Int. J. Selids Structures, 1974, 10, pp. 137-148. Pergamon Press. Printed in Gt. Britain.

THE ANALYSIS OF THE SEMI-INFINITE CYLINDER
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Abstract—A semi-infinite cylinder with fixed short end is considered. Normal loads far away
from the fixed end are prescribed. An exact formulation of the problem in terms of a singular
integral equation is provided by using an integral transform technique. Stresses along the rigid
end and stress intensity factors are computed numerically and are presented graphically.

INTRODUCTION

Numerous studies have been devoted to the analysis of semi-infinite cylinders with stress-free
curved surfaces and prescribed stress or displacement boundary conditions on the plane
end. A few good solutions exist; however, none of the methods. provides a solution which
can directly give the correct behavior of stresses near the circumference of the short end
without presenting convergence difficulties. The best solution known so far is given by
Benthem and Minderhoud[1] in which the eigenfunction technique is utilized with remark-
able success. No difficulty in the convergence of results is experienced; however, a prior
knowledge of the proper stress singularities from alternate means is necessary. Also, an
extensive review of earlier works attempting to solve the problem is provided infl1] and,
hence, will not be repeated here.

In this paper, an integral transform technique is used to formulate the problem in terms
of a singular integral equation which is then solved numerically. (This technique has been
recently used by the author to solve the semi-infinite strip problem[2].) First an elastostatic
problem for a penny-shaped inclusion located centrally in an infinite cylinder with stress-
free curved boundaries is considered (Fig. 1). Inclusion extending to the surfaces then
reduces the problem to that of a semi-infinite cylinder with fixed end.

FORMULATION OF PROBLEM

Consider the axisymmetric problem for a cylinder of radius R containing a rigid penny-
shaped inclusion of radius a (Fig. la). Let E and v be the Young’s modulus and Poisson’s
ratio of the cylinder, respectively. The only loads acting on the cylinder are uniform stresses
on the plane ends far away from the inclusion. The problem of interest here is the special
case when the inclusion extends to the cylinder surface, i.e. @ = R (Fig. 1b). The formulation
provided in this paper is valid for a < R.
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Fig. 1. Geometry of an infinite cylinder with a penny-shaped inclusion and a semi-infinite

The problem described above can be recovered by superposing two subproblems as
shown in Fig. 2. Solution of 7 is simply given as

arzl(r’ Z) == Crrrl(r’ z) =0
0.:'(r, 2) = 0, '(r, £o0) = py

ul(r, 0)

= —E&F,

u,'(r,0) = 0.

Problem 11 is the disturbance problem which, when added to J, must describe the original
problem. Hence the input function for this part must be the radial displacement at the plane
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Fig. 2. Superposition of two solutions to give the total solution.
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The analysis of the semi-infinite cylinder problem 139

z = 0 and equal to the negative of that in /. Thus the boundary conditions for subproblem I/

become
arr(Ra Z) = arz(R’ Z) =

u(r,0)=0, r<R (2)
u(r,0) =¢gqr, r<a
6,,(r,0) =0, a<r<R 3)

Note that z = 0, r < a is a singular surface across which the displacements are continuous
but the stress vector suffers a discontinuity. The displacements and stresses for the problem
can be written as a superposition of two transform solutions. One is the solution for a
cylinder (r <R, |z| < o) with z =0 as the plane of symmetry and r = 0 as the axis of
symmetry[3], and the other is the half plane solution in polar coordinates with z = 0 as the
plane of symmetry[4]. The solution can be expressed as

npu(r, 2) = — j:[Alll(rt) + Ay rI,(rd)]t? cos(zt) dt — J.:B(,l)(rc — J2)e”*J,(Ar) dA

r(r, 7) = j:[AltIO(rt) + Ay {(c + DIo(rt) + rtl,(ri)}]t sin(zt) d + f:/lzB(l)e'“Jo(lr) da

