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Abstract—The two-dimensional elasticity problem of a circular disk with an embedded edge dis-
location is considered. Using Muskhelishvili’s complex variable method and reducing the case under
consideration to a Hilbert problem. closed-form solutions are obtained. The dislocation solution
may be used as a Green's function to tackle general disk-crack cases. As an example, a disk
containing a slant crack subjected to point loads is studied, numerical procedures for calculating
the stress intensity factors for both internal and edge cracks are presented.

1. INTRODUCTION

The two-dimensional elasticity case of a circular disk with an embedded edge dislocation is
considered. The obtained dislocation solution can be used as a Green’s function to tackle
general disk-crack cases by virtue of the dislocation pile-up and singular integral equation
techniques [e.g. see Erdogan er a/. (1974) and Xu and Delale (1992)].

On this subject, Delale and Xu (1993) derived a similar solution using Mitchell’s
general stress functions and the Fourier series technique. Earlier, Dundurs and Sendeckyj
(1965) considered an edge dislocation inside a circular inclusion in an infinite matrix. For
the special case, i.e. if we let the stiffness of the matrix be zero, Dundurs and Sendeckyj’s
solution degenerates to that of a circular disk containing an edge dislocation. In both of
the above-mentioned solutions, however, the dislocation is located on the horizontal diam-
eter (x-axis). In Delale and Xu’s study, they further applied the dislocation solution to
disk-crack cases. Due to the limit of the dislocation solutions, the crack is confined to a
straight one and has to lie on the horizontal diameter (x-axis).

In this paper, the author considers an edge dislocation embedded in a disk at an
arbitrary location. Therefore, the obtained dislocation solution can be used to tackle disk-
crack cases with more complicated crack geometry and arbitrary orientations.

Although the solution of the case to be considered can also be obtained by using
coordinate transformation of Delale and Xu’st or Dundurs and Sendeckyj’s results, as a
different approach, Muskhelishvili’s complex variable method is used. Further, a disk
containing a slant crack subjected to point forces is considered to illustrate the application
of the dislocation solution. The numerical procedures for calculating the stress intensity
factors for both internal and edge cracks are presented.

2. DISLOCATION SOLUTION

The geometry of the dislocation case, as shown in Fig. 1, is a circular disk (r < R)
containing an edge dislocation with Burgers vector (b, 4,, 0) at z, = p . The disk is free
from traction at r = R, the boundary condition may be written as,

T Only the solution for Burgers vector, b, = [0, 5., 0] is obtained. In order to use the transformation method,
the solution for b; = [b,, 0, 0] is also needed.
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Fig. 1. A circular disk with an edge dislocation embedded at an arbitrary location.

0,+11,=0, r=R, 0<0<2n. 2))

In Muskhelishvili’s complex variable technique, the stresses and displacements for a two-
dimensional elasticity case may be expressed in terms of the Kolosov potentials, ®(z) and
W(z), as follows,

6, + 04 = 4Re {0(2)} )
0=+ ity = 21 (') + ()] 3)
2, +u5) = € [k(z) — 29 (2) — (D] (4)
with
O() = ¢'(x), V(@) =¥() (5)

where the prime denotes derivative with respect to z, the overhead bar represents complex
conjugate and Re{} denotes taking the real part of the expression in the parentheses.
k = 3—4v for plane strain and k = (3—v)/(1+v) for generalized plane stress, with v being
the Poisson’s ratio and u the shear modulus.

Combining (2) and (3) and then taking the complex conjugate vields

By

0, +it,y = P2)+ O(2) — - [z0'(2) + ¥ (2)]. (6)

Due to the existence of the edge dislocation in the disk, the complex potentials are con-
structed in the following form,

D(2) = By(2) + D1 (2) (7
¥(z) = Yo(2) +¥:(2) ()

where ®@,(z) and W,(z) are the stress functions for an edge dislocation embedded in an
infinite plane. ®,(z) and ¥,(z) are the nonsingular part of the potentials, and they are
determined in such a way that the boundary conditions can be satisfied.

