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Abstract—This paper considers general boundary-value problems (displacement, traction, mixed)
related to a transversely isotropic elastic half-space. The geometry of the problems considered is
axisymmetric but the load is asymmetric. A cylindrical coordinate system is employed in the analysis
and Fourier expansion and Hankel integral transforms are applied with respect to circumferential
and radial coordinates, respectively. The boundary-value problems are formulated in terms of a
system of non-singalar integral equations for each Fourier harmonic. The kernels of the integral
equations are displacement and traction Green's functions corresponding to buried ring loads with
appropriate circumferential dependence. In general a total of 18 Green's functions are required for
each Fourier harmonic. Explicit solutions for Green's functions corresponding to an arbitrary
Fourier harmonic are presented in terms of infinite integrals of Lipschitz-Hankel type. The versatility
of the solution scheme is illustrated by solving a traction boundary-value problem corresponding
to a pressurized hemispherical cavity, displacement boundary-value problems related to an em-
bedded rigid cylindrical body and a non-linear mixed boundary-value problem corresponding to
an embedded rigid hemisphere with an elastic-perfectly plastic interface.

INTRODUCTION

Theoretical idealizations adopted to analyze a variety of problems encountered in geo-
mechanics, fibre-reinforced composites and in micro-mechanics defects in solids often
reduce to the solution of a boundary-value problem involving a transversely isotropic semi-
infinite or an infinite elastic medium. The geometries relevant to many practical applica-
tions are axisymmetric but involve loading and boundary conditions which do not pre-
serve axial symmetry. Muki (1960) presented a complete general solution for asymmetric
deformations of an isotropic elastic solid by employing Hankel integral transforms and
Fourier expansion with respect to radial and circumferential coordinates, respectively.
Three-dimensional linear elasticity problems in transversely isotropic elastic materials
have been studied, among others, by Elliott (1948), Hu (1954), Eubanks and Sternberg
(1954), Stroh (1962), Lekhnitskii (1963), Chen (1966), Green and Zerna (1968), and Pan
and Chou (1976, 1979). These studies were restricted to the derivation of general solutions
for transversely isotropic media in terms of potential functions and the application of the
general solutions to derive fundamental solutions corresponding to point forces acting
in infinite and semi-infinite transversely isotropic media.

The majority of problems encountered in engineering applications of transversely
isotropic materials involve complicated boundary and loading conditions. Some common
examples are analysis of axisymmetric rigid inclusions embedded in transversely isotropic
media, load-transfer from an elastic bar into a transversely isotropic medium, axisymmetric
cavities subjected to arbitrary loading, and analytical model used to simulate in situ and non-
destructive testing methods. Asymmetric boundary-value problems related to a transversely
isotropic elastic half-space can be categorized as displacement, traction and mixed (dis-
placement and traction) boundary-value problems. A review of existing literature indicates
that a complete treatment of general boundary-value problems related to a three-dimen-
sional transversely isotropic medium has not appeared in the literature. A class of traction
boundary-value problems related to a two-dimensional orthotropic plane material was
considered by Vable and Sikarskie (1988).

The main objective of this article is to develop a solution scheme for the analysis of
displacement, traction and mixed boundary-value problems related to a transversely iso-
tropic elastic half-space. To facilitate the analysis it is assumed that the geometry of the
problem is axisymmetric. A cylindrical polar coordinate system together with Fourier
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expansion in the circumferential direction is used in the analysis. Since any arbitrary
displacement and traction boundary condition over an axisymmetric surface can be
expressed in terms of a Fourier expansion the analysis needs to be presented only for a
single arbitrary Fourier harmonic. The boundary-value problems are formulated in terms
of a system of non-singular integral equations by generalizing the indirect boundary in-
tegral equation approach proposed by Ohsaki (1973) to study the response of a rigid body
embedded in an isotropic elastic medium. The kernel functions of integral equations are
displacement and traction Green's functions corresponding to a set of circular ring loads
with appropriate circumferential dependence and acting in the interior of a transversely
isotropic elastic half-space. Due to the complexity of the Green's functions the associated
integral equations are solved numerically. It is noted that a total of 18 displacement and
traction Green’s functions are required for each Fourier harmonic. These Green’s functions
are derived explicitly by using Hankel integral transforms and expressed in terms of
Lipschitz—Hankel integrals involving the product of Bessel functions of the first kind.

The accuracy, convergence and stability of the solution scheme are verified through a
numerical study. The versatility of the solution scheme is demonstrated by analyzing a
traction boundary-value problem related to a pressurized hemispherical cavity in a trans-
versely isotropic elastic half space, displacement boundary-value problems related to a
partially embedded rigid body and a non-linear mixed boundary-value problem related to
an embedded rigid hemisphere with an elastic-perfectly plastic interface.