6,(r,z)= — % J'w [Alt{IO(rt) - I‘f:t)} + Az{K ; ! Iy(rt) + rtIl(rt)I] t2 cos(zt) dt

2 o [kJ,(A 3 J,Gr
+: fo [K i(r D_ K;’ Jo(Ar) + lz{Jo(lr) _ I )}]/IB(l) -3 43
® 4
0,.(r, 2) = % fo [Altlo(rt) + AZ{S Tx Io(rt) + rtll(rt)” t? cos(zt) dt @
2 % [k —1
+= fo [KT _ Az] AB(A)e*J o(Ar) dA

o,,(r, z) = 72_1 f: [Altll(rt) + Az{'l i L(rt) + rtIO(rt)}] 12 sin(zt) dt

+2 | ” [" 1 lz] AB()e= =] (3r) di
TJ0 2

E
21 +v)

It should be noted that this solution identically satisfies the third condition u,(r, 0) =
of equation (2). The three unknown functions A4,(f), 4,(¢) and B(4) will be determined by

using the first two conditions of equation (2) and the mixed boundary conditions, equation
(3). The first two conditions of equation (2) can be written as

where k =3 —4vand u =

I(R -1
A1t3=Io(Rt) - ‘; t)} +4 tz{ I(RY) + RtIl(Rt)}
© 2BA) [ Ji(AR) k+3 /12 t? J,(AR)
S EiP [ T Jo(AR) t {JO( R) — R }] di (5)
1+ AR) Tk +1 242
A 2L(RY) + Aztz{——z-— L(RY) + RtIo(Rt)} = —- f /IB(A) I ti [K Ty tz]td,l.
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Mixed boundary conditions equation (3) can be expressed as

nuulr, 0) = — fmxB(A)Jl(ir) di — foo{/{ll,(rr) + A, rl(r))? dt = mueqr, r<a {6

0,.(r, 0) == f ———AB(A)JI(Ar)dA 0, a<r<R. Q)

The dual integral equations written above can be reduced to a singular integral equation
by defining a new unknown function ¢(r) representing the shear stress along the line z = 0.
Note that this must be distinguished from the shear stress at z =07 since the stress vector
suffers a discontinuity across this plane. Due to symmetry, the two values will be numerically
equal and the negative of each other. The function ¢(r) is written as

¢(r) =0,.(r,0%), r<R @

From equation (7) ¢(r) = 0, a < r < R. Hence inverting the integral obtained from equa-
tion (7) and equation (8) we have

K+ 1

B() = f $(o)pJ,(2p) dp. ®

Equations (5) are now solved s1multaneously to give

RD (t)[ L(Rt) + RrIO(R:)] RDz(t)[ I (R + RtII(Rz)}

A= k+1
R*21*(R1) - [T + thz]llz(Rt) )
A = D,()[RtI(Rt) — I,(R1)] — RtD,(HI(R?)
R*‘*I*(R1) — [5;—1 + R%Z]If(m)
where
20 = % ! jj ]iat) [{( D ,1225 zz} JI&R) - {K ; : 1225 tZ}J"(AR) } & (11)

2,0 BG) [k—3 27 }
I J (AR) dA.
D,(1) p fo A FEAE [ T + 12 1(AR)

Using equation (9) and relations given in (5), equations (11) can be reduced to give the
following expressions.
K+ 1