The solutions for an edge dislocation with Burgers vector (b,, b,, 0) at the point z, =
pe™ in an infinite plane are known as (Muskhelishvili, 1953),
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®y(z) = )
Z_Zo
A Az,
Wo(2) = —— (10)
Z—Zo (z—2zy)
and
4= n(l+x) ()
From eqns (6), (7), (8), (9) and (10), we may obtain
R? 7 R’ i0
Q,()+@,(1) - (-~ ¥, () =g, t=Re" 0<0<2n (12)
t
where
A At AR?t AR? AR?z
g =T (13)
I—zy R*—Zyt (R*—Zy1) R —2Zy1) (RP—Zyt)°

In the usual manner (Milne-Thomson, 1960), we may extend ®,(z) to the region outside
the disk by defining

R’ z2
®, <7> = ~0, @+ D+ F1@), (€S (14)
or equivalently,
. (R*\ R*_ (R*\ R*_ (R\f
(I)I(Z) = _q)l <___>+ ‘(I)’l <_>+ “lPl <;> > (ZESext)' (15)
z z z 22 z

From eqn (14), we may also write

R? R? R _ /R
Y1) ==0,0) - P19+ P ( ) (z€Sin)- (16)
z z

-
V4

Since @,(z) and ¥, (z) are holomorphic in the disk domain, from the definition in eqn (15),
@, (z) should also be holomorphic outside the disk, including at infinity, where its principal
part is a complex constant.

Combining eqns (6) and (16), and imposing the boundary condition (12) it follows,

O (H—@7 () =g(1), t=Re’, 0<0<2n (17)

where “4 " and “—" represent approaching the boundary r = R from the outside and
inside of the circle, respectively. The solution of eqn (17) can be found using the Plemelj
formula

% f(2) = f(2), to obtain f(R?/z), simply write R/z for z in the expression of f(2).
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1 t
(I)l(z)=—,J —g(—)dH—c,. (18)
2m | t—z
It turns out that
A Az, AR? R
?"‘RZ P RE_z )2 B +eci, (2€Sin)
®,(z) = ()A —Zoz (R —Z,2)" \ Zo (19)
A
- 7+Clv (ZESCX[)
z—zy Z

where ¢, is a complex constant, and may be determined by substituting eqn (19) into (16)
and using the fact that W¥,(z) is holomorphic in the disk domain. By so doing, we may
obtain

(b, pcosa—b.psina)
(1 +Kk)R* '

Re{c,} = (20)

Due to the fact that the complex potential ®,(z) can differ by an imaginary number without
causing any change of the stresses, we may simply let the imaginary part of ¢, be zero.
It may be noted that we may also determine ¢, by letting z = 0 in eqn (14) to obtain

®,(0) = —®,(0) @n

then inserting eqn (19) into (21), which gives the same result as in eqn (20).
Substituting eqn (19) to (16) yields W, (z) as below,

Az A(R? —Zpz9)20— AZ3  2ARZ (R*—z4Z
L ( 0Z0)Zo 0, of 0Zo0)

\P (Z) = > = " — . . -
1 R’—ZOZ (R"—ZOZ)' (R-’_LOZ)B

(zeSiw).  (22)

With the complex potentials given in eqns (9), (10), (19) and (22), the stress fields can be
readily obtained from (2) and (3).

The closed-form stress distributions in the dislocation-embedded disk have been found
and are given in the Appendix, and the displacement fields may then be obtained by using
the constitutive and kinematic equations.

3. DISK-CRACK PROBLEMS

The dislocation solution obtained above may be used as a Green’s function to tackle
disk-crack cases using dislocation pile-up and singular integral equation techniques. Fol-
lowing the standard procedures (see Fig. 2), i.e. first, by superposition of the crack case

a. original case b. uncracked geometry ¢. perturbation case

Fig. 2. Superposition with uncracked geometry solution.
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under consideration with the uncracked geometry solution, the original crack problem may
be reduced to a perturbation case, in which the crack singular essence remains the same
but the loading is only the crack surface self-equilibrating pressure and shear stress. Next,
by integrating the dislocation solution, a singular integral equation may be generated. The
stress intensity factors of the crack are related to the unknown function in the integral
equation and thus can be formulated in terms of the solution of the singular integral
equation, which can then be solved by a collocation method in a very desirable accuracy.
In what follows, a circular disk (radius R) containing a slant radial crack (from p = a,,
to p = b,, 0 = o) subjected to a pair of point forces, P, at 0 = 0 and 6 = 7 is considered
[see Fig. 2(a)]. Following the procedure, the original case is translated to its corresponding
perturbation case, the boundary conditions of which can be written as follows,