GOVERNING EQUATIONS AND GENERAL SOLUTION

Consider a transversely isotropic elastic half-space. with a Cartesian coordinate system
(x.y,2) and a cylindrical polar coordinate system (r,d,z) chosen such that the z-axis is
normal to the stress-free surface and parallel to the material axis of symmetry. The mech-
anical response of a transversely isotropic elastic medium is governed by five elastic con-
stants ¢,,, €2, €;3, ¢33 and ¢4, which relate stresses and strains referred to a rectangular
Cartesian coordinate system in the following manner (Lekhnitskii, 1963):

Gy = €116+ C 128+ € 38-- (1a)
Oy = Cr26xc €118+ C 38 (1b)
O.. = €138+ C138,,F €338 (Ic)
Oy = (C11—C€12)ey (1d)
Oy = 20448, (le)
O = 20446,-. (1)

Alternatively, the stresses and strains referred to a cylindrical polar coordinate system are
related in the following manner:

Op = C1 1€, C 2809+ C138:: (2a)
Ogo = C12E+ Cy 1895+ C138:: (2b)
O.: = €138, C38gp+ C338:: (2¢)
G0 = (Cr1—C12)em (2d)
Go- = 2C448- (2e)
O, = 2C448,-. (2f)

It can be shown that (Green and Zerna, 1968). in the absence of body forces, the
displacement and stress fields in a transversely isotropic linear elastic material. subjected to
a state of asymmetric deformations about the axis of elastic symmetry, can be expressed in
terms of three potential functions ¢,(r, 8,z), i = 1,2.3 which are solutions of
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The roots v, and v, may be real or complex conjugates depending on the elastic constants
€11, €12, €13, €33 and c¢44. Since the displacements and stresses must be real, the potential
functions ¢, and ¢, are complex conjugate when v, and v, are complex and in addition it
is necessary to specify that \/v_, and \/—\; always have positive real parts.
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b= (+k)v, i=1. (9b)

In order to determine a general solution for potential functions ¢,(r,0.2). i =1,2.3
governed by eqn (3) the following representation is used :

¢:(r.0,2) = Y [din(r.z) cos m@+,,(r.2)sinmf], i=1,2 (10a)
m=0

$3(r.0,2) = Y [@Pam(r,2) sin mB—,,,(r. 2) cos mb). (10b)
m=10

Substitution of eqn (10) in eqn (3) and subsequent application of Hankel integral
transforms of order m (Sneddon, 1951) in the radial direction together with the orthogonality
of trigonometric functions results in the following general solutions for Fourier harmonics
of the three potential functions:

¢im(r’ Z) = $im(r’ Z) = J:) [A:m(é) C::’ + Bim(é) e_::']éjm(ér) dé’ i= 1~ 2~ 3 (l 1)

Ineqn (11), J,, denotes the Bessel function of the first kind of order m1; & is the Hankel
transform parameter; and 4,,(¢) and B,,(£) are arbitrary functions to be determined by
using the given boundary conditions. Equations (7) and (8) together with eqns (10) and
(11) represent the complete general solutions for arbitrary asymmetric deformations of a
transversely isotropic elastic medium.

Note that in eqns (10), the first term produces deformations which are symmetric
about # = 0 and the second term yields deformations that are antisymmetric with respect
to 6 = 0. In the ensuing analysis we assume that @,, = 0 and consider solutions represented
by only a single value of m in eqn (10) without loss of generality. It is noted that solutions
corresponding to ¢,, can be obtained by making the replacements ¢,, = @,,. cos mf —
sin mf and sin mf — —cos m#.

GREEN’S FUNCTIONS

The derivation of displacement and traction Green’s functions corresponding to cir-
cular ring loads acting in the interior of a transversely isotropic elastic half-space is con-
sidered in this section. These Green’s functions appear as the kernel functions of the
boundary integral equation formulation. In the derivation of Green’s functions, ring loads
acting in radial, circumferential and vertical directions are considered. The circumferential
distribution of the radial and vertical ring loads is of the form cos mf and that of the
circumferential load is sin m@. The explicit solution for the Green’s functions can be derived
by defining a fictitious plane at the level of loading (z = z’) and treating the internally-
loaded half-space as a two-domain problem (Chan ez al., 1974). The general solutions
corresponding to each domain are given by eqns (7) and (8) together with eqn (11). In view
of the prescribed circumferential distribution of the three ring loads only a single Fourier
harmonic in eqn (10) need be considered. The Fourier harmonic of the displacements and
stresses in each domain is denoted by u, (x =r,0,z; j=1,2) and o), (x.f=r,0,z;
j = 1,2), respectively. The superscript j denotes the domain number where domain “1” is
bounded by 0 € z £ z and domain “2” by 2’ € z < c.

The boundary and continuity conditions corresponding to the three boundary-value
problems involving the internally-loaded elastic half-space can be expressed as:
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lm(r,0)=0, a=r0,z (12)
ubn(r,2)—uly(r,z2) =0, a=r0,:z (13)
oLm(r,2)—02,(r,2)=F, a=rb,:. (14)

For the radial loading case,
F=0-9 = | eseonna: (153)
Fo=F.=0 (15b)

where 6 ( ) and s denote Dirac’s delta function and the radius of the circular ring load,
respectively.
For circumferential loading,

F.=F =0 (16a)
Fo=8(r—3) = f " EsTa(EI (e dE. (16b)
0
For vertical loading,
F,.=F,=0 (17a)
F.=6(r—s)= r (€ (Er) dE. (17b)
0

Substitution of general solutions for displacements and stresses in eqns (12)—(14)
together with eqns (15)—(17) yields a set of linear simultaneous equations to determine
arbitrary functions 47,(¢) and B..(¢) [¢=1,2,3; j= 1,2] corresponding to the two
domains. Note that 42,(£) = 0 to ensure the regularity of displacements and stresses at
infinity.