D) = [ 6@Mip. Dp dp.  i=1.2... (12)

where

o D) = [(x 1+ R (DK, (R) + 5 Rily (oK (RD)
— pil(pHKL(R) — p:mo(ano(Rz)] (13)

ky(p, 1) = —t[Rul(pt)Ko(Rt) ~ pHo(p)K,(RD + 1 1,(pr)K1(Rz)]-
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Now A4, and A, are substituted from equation (10) into equation (6). Equation (9) is used
to eliminate B(%), and equation (6) becomes an integral equation containing the only
unknown function ¢(r). In order to reduce this to a singular integral equation, instead of
radial displacement u,, equation (6) is rewritten for (1/r)(9/dr)(ru,) which is equal to the
sum of radial and tangential strains at the plane z = 0[6]. The inner integral appearing
due to the first term in equation (6) can be written in closed form in terms of complete
elliptic integrals. The singular integral equation can be expressed as

f:¢(p)(xh(p, N+ pLip 1 dp = —u(l+8) 2o, r<a (14)

where

P r
E(—), p<r
pr—r*\p

h(p, r) = . ;
S 2E(£)+—K(B), p>r
pe—r r ro\r

L(p, r) = foo kl(p’ t)hl(r’ t) + ]1c2(p’ t)hz("’ t) dt (15)
° R2I2(Rf) — [% + thz] L2(RY)
hy(r, ) = Rt[RtIO(rt)Io(Rt) — 1L (r)L(Re) + = 3 Io(rt)I,(Rt)]
—hy(r, 1) = Rt[RtIO(rt)Il (Rf) — rtl,(rO)I,(R1) + —— > Io(rt)Io(Rt)]

+ rtL (rL(RY) + 2L ()], (RY)

E and K being the complete elliptic integrals of the first and second kind respectively. Note
that the kernel A(p, r) behaves like a Cauchy kernel 1/p — r near p — r. The kernel L(p,r) is
bounded for all values of p and r in (0, @) if a < R. For the case of a < R, the solution of
equation (14) is quite straightforward[4]. It is convenient for the purpose of numerical
analysis to extend the definition of the kernels into the negative range (—a, 0) by assuming
that ¢(p) = —¢(—p) to obtain

jqu(p)[pL_er(p,m|p|L(p,r)]dp=_y<1+K)nso, Irl<a  (16)

where
bp,r) =m0 = 1
p —-7r

.

E(—) o] < |7l a7
o

ml(p’ r) =
r

E(f) +”2_'2K(§), lp| > |r]-
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Note that b(p, r) is a bounded kernel in the domain —a < p, r < a for a < R. Equation (16)
should be solved subject to the following consistency condition

| ewran=o. (8)

The actual problem of interest here (Fig. 1b) is the case when a = R and the kernel L(p, r)
is no longer bounded for all values of p and r, and contains point singularities at p = +R
and r = £ R. These singularities can be extracted by using the asymptotic value of the
integrand appearing in the infinite integral for the kernel L(p, r}), as 1 — 0. Let

Kp,r) = f:kw@, 1) dr (19)

where K(p, ) is the singular part of the kernel L(p, r). Using the asymptotic behavior of
the modified Bessel functions{7], from the second equation in equation (15), for positive
values of p and r, it follows that

1

Jor)

kolp,r, 1) = e““‘"’“"‘[<R ~ )R = n)?

(20)

1z
+{x(R——r)+(;c—2)(R—-p)}-§+(x ) ]

4

Using equation (20) and performing the integration in equation (19), the corresponding
singular part of the kernel for (p, r) > 0 becomes

1 k2 —3 12(R —r) 8(R —r)?
= - . 21
Koo = on DT S s st I
Then
Ks(p5 I’) = Kls(pﬁ ‘r) - Kls(”ps I') + Kls(p9 -I') - Kls(—p’ "'I’). (22)

Note that the additional singular terms appear due to the extension of equation (14) into
the negative range (— R, 0).

In order to analyze the behavior of the unknown function ¢(p) near the end points
p = +R, the dominant part of equation (16) (for a = R) consisting of the Cauchy kernel
and the singular kernel K (p, r) must be considered. This can be expressed as

:;fl¢()0)[p’ir+%\/(é){x2_3+12(R-—r)(%—4(R-r)2szz}
X{2R—lp—r_2x+lp—r}+‘]_t\/(€){ 2—3—-12(R+r)%—4(R+r)2‘%23}

1 1 }] (23
X - dp
{2R—p+r 2R+p+r

= —u(l + K)go + A(r), Irl <R
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where A(r) is the bounded function containing the terms coming from the Fredholm kernel
in equation (17), i.e.