0w(R,0) =1,(R,0) =0, 0<6<2n (23)
ow(p, ) =p(p) B8=2, a <p<b (24)
T0(p,0) =¢q(p) O=0a, a <p<bh, (25)
where p(p) = —o(p, o) and ¢(p) = —t5(p,a), ¢ and % are hoop and shear stresses in

the uncracked geometry case (the problem with the same load and geometry except without
the crack), which are known for the case in discussion [e.g. see Muskhelishvili (1953)],

£ (p. ) 2P [(R-—pcosoc)z(pcosoc—Rcos2oc) (R+pcosa)?(p cos o+ Rcos 2x)
Gopl P, A) = — 5 5 5 - 5 5 2
" n (R +p? —2Rpcosa)’ (R? + p* +2Rp cos )’
cos’a(R—pcosx)  cos? a(R+ pcosa) } P 26)
R*+4+p> —2Rpcosx  R*+p*+2Rpcosa| 7R
% (p.0) 2P [(R—pcoscx)z(p sin3a—Rsin2a) (R-+pcosx)’(p sin3a+ Rsin2a)
Tr s &) = - 2 2 2
P n (R*+p* —2Rpcosa)? (R*+p* +2Rpcosa)?
sin 2a(R—pcos« sin2a(R+ pcos o
7(qp )+7(7P)J.(27)
2(R*+p°—2Rpcosa) 2(R°+p°+2Rpcosa)
If we define

£y = xs 'Ma; WYl < x <) (28)

g9 = QoD = ey} (X, <X <) (29)

X

where u, and u, are the Cartesian coordinate displacements, and x and y are Cartesian
coordinates of the point on the crack. y~ and y~ denote the point on the upper and lower
edges of the crack, respectively, and x, and x;, are the projections of @, and b, on the x-
axis.

By integrating the dislocation solution and applying the boundary conditions (24) and
(25), we may obtain
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b £ —g, . b, ' 1
L f(t)cos;x_pg @ SIN% 44 J.al U] cosoz—gl(t)sma]k,(p,t)d[=%(ﬁ%:;p(p)’
(a, <p<b)) (30)
and
g 1 i + 1 by . 1
L S1() sma;_j ® cosa L L (1) sina-+ g, (1) cos alks (p. 1 di = ;rl(lczsx; 0.
(@, <p<b) (31)
with
ki(poiy = L 4 Lot 2R—C-Rp  RUR 1) (p—1) @)
R R —pt (R* —pt)? (R*—p1)?
RER - p—1) 1
ka(p, 1) = - 33
2(p, 1) (Rz_pt)3 Rz-—pt (33)
where
fi(®) = f(tcosa), g¢,(t) = g(tcosa). (34)

a. Internal crack

If —R < a, < b, <R, 6 = 0o, which means that no crack end stretches to the edge of
the disk, the crack is referred to as an internal radial crack. For such cases, k,(p, ¢) and
k,(p, t) are all Fredholm kernels, and the singularity only comes from the Cauchy kernel
terms. For an embedded crack, it follows,

Jb' futydi =0 35)

a

and

r' 9, dt = 0. 36)

a

The singularity of the internal crack is known, and we may write

(1)
f=—="2 @ <r<b) (37)
J=anb,—1)
and
a1ty = —20 (@ <t<b) (38)

Ju=a)b, 1

where F,(t) and G,(t) are continuous functions satisfying F,(a,) #0, F,(b)) # 0,
Gi(a,) #0,G,(b) #0.

The stress intensity Jactors of the crack can be calculated according to the conventional
definition, i.e.
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ki(a, = ;1,1_{{71 V2@ —p)ow(p,x)

_ 2ucosa

m /2(p—a) [fi(p)cosa—gi(p)sina]

1 +x ﬂ—ml

_ 2ucosa S [Fi(a;)cosa—G,(a,)sing]

T+x Vv Jb—a

and

Zucosaﬁ[F. (b))cosa—G,(b,)sinqa]

1+x /bl_al
ky(a) = }Ln‘} V2@ =p) te(p, %)

Z,ucosu) m[ﬂ(p)sma+g1(l))005°‘]

Z,ucosocf[F (@) sina+ G, (a;)cosa]
I+x Vb —a,
2ucosa  ~[F(b)sina+G (b, )cosoz]