The explicit solutions for displacement Green’s function G3(r,z; s,z’) denoting the
Fourier harmonic of the displacement in the a-direction (¢ = r, 8, z) at point (r,z) due to a
ring load in the B-direction (8 = r, 8, z) with circumferential variation cos mé for B =r, :
and sin m# for g = 6 through the point (s, z") can be expressed in the following form:

6
Gn(r,z;5,2") = 1, Y, dy[[;(m—1,m+1;0)—I;(m+1,m+1;0)—I;(m—1,m—1;0)
j=1
8
+Ii(m+1,m—1;0]+4, Y 4m’d;I¥m,m; —2)/s (18a)
=7
6
Go(r,z;8,2) = —fi, 3, 2md;[Im,m+1; —1)~I¥m,m—1; —1)]
j=1

8
— 2 Y, 2mds {T(m+1,m; —1)=I(m—1,m; —1)] (18b)
j=1

6
Gh(r,z;s,2) = 24,k k, Z dy[I;im,m+1;0)—I,(m,m—1;0)] (18¢c)
J=1

SAS 26:8-8
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6
mrzis )=, Y 2mds(Lim—1,m; — 1) = (m+1.m; —1)]
i=1

8
ZZmd;, Hmm+1; —D)—Imm—1:-1)] (19a)

Goolr,z;8,2) = —f, Z dm*dy Im,m; —2)/s— Z [[(m+1,m+1;0)

Jj=

—I{im=l,m+1;0)=I(m+1.m—1;0)+1,(m—1,m—1;0)] (19b)

Gh(r,z;5,2") = 2,k k> il 2mdy I (m,m; ~1) (19¢)
j=
&
Gr(r.z;5,2") = 2ji, Z dyllim—1,m;0)—I,(m+1,m;0)] (20a)
j=
Gor(r,z;s,2) = =24, Z 2md, I m,m; —1) (20b)
=
Ghi(r,z;s8,27) = 44, i: Vidgd (m,m;0). (20¢)
j==
where

_ s - s\/;3

He= 8544(152“/(2)’ = 8cys

2n

dlt = dII = —dy = ~dy =0a; dns =dy = “dzz = —dyy = poiis (22a)
dis = —dyskaky = —2pan/vi/ia; die = —dyekifky = =2p04/v:  (22b)

dy = kzx,/"-i dy; = “"ki\/i’;‘;; dsy; = ﬂz#skz\/?l (23a)
dyy = ﬂzﬂ}klx/"—zi dys = =2k \/Viva/pa (23b)
dye = —2papaka/Viv2s dy;=dy =1 (23¢)

dy = —dy=1; dyg=du=—pps; dis= 2#2\/;7/#4; dys = 2i2ptar/¥2 249

1 | Y 14k,
Ill""“‘*k—T; Hp=—F=——; M3~ \/V!+\/V2’ s = H—f\ (252)
1=k NOENY
a=1 ifz 2z
=-1 ifz' <z (25b)
ki
V= fﬂrj=lg315
4 \/;f‘,
ks

=22 forj=2,4,6 (25¢)

o

Ii(m,n;p) = J.: Jo(ErJ,(Es)éPe i dg (262)
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r»

Bnmip) = || Ja@ et dg (26b)
I(m.n:p) = t To(Er) T, (Es)EP €510 g (260)
L(m,n;p) = w Tn(Er T (Es)Er e dg (26d)
Iy(m,n;p) = TG T (Es)Er et g (26¢)
Io(m,n;p) = TnET(E)EP et dg (26f)
I(m,n;p) = m TN (Es)Er e de (260)
Io(m,n;p) = m Tn(ETE)E? €8+ de (26h)
I¥m,n;p) = Lim,n;p)/r, j=1,2,...,8 (27a)
Lim,n;p) = Iim,n;p)fs, j=12,...,8 (27b)

For the case where deformations are also axisymmetric (m = 0), ring loads are con-
sidered only in the r- and z-direction and the displacement in the f-direction is equal to
zero. The relevant displacement Green’s functions are given by eqns (18) and (20) with
m=0and G, = G,. =0.

The traction Green’s function H3(r, z; 5, 2°) denoting the Fourier harmonic of traction
in the a-direction (x = r, 6, z) at a point (r, z) on a surface S with outward unit normal n due
to a ring load in the f-direction (8 = r, 8, z) through the point (s, z’) having circumferential
variation cos m6 for f = r and z and sin mé for § = @ can be expressed as:

Hy(r,z;5,2') = 0bm(r, 2;5,2)n,. (28)
In eqn (28), summation is implied over index j (j = r, 8, z) and o? m(r,235,2") denotes
the Fourier harmonic of the stress component a,;(a, j = r,0, z) at point (r, z) due to a ring

load in the B-direction (8 = r, 6, z) through the point (s,z") and n; denotes the component
of unit normal n in the j-direction. The explicit solutions for ¢%,,,(r, z; 5, z’) are given below :

6
Orm(r,258,2°) = fiy Y, dy{L, (A +m)[I}m+1,m+1;0)—I¥m+1,m—1;0)]
je=1
+ A (1—m)[Im—1,m—1 ;0)=I¥m—1,m+1;0)]+24{[;(m,m—1;1)~I(m,m+1;1)]}

8
=iz Y 2mL [ +m)¥m+1,m; ~ D)+ (1—m)[Xm—1,m; —1)]/s (29a)

j=1
6
Ooom(r,2;85,2) = 1 Y, dy{L,(1+m)[IXm+1,m—1;0)—I*(m+1,m+1;0)]
J=!