R
40y = = [ ¢@)blo, 1) + |pl{L(o, ) = Ko, ) dp (24)
¢(p) may be assumed to have integrable singularity at p = + R which can be expressed as[8]
Glp) _ _ G(p)e™?
(R* - p** (p— R)(p + R
where 0 < Re(o) < 1 and G(p) satisfies a Holder condition in the closed interval |p| < R.
The method of determining « requires studying equation (23) as in ([8], chap. 4) and has

been discussed in detail in[9].
Considering the sectionally holomorphic function

d(p) =

lpl <R (25)

LR glp) 1R G(p)e™™® dp
l/’(Z)—Ef-xp—zdp_Ef-ze(p—R)“(p+R)“p—z 26)
and following [8], one obtains
_G(=R) ] G(R) 1
V@ =GRy snmaz+RF @Rfsmmag—Ry  *°®
_ G(—=R) cotna _ G(R) cot na
VO = GRr ®Rerr GRFR-rr T O Il <R
G 1
YER~—n) =~ (2R)* sin (R — r)* el R<2R-r<3R @7
_G(-R) 1
Y(—2R+r)= GRY sin ma® — 1) + ¢5(r), —3R<r—-2R< —R
__G® 1
VR + 1) = — Tt #40), R<2R 47 <3R
W(—2R — ry = IR L +¢s(r), —3R<-r—2R<—R

(2R)* sin (R + r)*

where ¢i(r), i=0, ..., 5 are bounded everywhere except possibly at the end points +R
where it may have the following behavior:
Go(£+R)
(R£ry

Substituting equation (27) into equation (23) and using the symmetric properties of the
function G(p), equation (23) becomes

1
QRY sin7a [ cos ma — ${(x* — 3) + 12 — (e + 1)}] [

| ()| <

Re(ay) < Re(a). (28)

G(-R)  G(R)
R+r) (R-r)

where P(r) contains all the bounded functions. Since G(+ R) # 0, equation (29) can only be
satisfied if

] =P(r) (29)

2k cos o = k2 + 1 — 4( — 1)? (30)
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which provides a characteristic equation to determine «[2]. Note that the equation is
identical to that of a 90° wedge with stress-displacement boundary conditions. Also, it
depends only on the Poisson’s ratio of the cylinder and is real for any material, i.e. for
0 <v <05 If a <R (Fig. 1a), equation (23) would only have a Cauchy kernel and the
characteristic equation would become

cot mx =0, o=1% @31

which is the well known singularity along the circumference of a penny-shaped rigid inclu-
sion embedded in a material. For the semi-infinite cylinder, the singular integral equation
can now be written as

R »
f ¢(p)[—§~—-+ kb(p, r) + |p| Kdp, r) + [ p| Ke(p, r)] dp= —u(k + Deor  |r| <R
R 32)
Kelp,1) = Lo 1) = [ Thalps 1.1 = K. 0+ Kinlp, =) = keal=p, 1. 1]

where b(p, r), K{p, r), L{p, r) and k(p, r, t} are given by equation (17), equation (22),
equation (15) and equation (20) respectively. Kg(p, r) is the Fredholm kernel for a < R.