I+« v /b —a,

Introducing the following transformations in eqns (30), (31), (35) and (36),

ki(by) = —

kz(bl) = -

b, — b
p = '2a1s+ lza', whena, <p<b, —l<s<lI

_ b, —a, +b, +a,

t 5 T 5 whena, <t < b, -1 <1<

and letting

S2(1) = f1(1), g2(1) = g:(1), p2(s) = p(p), 42(5) = q(p)
Ki(s,1) =ki(p, 1), Ky(s,7) =ky(p,?)

we obtain,

f fmcosa=gy(m)sing b';“‘ Jl [f2(c) cos x—g» (t) sin 0] K, (5, 7) dt

T—S 0

_n(l+k)
"~ 2ucoso

p2(s), (—l<s<])

T—S

Jl £LO® Sina+92(1)cosadr+ by ;a' JI [f2(7) sina+g,(7) cos ] K (s, 1) dt

_w(l+x)
= 2pcosa

(), (=l<s<l)

Jl f(0)dr=0

69

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)
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f g-(t1)dt = 0. (48)
Accordingly, we may write
F,(7)
L) =—"T—, (—l<1<)) 49)
V1=t
and
p@ =20 o, (50)

JaA=7)

Using the Labatto—Chebyshev integration method [see Erdogan and Gupta (1972), and
Ioakimidas and Theocaris (1980)], eqns (45)—(48) can be discretized into two sets of N
simultaneous algebraic equations:

set 1:

~

n

li“ [cosaF,(t,)—sinaG,(t))] . b, —a,
A; +

» K, (s;,1;) [cosaFy(t;) —sinaG, (r,.)]:l
T,—S; 2 :

_ n(1+«x)
"~ 2ucosa

pa(s), (G=12,...,n—1) &1))

2., {4 lcosaFy () —sinaG, (1)1} = 0;

i

set 2:

/

i )»[sin och(ri)+cosocG2(t,ﬂ + 4_b1 —a,
i=1 i T,'"‘S,' " 2

Ky (s, 1)) [sinaF, (1) +cos oG, (r,)]:l

_ n(l+«k)
"~ 2ucosa

q2(s/')s (.}= 152)"-9’1_1) (52)
Y A4 [sinaF, () +cosaG,(1,)]} = 0
i=1
with weight coefficients /s as
2_(}1—_15’ wheni=1orn

A= (53)

when i=2,3,...,n—1

(n—1)’
and 7, and s, satisfying

T,..(s5)=0, j=123,...,n—1
U, (z)=0, i=1,23,...,n—2andt= +1 (54)

where T,_,(x) and U,_,x) are Chebyshev polynomials of first and second kinds, respec-
tively.
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The stress intensity factors of the crack can be calculated by

2ucosa /b—ja—[Fz(*])cosa—Gz(“l)sinfx]
T+ V7O \/5

2ucosoc /»—- [F(1)cosa—G,(1)sina]
T+x /2

ki(a)) =

ky(b)) =

2ucos F,(—1)sina+G,{—1)cosa
ki(a)) = !:—H( eV bl_al[ 2 ﬁ ) ]

[Fo(1)ysino+ G,(1) cosa)
6 .

\/

2p1co8a
1+

ky(by) = — \/bl"al

b. Edge crack

71

(55)

(56)

(57)

(58)

If one of the crack ends extends to the edge of the disk, e.g. if —R < a, < b, = R, the
crack becomes an edge crack. Under such circumstances, the displacement single-valuedness
conditions (47) and (48) do not hold true. It can be shown [see Xu and Delale (1992)] that

the density functions f,(¢) and g,(¢) can be written as

LH) = ,_(’)_ (a, <t<by)
Vi—a
0= @ <i<by

By introducing the following transformations,

p=(b,—a)s+b, whena <p<b, —1<s5<0
t=(p,—a))t+b;,, whena <t<b, —-1<1<0
and letting
L@ =L, g0 =9,(), p(s) =p(p). q:(5) = 4(p)
Kl (Sa T) = kl(ps t)a KZ(Ss T) = kZ()Os t)
eqns (30), (31), (59) and (60) become
0

—————————d1+ (b, —al)J [f>(r)cosa—g, (1) sina] K, (s, 7) dt

-1

f2(r)cosx—g,(z) sina
T—§

(1 + k)
= 2ucosap2(s)’ (—1<s<O)