+ 4 (1—m){IKm—1,m+1;0)—I*m—1,m—1;0))
+2(, = )TN, m+1;1) = I¥m,m—1; 1)]}

8
+4, Z 2mA [(1+m)I¥m+1,m; — 1)+ (1 —m)[¥m—1,m; —1)]/s (29b)
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6
Om(r,258,2) = 201, Y, (M+w)ds)[L(mim+1; 1) =1 (m,m—1;1)] (29¢c)
j=1
6

Orom(r 2:18,2) = fi Z Ar(L+m) I m+ 1,m+1;0)— [*(m+1,m—10)]

8
+Aa(l=m) I m—1,m+1;0)-Im—1,m—1;0)]} + Z 2mdy [~ £, T, (m,m;0)

— (L +mI¥m+ L, m; — D+ X, (1—=m)[*m—1,m; —D)/s (29d)

&
Com(r,258,2°) = 2u, Y, mds,;B,[I’m,m—1;0)—I*m,m+1;0)]

=1

B
+iy Y, 2mds [T(m+1,m;0)—T(m—1;m;0)]/u, (29)
=7

é
0L n(r,238,2) = 3, ds;Bill;im—1,m+ ; )=Lim+L,m+1;)=Lm=1,m—1;1)
Jj=1

8
+h(m+1,m—1; D]+, Y dmidImm; —Vsp,  (29F)

j=1

&
O 235,2) = 1 Y. 2mdy [, (1+m)IH0m+ 1, m, = 1)fs= 1, (1 =m)[Hm=1,m; — )]s

=1
8

=24, (m,m; 0]+, ¥ L{(1+m){IXm+1,m—1;0)

i=1

~Ifm+1,m+ 1,00+ (0 -m)Im—1,m—1;,0)-I¥m~1,m+1:0)]} (30a)

6
Toom(r,235,2) = iy Y, 2mdy [, (1—=m)[{(m—1,m; —1)/s— L, (1 +m)[Hm+ 1, m; — 1)/s
j=1

8
+2(A = AT m,m; 00+ 3, 3, L {(1+m)[IHm+1,m+1;0)~I*m+1,m—1;0)]
j=7

+(l=m)[Im—1,m+1;0)—I¥m—~1,m-1;0)]} (30b)

&
02n(r,z;5,2°) = 21, Y. 2mdy;(1+w)I;(m,m;0) (30¢)

=

6
Oom(r,2;5,2) =, Y. 2mds L, (1 +m)[Xm+1,m; — D/s+ X, (1 =m)I}(m—1,m; —1)/s]

j=1
8 tad
+ii Y, dy{lLmom+ 1)~ Liimm—1; D]+ 4,0 +m)[If(m+1,m—1;0)
j=1
—IKm+1,m+1;0]+4L,(1-m)[IXm—1,m+1;0)—IKm—1,m—1;0)]} (30d)
& 8
Obnl(r,z;8,2) = — iy Y, dmPds A 1N m,m; —)[s+ i, Y, ds{im+1,m+1;1)
i=1 i=7
+Lm=tLm-1;1)=L(m+1,m~1;)~I(m—1,m+1; D), (30e)
[)
00 m(r,z35,2) = i, Y, 2mds A [{I(m—1,m;0)—I(m+1,m;0)]
j=1

8
+i, Y 2mds[I¥m,m+1;0)—I}(m,m—1;0)]/u, (30f)
i=7
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Gmlr,z;5,2) = 2, ild”[f.(l +m)[¥m+1,m;0)— L, (1-m)[}(m—1,m;0)
-
=2i;l;(m,m;1)] (31a)
Coom(r238,2) = 24, ild.j[Z(I, —AyLmm; 1) =X (1+m)[¥(m+1,m;0)
=

+ 50 —mIXm—1,m;0)] (31b)

6
0w 258,2) = 41, Y, d;(1+w)(m,m;1) (3lc)
j=1

6
Com(r2:5,2) = 201, Y. diiL, (1 +m)Xm+1,m;0)+ 4, (1—-m)[}(m—1,m;0)] @31d)
Jj=1

6

Ooem(r,2;8,2') = —4i1, Y, mdy;B,I¥(m,m;0) (31e)
Jj=1
6
a'::rm(nz;s,zl) = zﬁl z d4jﬂj[1j(m_1;m; l)_I](m+1am; 1)19 (3lf)
j=1
where
ds, = kza\/;'—,; ds; = —k,a\/v_z; ds; = —“2#31(2\/;; dss = —#zﬂsklx/"_z (32a)
dss = 20,k \/ViVallta;  dsg = 2papak o/ ViV2; ds; =a, dsg = —1 (32b)
- 1+k -
Zl=c” CIZQ Z2=]+kl§ /Ts=]+k2; L= hs I; /~5=l+k2 (33)
Cas Vi V2 \/‘: \/\E
=X w=k; =1, forj=135 (34a)
).j=):3; w;=Ky; ﬁ,-=l-5 for j=2,4,6. (34b)

Note that the displacement and traction Green’s functions corresponding to trans-
versely isotropic full space can be deduced directly from eqns (18)-(20) and (29)-(31)
through an appropriate limit procedure.

