg Fi(xo »
= C — [) L B e 1 - l e s | o 5 3
Uy r {c L (XY — [1 =l + D)P(x) P dr PA_.A}(x)Jsm )

where Xy = ¢os ff, x = ¢os 8, C = arbitrary constant. The stresses can similarly be obtained
by direct substitution from equations {2.34)-{2.37) in Ref. [4].

Knowledge of the field near the singularity makes it possible to construct a singular
finite element for the vertex region of a cone, and thus to solve practical boundary value
problems for bodies of finite dimensions.

5. CONCLUSION

Conical notches and inclusions produce singularities of stress or potential gradient whose
strength varies from 0 to —1 in dependence on the cone angle. The stress singularity also
depends on the Poisson’s ratio. The problem can be solved analytically in terms of Legendre
functions. A numerical solution based on finite differences in the angular spherical coor-
dinate is also possible and yields equally accurate results. This fact at the same time serves
as a check on the validity of this numerical method, which is applicable to a broad class of
other problems.
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AbBcrpakt — Onpegensiercst UPHPONA CHHIYIAPHOCTEH B BEPIUMHE KOHHYECKMX BRIPE3OB M
BKJHOMEHMH, 75 3aAay TEODUH NOTCHUMANA M IS YNPYTOCTATHYECKHX 3akad KPYHeHHS M
OCECHMMETPHYCCKOTO HanpsxeHuA. TIpHMEHAIOTCS pelieHns B BHAE CHEPHYICCKUX FAPMOHEK
1 obltee YHCHEHHOE DEICHHE, OCHOBAHHBIC HA YDABHCHHAX MOJMA, € HEABIO ONPCOCICHAN
3ABMCHMOCTH OT CTEHeHH AJI KOJMYeCTB TOJIs, B 3aBHCMMOCTH OT BepiMHB! Kouyca. Ilon-
CUMTAHO COBCTBEHHBIC 3HAMEHWA, KOTOpbie H300paliaroT [OKazaTelk CTENEHH IJIH PasHBIX
3gayeniil yIiia xoHyca B A pasueix xoadbduuuenros [Nyaccona,