0

dt+ (b, ~—a.)! {f2(t) sina+g,(z) cos u] K, (s, 7) d7

< J" f>(t) sina+g,(1) cos «

T—3s .
(1l +K)
L =2ucosaqz(s), (—1<s5<0)
Sa(m) = ) (=1<1<0)
\//1+I

and

(59)

(60)

(61)

(62)

(63)

(64)
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G, (1)

o) =—22 (C1<t<0), (65)
V141

Referring to Gupta and Erdogan (1974), we may extend the definition of f5(¢) and g,(¢) to
[0,1) as an even continuation, as follows,

F(1) F(7)

2 = 2 = T > i = TR 6
f2(1) \/(]—_-TT)’ Fy (1) \/l—r with F(1) = F(—1),(—-1 <1< 1) (66)
g,(1) = ﬂ“, Gy(1) = —G—(T—)—, withG(t) = G(—1), (-1 <t <1). (67)

(1—7% V1=t

Discretizing eqns (62) and (63) in a similar manner yields

znf [;L,. feosaF(x) =sinaG@)l | ) o\ _ 4 )K, (s, 1) [cos aF(r,) —sin aG(r,-)]:l

i=n+2 Ti—5

_n(l+k)
~ 2ucosa

pa(s) (J=n+2,....2n4+1) (68)

wktf [sinoF(t;) +cos aG(t;)]
Z i T
i S

+ 4 (b, —a)) Ky (s;, 1) [sinaF(t;) +cos ocG(r,-)]}

i=n+2

(1 +x) .
_2,ucosaq2(sj) (j=n+2,...,20+1) (69)

where

i

;ﬂ' = m > T2n+ l (s/) = Oa UZM(T() = O (70)

The stress intensity factors at @, can be calculated by
ki(a,) = 31_{5\‘ V2@ —p)oy(p. o)

:Zﬂcowm[cosaF(—l)—Sin“G(_1)] b

1+

and

ka(a) = lim /2(a, —p)te(p, %)

:%%?vﬁ[sinxﬂ-”*‘cow(;('1)]' 2)

4. RESULTS AND DISCUSSIONS

Normalized stress intensity factors of a slant internal disk-crack subjected to uniform
crack surface pressure g and shear stress 7, for different crack lengths are calculated and
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Fig. 3. Stress intensity factors of an internal radial crack in a circular disk subjected to uniform
crack surface pressure and shear stress.

given in Fig. 3. For this case, Bowie et al. (1970) and Tweed et a/. (1972) have found mode
I stress intensity factors. [t may be seen in Fig. 3 that, for the comparable part, the present
results are almost exactly the same as theirs. Normalized stress intensity factors for slant
internal cracks (b, = —a, = a, central crack) and slant edge cracks (b, = R, b, —a, = 1)
under point forces for various crack lengths and different inclination angles « are computed
and presented in Figs 4-7. For a = 0° and « = 90°, the present results match those of Xu
and Delale (1992) exactly.

Finally, it may be noted that for a linear crack in the isotropic material, such as the
example discussed in this work, there is no mode coupling, i.e. £, is only due to the crack
surface pressure, and &, is only induced by the shear stress. In fact, we are able to decompose
(or decouple) the integral equations (30) and (31) by defining

X, (1) = fi(t)cosa—g, () sina (73)

Y, () =fi()sina+g,(t) cosa (74)

with (35) and (36), we may then obtain

ki(a)
(PRWa

2 [T T T

L N B LR LA R B LS RS R

DY N P PRI FEUTE PUUIE PUTUE PSP
01 02 03 04 05 06 07 08 09
Normalized crack length a/R

Fig. 4. Stress intensity factors (mode I) of a slant internal crack in a circular disk subjected to point
forces.
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ky(a)
(P/Rya
1 ey
08 | a=45° ]
0.6 | %
i 750 a=30° 3
0.4 | fl.—/
[ o=0° and o=90° =
0 A i
0.2 TR FTWY FEUWE STWE STETE RETE SN TN PR
01 02 03 04 05 06 07 08 09
Normalized crack length a/R
Fig. 5. Stress intensity factors (mode 1) of a slant internal crack in a circular disk subjected to point
forces.
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3 | 3
2 | =
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0 0.4 0.8 1.2 1.6 2
Normalized edge crack length /R
Fig. 6. Stress intensity factors (mode I) of a slant edge crack in circular disk subjected to point
forces.
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Fig. 7. Stress intensity factors (mode II) of a slant edge crack in a circular disk subjected to point
forces.
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(o X, (1) b (1 +x)
Ja —p d[+ J:l] X|(f)k1(p,[)dl—mp(p), (a. <p<b1)
p (75)
(‘hl
X,(nHdr=0

(Y, (1) & (1 +x)
L T dr+ . Yi(Dka(p,0)dt = Jicosa q(p), (a1 <p <b)
1 (76)
Y1) dt = 0.