FORMULATION OF BOUNDARY-VALUE PROBLEMS

Consider a transversely isotropic elastic half-space where a volume ¥ bounded by an
axisymmetric surface S is defined as shown in Fig. 1. A cylindrical polar coordinate system
(r,0,2) is defined at the free surface level such that the z-axis coincides with the axis of
symmetry of V. If V is a rigid inclusion then displacements on S are prescribed and a
displacement boundary-value problem can be defined for the semi-infinite transversely
isotropic domain ¥, exterior to V. If V is a cavity subjected to pressure then a traction
boundary-value problem can be defined for the domain V.. A more general situation exists
when displacements are specified over a part of S denoted by S, (Fig. 1) and tractions are
specified over the remainder of S denoted by S,. In this case a mixed boundary-value

Fig. 1. Geometry of boundary-value problem.
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problem can be defined for domain V. Examples of the mixed problem are situations where
loss of contact exists over a portion of the contact surface of an inclusion in an elastic
medium or the case of an inclusion where yielding occurs along the contact surface when
tractions exceed prescribed limiting values,

In the ensuing analysis a detailed solution procedure for a traction boundary-value
problem is presented. The solutions for displacement and mixed boundary-value problems
can be developed by following similar procedures. Consider a situation where tractions are
prescribed on a surface $ as given below:

T,-(I', 8& :) = 7—-im(r'v::)f;m(e)v (rs H,Z)GS. (35)

In eqns (35), i = r, 6, - together with £,,,(6) = 1.,.(6) = cos m# and f,,,(6) =sinmb;
T,.(r, z) denotes the prescribed value of traction on the generating curve of S.

An exact solution for domain V, subjected to the above boundary condition on an
arbitrary axisymmetric surface S is mathematically intractable. Alternatively. an indirect
approach which exactly satisfies the governing equations of V', and boundary conditions
on S can be developed by considering a uniform (undisturbed) transversely isotropic elastic
half-space ¥'* as shown in Fig. 2. An axisymmetric surface S which is identical to S in Fig.
1 is defined in V*. Interior to S, another axisymmetric surface S’ is defined. A set of forces
with intensity Bi(r, z) fin(8) is applied on S’ such that tractions on S are given by egqn (35).
Under these conditions the solution of domain ¥, exterior to § is identical to that of ¥, of
the original problem. The force intensities B,(r, z) are governed by the following Fredholm
integral equations of the first kind :

J‘ Hr,z;r,2)B(r, 2 ) dS" = Ty(r,2), (r,2)eS, (r,z)eS". (36)
o

In egn (36), indices i,j=r,0,z and summation is implied on j. In addition,
H}(r,z;r', 2’) denotes the traction Green’s function defined by eqns (28)-(31) and §* refers
to the generating curve of surface S”.

The unknown Fourier component of displacement on S, denoted by u;,(r, ), can be
expressed as

j Gir,z;r', 2)Bi(r', 2y dS” = (1, 2). 37
-

In view of the complexity of the Green’s functions H7}, eqns (36) are solved numerically.
A discrete version of eqn (36) with respect to M and M’ nodal points on § and §’,
respectively, can be expressed as:
[Q1{B} = {R}, (38)
where

[0] = [H] 39

Fig. 2. Equivalent domain considered in the formulation.
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[FIrr] [Flrﬂ] [ﬁr:]

(A1 =|[Ax] [Awl [As] (402)
[ﬁ:r] [ﬁ:t)] [I-{::] 3M x 3M’

[ﬁpq] = [Hy(r,z;r, ) AS’], p.q=r0,z (40b)

{B} = ((B(r',2))) <(Bo(r',2)) (B.Ar,2))T (41

(R} = KT u(r',2)) (Tom(r',2)) (Telr', 2T (42)

In eqn (40), [H,,] is a matrix whose elements are tractions in the p-direction of the
nodes on § (unit normal as shown in Fig. 2) due to ring loads in the g-direction through
node points on S’; AS’ is the tributary length corresponding to a node point on S’;
{B{(r',z")) is a row vector whose elements are intensities of forces in the i-direction of the
node point on S’ and the superscript ‘““T” denotes the transpose of a matrix.

A least-squares solution of eqn (38) yields

{B} = [[Q1"[2N1~ 'O {R}. (43)

Once {B} is determined from eqn (43), the Fourier harmonic of displacements on S
(which are identical to displacements of S) can be computed by numerical integration of
eqn (37).