SOLUTION OF THE INTEGRAL EQUATION
Equation (32) is first normalized with respect to R by using the following transformation:

t=2% y=f #0) = 9GR) = 4(2). (33)

Hence equation (32) can now be written as
J_ e0| =

and equation (25) becomes

+ kRb(Rt, Ry) + R*|t|{K(Rt, Ry) + Kx(Rz, Ry)}} dr 34)

= —pu(c + Deom,  |y[ <1

¥
(1 -

where « is given by equation (30). Equation (34) can now be solved numerically by using
Gauss-Jacobi Integration formula. The technique has been used and discussed in detail in
[9]. Using the additional condition equation (18), the following set of N x N simultaneous
algebraic equations are obtained:

P(1) = (33

z 4,00 >[ -+ kRb(Rs;, Ry) + R[5 (KR, Ry) + KilRey, Ry,-)}}
= —u(c+ Dreg,  i=1,...,N—=1 (36)
N
Y. 4,9(:) =0
where
Py (1) =0, j=1,...,N
pit-al- ’)—0, i=1,...,N-1

N1
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and A; are the corresponding weighting constants[9]. ¥(t;) are computed numerically
from equation (36), and the shear stress a,,(r, 0) can then be expressed as

“4(5)

c..(r, 0) = ¢(r) = —5———, r| <R. 37
(.0 = 60) = r—paee 1] G37)
NORMAL STRESS AND STRESS INTENSITY FACTOR

Having solved for the shear stress o,,(r, 0), the stress and the displacement field at any
location in the semi-infinite cylinder can be calculated by using the appropriate equation in
equation (4). The normal stress o,,(r, 0) is of particular importance. To evaluate o_,, the
fourth equation in equation (4) must be considered. Using equations (9), (10) and (12), it
can be expressed as

R -1
s+ D0 0) = [ 90| T + (6 = Db(p 1)+ 0] Koo 1) + Kurpu)] do - 39)

where
Kir(@: ) = Lo, ) = [ Thralo, 1) = Ky =p, 12 1)

+ kloo(p’ -r, t) - kloo(_p’ = t)] dt

ki(p, Dhs(r, ) + ka(p, Dha(r, 1)

k+1

Ll(pa r) =
R22[*(Rt) — [—2-— + thz] I,2(RY)

dt

0

hs(r, 1) = RtIy(RO)1,(rt) — rtL, (RO (rt) — 25, (ROI(r?)

hu(r, t) = Rt[RtI(ROIo(rt) — rtlo(ROI (rt) — 31,(R0)o(r1)] (39)
5+«
t— L(R)I(rt) + rtL(ROI (rt)
Kaalprro ) = \/(Ipr) e”(““’""[2(R — PR = )2
+ {K(R —r) = 3(R — p)}t — 3“2‘ 1]

KZS(p’ r) = KJs(pa I‘) - K3s(—-P, r) + KSS(p’ _r) - K3s(_p3 _r)

1 3k+5 2k + (R —7r) 8(R —r)?
Kas(P, r) = - 2 3|
2Jr |l 2R—-p—r (QR-p—-r* (QR—-p-1r)

In order to determine the behavior of the normal stress near the end points p = +R,
again the dominant part of equation (38) consisting of the Cauchy kernel and the singular
kernel K, (p, r) must be analyzed in the same fashion as shown in the previous section.
Using the relations of equation (27), the dominant part of the normal stress becomes

1
(k + Do, (r,0) = m [(k — D{cos mae + 1) — 2(k + (e — 1)

(40)
+R

O P L ] -

R+r) (R-r)
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Stress intensity factors K| and K, are defined as

K, = lim \/2(R - r)°o,,(r, 0)
r—+R B (41)
K, = lim \/2(R — r)6,,(r, 0).

r—R

Using equation (37) and equation (40), these can be rewritten as

2 G(R
b= \1<(2R;“ s)in — [( — 1)(cos mx+ 1) = 20 + D) — 1) + 4@ — 1)?] #2
0 J2GR) “
2= (ZR)a :

NUMERICAL RESULTS AND DISCUSSION
The total solution of the problem described in Fig. 1b is now the superposition of two
problems 7 and //. Hence,
G-ZZT(r’ 0) = O-ZZI(r’ 0) + Uzz(r’ 0) = pO + azz(r’ 0)

6,.7(r, 0) = 6,.(r, 0) + 0,,(r, 0) = 0,.(r, 0). “3)