The equations (75) and (76) are not related and are completely independent. It can be
readily shown that X,(¢) and Y,(¢) are nothing but the dislocation density functions in the
directions tangential and normal to the crack, respectively.
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APPENDIX

The stress fields of a circular disk of radius, R, containing an edge dislocation at r = p, §# = x, with Burgers
vector (b,, b,, 0) are found as below,
b, #0,b.=0,

r.0) ub, {Zp sing—rsinf+psin (x—20)  —2pR*sina+rp’ sin@— pR? sin (a— 20)
¢, (r,0) =

n(l+x) ¥ 4 p? —2rpcos (f —a) Ré4+7p* —2Rrpcos (0—w)

~ 3rp?sin 22— 6) —3pr?sina—p’ sin (3e—20) 4+’ sin @ N 2psina
[#*+p> —2rpcos (0—0)]? R®
Rp(R* —p* —2r%)sin (x—20) — R*rp*(4r* + 5R* +2p*) sin (20— 0)
B [R*+#*p*> —2rpR? cos (0 —)]*

Rp* (2r + R*)sin B3 —20) +p(2R* +2r*p* 4+ 87 R +r2p? R? 4+ 2r" p*) sin«
[R* +7r?p*> —2rpR?cos (0 — )]’

4 FAR® +4pr P +p*r? —2p"R*+2p* RY) sin 0
[R*+7p* —2rpR* cos (0—a)]*
2RY(R? —p?)[pR® sin (x—20) —r* p* sin (32— 20) +#* p* (3R + p*) sin (20— )]
- [R* 412 p> —2rpR® cos (0 — )]’
2RI(R = pH[Rr(3p” + R sin0—3Rpr’ (R* + p?) sin o]
a [R*+rp* —2rpR*cos (§ —a)]’ }

(A.D)
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ub,  (2psina—3rsinf—psin(x—260) —2pR*sina+3rp” sin+ pR* sin (a2 —26)
Guy(r, 0) = +

n(1+x) r +p*—2rpcos (0 —2a) R*+rp* —2R%rpcos (6—w)

N 3rp®sin 2o —6) —3pr? sinx— p* sin 3 —26) +r* sin O N 2psina
[ +p*—2rpcos(8—)]* R?

N Rp(R? — p? +2r*) sin (0 —26) + R*rp* (4r* + 3R> —2p?) sin (20— 6)
[R*+7r?p? —2rpR* cos (§ —a)]*
N R*p*(R? —2r%)sin (32— 260) — p(2R® + 2r* p> + 87’ R* — r*p’ R* — 21 p*) sin
[R*+7r*p* —2rpR* cos (0 — )]

N r(4R® +4p*r* R* — p*r? +2p*R* —2p* R?) sin 0
[R*+7*p? —2rpR* cos (B —u)]?

N 2R*(R* — p*)[p RO sin (2 —20) — r* p* sin (30— 20) +#° p>(3R* + p?) sin 2a—6)]
[R*+r*p*—2rpR?cos (8 —a)]?

. 2RYR? —p)[rR*(3p* + R?) sin 6 — 3R> pr’ (R2 + p?) sina]} (A2)

[R* 472 p* —~2rpR? cos (0 — )}’

ub, rcosf—pcos («—20) pR* cos (x—20) —rp® cos O
To(r, 9) = +

{1+6) (PP +p> —2rpcos(0—a)  R*+r2p*—2R%rpcos(§—a)

N r* cos 8+ 3rp? cos (20— 0) —3pr® cos x— p* cos (3u—26)
[72 4 p? —2rpcos (6 —x)]°

R*p(p* — R*) cos (2—20) + R*rp*(R* +2p%) cos (2x— )
[R*+r*p* —2rpR® cos (8 —2)]?

- p*R* cos (3a—20) +rp* (¥’ p* +2R* —2R?p?) cos —3r R*p’ cos
[R* +7r2p* —2rpR? cos (0 —2)]?