In the case of a displacement boundary value problem, Fourier harmonic components
of displacements on S($) are prescribed. The force intensities B;(r, z) are governed by the
following Fredholm integral equation of the first kind :

J Gli(r,z;r', 2)By(r', 2)r dS’ = i, (r, 2), (44)
-

where 4,,(r, z) denotes a prescribed displacement component on the generating curve of S.
A solution for {B} is given by eqn (43) with

[0] = [G] (45)

[Grr] [GrO] [Gr:]
[G]=|[Gs] [Gwl [Gel (463)
[Gzr] [G:O] [G::]
where
[(7,‘,] = [Gplr,z;r, 2 AS 1y Pg=r,0,2 (46b)

and
{R} = Ka(r',2))>  (am(r's2))>  (ltw(r', 2)D)T. 47)
The solution for traction components T,,(r, z) is given by the following integral equa-
tion:

Tim(r,2) = J; Hij(r,z;r,2")By(r',z")r dS’. (48)

In the case of mixed boundary-value problems tractions are prescribed over the part
S, of S (Fig. 1) and displacements are prescribed over the remaining part S,[SuU S, + S,].
Considering the system shown in Fig. 2, the force intensities B;(r’.z") on S’ are governed



844 Y. WanG and R. K. N. D. Rajapakse

by the following dual integral equation system :
L Hy(r.z:r,2)YB(r', =)' dS" = T,,(r.2). (r.0)e S, (49a)

]; Glr,zr,2)BAr, 2y dS' = d,,(r.2)., (r.2)e§-. {49b)

-

. A solution of eqn (49) to determine {B} can be expressed in the form of eqn (43) by
discretizing S, and S, by using M, and M, node points, respectively. The matrix [Q] in
eqn (43) corresponding to the present case can be expressed as:

_ {ﬁl]
o[

where [H] and [G] are traction and displacement Green's function matrices defined by eqns
(40) and (46), respectively. Note that the orders of [H] and [G] are 3M,x3M’ and
3M,x3M’, respectively. Once {B} is known, the unknown displacement on S, and the
unknown tractions on S, can be determined from eqns (44) and (48), respectively.

It should be mentioned here that the above boundary-value problems can also be
analyzed by using the integral representation theorems (Rizzo, 1967 ; Eringen and Suhubi,
1975). The kernel functions of the resulting integral equations are again the displacement
and traction Green's functions, given by eqns (18)-(20) and (28)-(31).

NUMERICAL RESULTS AND DISCUSSION

The numerical convergence, stability and accuracy of the solution scheme have been
investigated with respect to two bench-mark problems for which solutions have been
reported in the literature. The first problem is the completely axisymmetric traction bound-
ary-value problem related to a spherical cavity of radius “&” in an isotropic infinite space
which is subjected to a uniform radial pressure p,. An exact analytical solution for this
problem is available (Saada, 1974). The material isotropy is simulated by setting material
constants ¢,, = 3.0, ¢, = 1.0, ¢33 = 3.0, ¢;5 = 1.0 and c44 = 0.99997. This corresponds to
an isotropic material with shear modulus and Poisson’s ratio equal to 1.0 and 0.25, respec-
tively. Table 1 presents a comparison of displacement normal to the cavity wall denoted by
A, for different location of inner surface S’ (considered as a sphere of radius r*) and different
numbers of node points M and M’. The solutions obtained from the present scheme show
good convergence and stable behaviour with increasing M and M’ and are in very close
agreement with the analytical solution. The second problem used in comparison is the
asymmetric displacement boundary-value problem related to a rigid cylinder of radius “a”

Table 1. Variation of normal displacement of cavity
wall for different location of S* and discretizations of

Sand §°
uApoa
(M, M) r*ia =0.75 r*ia =085
(5. 10) 0.2120 0.1441
(6, 12) 0.2287 0.1718
8,12 0.2438 0.2184
(8. 16) (.2455 0.2241
(8, 18) 0.2459 4.2293
(10. 20) 0.2490 0.2319
(15, 30) 0.2499 0.2482
(20, 40) 0.2500 0.2497

Analytical 0.2500
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Fig. 3. Geometry of rigid cylinder embedded in a half-space.

and height “A” partially embedded in an isotropic elastic half-space (Fig. 3). The force-
displacement relationship of the cylinder can be expressed in the form:

Fo Kh Khm Ax
{Mo/a} = ”“‘"[Kmh Km]{arb_,}‘ G

In eqn (51), K, K,, and K,,, (= K,,;) denote the non-dimensional horizontal, rocking
and coupled stiffnesses of the rigid cylinder; A, and ¢, denote the horizontal displacement
(x-direction) of the bottom and rotation about the y-axis of the cylinder, respectively; Fj
and M, denote the resultant force in the x-direction and the bending moment about the y-
axis with respect to the point A shown in Fig. 3, respectively.

Apsel and Luco (1987) presented solutions for rigid cylinders with various h/a ratios
embedded in an isotropic elastic half-space (Poisson’s ratio equal to 0.25) by numerically
solving an integral equation scheme based on integral representation theorems (Eringen
and Suhubi, 1975). Table 2 presents solutions for K,, K,, and X,,, of a rigid cylinder with
hjla = 1 for two location of surface S’ [considered as a cylinder of radius r* and height
(h—r*)] and for four different discretizations of § and S’. The convergence and the stability
of the solution are clearly evident. Table 2 also presents a comparison with the solution
presented by Apsel and Luco (1987). The above comparison confirms the accuracy, con-
vergence and stability of numerical solutions obtained from the present analysis. In the
ensuing sections, the versatility of the solution scheme is illustrated by solving traction,
displacement and mixed boundary-value problems related to a transversely isotropic elastic
half-space for which analytical solutions cannot be derived. The material properties (Chen.
1966 ; Payton, 1983) corresponding to transversely isotropic materials considered in this

5

study are presented in Table 3, where ¢;; = ¢,;/ci and ¢ = 0.317x 10'kN m~*.