Figures 3 and 4 show the variation of the shear and normal stresses, respectively, along
the plane end for various values of the cylinder Poisson’s ratio. Note that as the Poisson’s
ratio goes to zero, the disturbance problem 17 ceases to exist, and the total solution of the
problem reduces to that of problem /, i.e. for v =0

0, (r, 0) =0,./(r,2) = 0

azzT(r7 O) = O'2',21("’ Z) =Po-

(44)

2 (r,0)

o’
P,

Fig. 3. Shear stress vs Poisson’s ratio for the semi-infinite cylinder.
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Fig. 4. Normal stress vs Poisson’s ratio for the semi-infinite cylinder.

With increase in the cylinder Poisson’s ratio (to a maximum value of 0-5), effect of the dis-
turbance problem increases as is illustrated by Figs. 3 and 4. Also, for higher value of v, a
larger value of the power of the stress singularity « is obtained.

Figure 5 shows the variation of the stress intensity factor K, with respect to the Poisson’s
ratio of the cylinder. The value of K, for v == 0-25 and the corresponding stress distributions
compare very well with those obtained by Benthem and Minderhoud[l]. Equations (42)

0 8
0.4_
Ko
K a
o 03
o &
x| &
o 02 " kg
Q
o.R
NI - °
Xix 01}
| ! i I
o 01 0-2 o3 04 05
v

Fig. 5. Stress intensity factor K,/p, R%, K»/K, and the exponent a vs v.
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show that the stress intensity factors K, and K, are interdependent and their ratio K,/K;
depends only on the Poissons ratio of the cylinder. From equation (40)

K, (x + )sin na
K, [(x — )(cos mor + 1) — 2(k + 1)(@ — 1) + 4z — 1)?]’

(43)

Figure 5 also shows a variation of this ratio K,/K; with respect to v. Note that o« appearing in
equation (45) is related to the cylinder Poisson’s ratio v as in equation (30). Also, the stress
intensity factors as defined in equation (41) have a dimension different than usually
encountered in crack problems. This is because o # 1/2 and K;/(p, R%) is a dimensionless
quantity. Figure 5 also shows a plot of this exponent a with respect to the cylinder Poisson’s
ratio v.

The physical significance of the ratio K,/K| can be appreciated by considering an elastic
cylinder pressing against a much stiffer body (i.e. p, is negative). In this case if the co-
efficient of friction f between the two materials is greater than K,/K;, it may be assumed
that there will be no sliding between the cylinder and the adjoining rigid body. So if />
K,/K,, the contact condition may be assumed to be that of perfect adhesion and the results
given in this paper are valid. On the other hand, if f < K,/K|, the problem becomes that of
an elastic cylindrical punch on a rigid half space with friction. Noting the variation K,/K,
vs. v from Fig. 4 it is seen that, in testing whether the end condition is that of perfect adhesion
or sliding for a given cylinder under compression, as a first approximation one may assume
that K,/K, = v. The exact expression, of course, is given by equation (45).
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A6ctpakT — Uccnenyercs nonyGecKOHEYHbBIA LIHIHHAD, OJIU3KHIA KOHEL KOTOPOTrO 3alleMIIeH.
HopManbHasi Harpy3Kka HaXOAMTCS JAJIEKO OT 3alUeMIIEHHOro KoHua. TTpuMeHas METOd MHTe-
rpajILHOTO Ipe0Gpa3oBaHusl, OIPENENAETCA CTPOras GOpMYIMPOBKA 330241, B BUIE CHHTYJIAD-
HOT'O HHTErPALHOTO YpaBHEHMs. TTONCYUTHIBAIOTCS YHUC/IEHHO HATIPSKEHHS BAOJb XKECTKOTO
KOHLA U PAKTOPHI HHTEHCUBHOCTH HampsokeHuit. Ilpencrasisiorcs oHM B Buae rpadMKoB.