2R (R?—p*)[— pR cos (w—20) —r*p? cos (Bu—20) +r*p*(BR? + p?) cos (22— 0)]
[R*+r*p* —2rpR* cos (8 —a))*

(A3)

2R (R* — pH)[R*r(3p* + R*) cos 8- 3R*pr?(R* + p*) cos 4] }
[R* +#2p* —2rpR? cos (0 —a)]?

b, =0,b,#0,

r.0) ub, {I‘COSH—zpCOSd—FpCOS(0(429) 3pr? cosa—r* cos 0—3rp® cos (2a—0) + p* cos (3z—26)
o,(r.0) = _

n(l +x) r+p*—2rpcos (0 —a) [r*+p>=2rpcos (B—u)]*

N 2pR*cosa—p’rcos@—pRPcos (a—260) 2pcosa
R+ 7r2p* —2R*pcos (6—a) R?

N PR (p?— R*+2r%) cos (o —20) — R*rp?(4r* + SR? +2p?) cos (2« —0)
[R*+r*p? —2rpR? cos (8 —a)]?

N R?p*(2r* + R*) cos (3 —20) + p(2R* +2r*p> + 82 R* + r?p* R* + 2r*p*) cos
[R*+r*p*—2rpR? cos (0 —)]?

FAR® +4p*r* R? + p*r? —2p*R* +2p* R*) cos 0
[R*+r?p* —2rpR* cos (0 —n))?

2R*(R* —p*)[pR® cos (a—28) +r*p* cos (3a—20) —r’ p> 3R + p*) cos (22— 6)]
[R*+7r*p* —2rpR? cos (B —a)]?

2RH(R* — p*)[3pr(R* + p*) cos x— R*(3p” + R?) cos 0

(A4)
[R*+r?p* —2rpR* cos (0 — )]}
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b, [3rcos8—2pcosa—pcos (x—20) . 2pR* cosa—3rp’ cos B+ pR? cos (x—26)

ou(r, 6) = N 5
" n(141) | P2+ p?=2rpcos(0—x) RY+rp> —2R*rpcos (0 —a)
—3p*rcos (2a—0)+3pri cosa+p® cos B3a—20)—r* cosf  2pcosa
[ +p* —2rpcos (0 —0)]? R’
N RYp(R? —p> +2r*) cos (0 —20) + R*rp? (—4r* —3R* +2p*) cos 2 —0)
[R* + 1% p* —2rpR? cos (8 —a)]*
4 P R2(2rP —R*)cos B —20) + p(2R  +2r* p* + 8 R* — * p* R* =21 p*) cos «
[R*+r?p?—2rpR* cos (0 — )]’
N r(—4R* —4p° P R+ p*r’ —2p"R* 4+ 2p* R*) cos
[R*+#p* —2rpR’ cos (0—2)]*
N 2R (R* —p?)[pR® cos (a—28) +r*p* cos Bx—20) —r p> (3R* + p?) cos (20— 0)]
[RE+7p> —2rpR* cos (0 —a)]*
2R(RP = p7)[— R*(3p* + R*) cos 04 3pr(R* + p*) cos
LIRHR —p ) 2( f) )7 pr(l pT)cosa] (A.5)
[R*+7#p* —2rpR’ cos (6 — )]’
r.0) ub.. { rsinf + psin (x —20) pR? sin (—20) +rp sin 0
Tkl = - 2 2 2
’ A(L+x) {2 4+p*—2rpcos(0—2)  R*+rp*—2R*rpcos (0 —a)

N r* sin@+3rp® sin 22 —0) —3pr” sina— p* sin (30— 26)
[#* 4 p? —2rpcos (0—2)]°

N Rp(R*> —p?)sin (x—20)+ R*rp*(R* 4 2p*) sin 2a—0)
[R*+rp> —2rpR* cos (0—a)]*

—pR%sin (3o —20) +rp*(r2p> +2R* —2R*p?)sin —3r* R p sina
[R*+72p*—2rpR* cos (B —)]*

2R} (R — p*)[pR® sin (o —20) —r* p* sin B —20) +r* p> (3R? +p*) sin (2ot~ )]
[R*+r?p* —2rpR? cos (8 —2)]*

| 2RU(R? — )R (3p* + R sin0—3pr(R* +p?) sin o] (A6)
[R*+1p* —2rpR* cos (8 —)]? ’ )