Table 2. Convergence of cylinder stiffnesses for various discretizations and locations
of surface S’

r* =09 r* =085
(M, M) K, Kon = Kim K, K, Kon = Kim K.,
(16, 8) 9.46 -2.87 13.48 9.49 -2.83 13.59
(24, 12) 9.51 -2.79 13.80 9.48 —2.81 13.75
(28, 14) 9.52 —-2.78 13.88 9.51 =277 13.85
(32,20) 9.52 -275 13.93 9.51 -2.77 13.92
Apseland Luco (1987) 9.52  —275 1394

Table 3. Material constants of some transversely isotropic elastic media

Cit Ci2” Ci3 (1] Cia

Ice (275 K) 4.26 2.05 1.64 4.57 1.00

Cadmium 34.70 12.74 12.08 14.80 492
Magnesium 18.83 8.27 6.85 19.46 5.17
ClayI 0.147 0.053 0.037 0.103  0.031
Clay II 0.146 0.051 0.028 0.08 0.031
Isotropic* 3.0 1.0 1.0 3.0 0.99997

* Isotropic: v = 0.25, u = 1.00.

SAS 26:8-C
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Fig. 4. Displacement profiles along hemispherical cavity surface.

Hemispherical cavity in transversely isotropic half-space

The traction boundary-value problem corresponding to a hemispherical cavity of
radius “‘a” at the surface level of an elastic half-space is considered. The cavity is subjected
to uniform normal pressure ¢,. Figure 4 show the variation of the non-dimensional cavity
wall. The material types considered are ice, clay, magnesium and cadmium. The solution
presented in Fig. 4 corresponds to a surface S” of radius 0.754, and 20 and 40 node points
on S"and S, respectively. A comparison of material constants presented in Table 3 indicates
that among the materials considered in the present study ice and clay are softer than
cadmium and magnesium. This observation is directly reflected in Fig. 4 where it is noted
that displacements of a cavity in ice and clays are larger. The displacements of the clay
cavity are the largest and plotted in Fig. 4 by using a scale factor of 107 * A comparison
of displacement profiles corresponding to cadmium and magnesium shows interesting
behaviour. The radial displacement of magnesium is larger than that of cadmium ; however,
the opposite is true for vertical displacements. It is noted from Table 3 and eqns (1) and
(2) that cadmium has a greater stiffness in the 76 (x)) plane when compared to magnesium
whereas the opposite is true for stiffness in the z-direction. This explains the behaviour of
displacements noted in Fig. 4. The general variation of displacements along the cavity wall
is roughly the same for all four materials although the actual magnitudes are considerably
different. It is also evident that the degree of anisotropy of the material has a significant
influence on the response. It should be mentioned here that the present scheme can analyze
a cavity of any arbitrary axisymmetric geometry subjected to an arbitrary variation of
pressure over the cavity surface. The Green’s functions required in the analysis of a general
case are given by eqns (18)—(20) and (28)-(31).

Rigid cylinder bonded to transversely isotropic half-space

The asymmetric displacement boundary-value problem related to a rigid cylinder
bonded to a transversely isotropic elastic half-space is considered (Fig. 3). The problem
under consideration has useful applications in geomechanics and in the analysis and design
of mechanical components. The quantity of primary interest is the global stiffness of the
cylinder-half-space system. Tables 3, 4 and 5 present non-dimensional axial (K.), horizontal
(K;), rocking (K,,) and coupled (K, = Ki») stiffnesses of a rigid cylinder bonded to ice,
two types of clay and an isotropic medium. Note that K, = Po/(c¥5aA.), where A. is the
displacement of the cylinder in the z-direction and P, is the axial force. The stiffnesses K,
K,,, K, are defined by eqn (51) with ¢, = cies. Solutions are presented for rigid cylinders
with h/a = 0.5, 1.0, 2.0 and 4.0. As expected, all components’ stiffnesses increase con-
siderably with increasing values of the ratio A/a for all types of material. The stiffness values
corresponding to the two clays are very close which indicates that the differences in ¢,; and
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Table 4. Axial and horizontal stiffness of a rigid ¢ylinder embedded in transversely isotropic elastic

half-space
K. Kh
hla Ice Clayl Clayll  Isotropic Ice Clayl Clayll  Isotropic
0.5 9.30 0.24 0.21 7.10 8.59 0.31 0.32 7.50
1.0 10.27 0.28 0.25 8.35 1093 0.40 0.40 9.52
2.0 12.28 0.34 0.31 10.32 14.80 0.56 0.56 12.87
4.0 16.16 0.46 043 13.92 21.20 0.70 0.71 17.50

Table 5. Rocking and coupled stiffness of a rigid cylinder embedded in transversely isotropic half-space

K, Ky = =~ K
hla fce Clayl Clayll  Isotropic Ice Clayl Clayll  Isotropic
0.5 9.37 0.25 0.24 7.65 0.93 0.04 0.03 0.73
1.0 16.40 0.51 0.49 13.93 3.31 0.12 0.12 2.75
20 42.08 1.45 1.43 36.37 10.59 0.39 0.39 9.06
40 16028 5.53 5.56 131.04 33.65 1.37 1.37 25.76

53 observed in Table 3 do not have a significant influence on the stiffness. A comparison
of solutions corresponding to ice and the isotropic material indicates clearly the influence
of the degree of anisotropy on the stiffness.

Rigid hemisphere with an elastic—perfectly plastic interface

The non-linear mixed boundary-value problem related to a rigid hemisphere of radius
“a” embedded in a transversely isotropic elastic half-space with an elastic—perfectly plastic
interface is considered. In the absence of relevant experimental data we have simulated only
the axisymmetric twisting problem where yielding (slipping) occurs only in the 8-direction
when contact traction reaches a limiting value. The limiting traction value in the 8-direction,
denoted by 1y, is set to 0.01 c4,. In reality the critical value of traction beyond which
slipping occurs along the interface should be determined experimentally and depends on
several factors such as the surface texture of the interface, the type of bonding, the defor-
mability characteristics of the materials in contact, etc. The torque (7,) and twist angle
(w,) relationship is linear until the contract traction in the 6-direction at a point at the
interface reaches the limiting value. A displacement boundary-value problem can be defined
for domain ¥ (Fig. 5) during the linear region. Let w, denote the twist angle (in radians)
at the initiation of yielding. For any w, > w,, a mixed boundary-value problem can be
defined for ¥, ; the traction specified over the part where the critical value has been reached
and the displacement specified over the remainder. Note that slipping will occur along the

1.0} t¢Cadmium
095}
T‘ -Isotropic
Ice
0.90 -
Ciay
wy
0.85% ] / y 1 1 i
0,002 0.004 0.006 0008
Rotation , g

Fig. 5. Torque-twist relationship after initiation of interface vielding.
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Fig. 6. Slip along the interface after initiation of interface yielding.

portion of the interface where the limiting traction has reached. It can be shown that the
torque T, corresponding to a completely yielded interface is equal to 0.005n%c,,a’ for
7y, = 0.01 c44. The response of the hemisphere for w, > w, can be studied by an incremental
analysis. In the present study the surface S’ was taken as a hemisphere of radius 0.82 and
M =20 and M’ = 10. The incremental analysis was performed by using increments of
rotation equal to 0.05w, for w, > w,.

Figure 5 shows the torque-twist relationship after the initiation of interface yielding
for a rigid hemisphere embedded in an isotropic material, ice, clay and cadmium (Table 3).
The point of intersection of the torque-twist curve with the horizontal axis corresponds to
the twist angle w, at the initiation of interface yielding. The normalized torque T* = T,/T,,
where T is the torque acting on the hemisphere and w§ = w,c44/74,. The non-linear behav-
iour of the torque-twist relationship is evident from Fig. 5. The present analysis can be also
used to compute the amount of slip between the rigid hemisphere and surrounding half-
space at points along the interface which have reached the limiting traction. The non-
dimensional slip at a point (r.z) on the interface is denoted by A* and defined by
A*(r,z) = [rwg—uv(r, 2)]cqs/(at,,). where v(r, 2) is the displacement in @-direction of the half-
space. Note that for w, < w,, no slip takes place at the interface and A* = 0 for all points
on the interface. Figure 6 shows the variation of A* with the angle ¢ (Fig. 5) for normalized
rotation @, = wy/w,. Yielding is initiated at the free surface level (¢ = 7/2) and gradually
progresses downward as @, is increased. Nearly one-half of the interface yields at &, = 1.30
for all types of materials. Note that in the present problem, the analytical solution results
in zero traction in the f-direction as ¢ — 0. This implies, theoretically, the yielding of the
bottom (¢ = 0) occurs when @, — co. This behaviour is reflected in both Figs 5 and 6.
This example demonstrates the effectiveness of the present scheme in analysing a mixed
boundary-value problem related to a rigid inclusion. The analysis can be modified without
any fundamental difficulty to simulate an interface with Coulomb friction.

It can be concluded that an accurate boundary integral formulation has been presented
to analyze a general (displacement, traction and mixed) boundary-value problem related
to a transversely isotropic elastic medium. The Green’s functions required in the analysis
are presented explicitly. The numerical examples demonstrate the accuracy, flexibility and
versatility of the solution scheme in analyzing a variety of problems. The traction—
displacement relationship given by eqns (44)—(48) can be coupled to a finite element
representation of the near field domain ¥ to develop a hybrid scheme (Zienkiewicz et al.,
1977 ; Rajapakse and Shah, 1988) which can be used to model a variety of linear and non-
linear problems related to transversely isotropic elastic media. The present methodology
can be used to solve general boundary-value problems related to a multilayered transversely
isotropic elastic medium without any fundamental difficulty. In the case of layered media,
however, the Green’s functions cannot be derived explicitly and have to be constructed by
using accurate numerical techniques. Research in these directions is currently in progress
for both static and dynamic problems.
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