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AIJItract-Equations are obtained for the complete stress field due to contact between identical, trans
versely isotropic, rough spheres loaded normally and tangentially, The stresses are given explicitly for any
point in the medium,

INTRODUCTION

This paper considers the state of stress arising when two identical, transversely isotropic, rough
spheres are pressed together, first by normal and then by tangential loads. The dimensions of
the contact region are considered to be sufficiently small compared with those of the body that
the assumptions of Hertz[l], who solved the isotropic problem for the normal loading of
smooth spheres, are considered valid. The case of isotropic, rough spheres tangentially loaded
was solved by Cattaneo [2] and Mindlin [3]. For their solution the assumption of a contact that
remains circular, although slip occurs in an outer annular portion of the region, is found to be
valid provided that one allows the relative displacement in the slip region to be unconstrained.
The tangential force will cause an axially symmetric tangential stress acting in the direction of
the force in both the fixed and slip regions (see Fig. 1). It is the purpose here to extend their
problem to the case of transversely isotropic materials and in addition to calculate the stress
field within the body.

The stress field created by a circular sliding contact on an isotropic half space has been
solved by Hamilton and Goodman[4]. Motivated by considerations of mechanical failure, they
examined constant lines of von Mises' yield criteria in the half space and on the surface.
Chen[5] and Dahan and Zarka[6] have recently solved for the stress field in a perfectly smooth,
transversely isotropic half space in contact with an elastic spherical indenter under normal

z

Fig. 1. Geometry and coordinate system.
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loading. In both papers results are plotted for several transversely isotropic metals to show the
effect of the anisotropy for the indentation of an elastic half space.

By noting that the solution of Dahan and Zarka can be specialized to represent the stress
field between two identical, transversely isotropic, normally loaded rough spheres (of
sufficiently large radius that the Hertz assumptions are valid), the present analysis will present
the expressions for stresses for identical, transversely isotropic, rough spheres having both
normal and tangential loading. The case for shear loading has been solved by Chen[5}, where
the contact loading is a shear stress proportional to tbe normal stress. The present analysis
considers three regions: a region that is bonded, a region in which slip occurs (shear stress
proportional to the normal stress), and a region free of stress. The solution, although obtained
differently, will be completely analogous to that of Mindlin's.

The approach is to apply first a normal load, Pz, to the two spheres, thereby obtaining the
stress field from [6}. Then the solution for an applied tangential load, Px, is solved and
superposed with the stresses due to Pz• Since the normally loaded case is already solved, tbe
metbod of solution for tbe tangentially loaded case will be discussed and results for the two
superposed cases wiJI be given in the next section. The geometry and coordinate system for the
tangentially loaded case are given in Fig. L

TANGENTIAL LOADING

The tangential loading of a transversely isotropic half space is considered. The notation used
is that given by Green and Zerna[7, pp. 177-180}. For transverse isotropy the relations between
stress and displacement are given as

(1)

_ .(~ Ouz ) _ (OUz OUx ) _!( _ )(OUx ~)
O'yZ - C44 Ilz + ay , O'zx - C44 ax + az ' O'xy - 2 etl Ct2 ay + ax .

Substitution of eqns (t) into the equilibrium equations leads to the following equations
governed by the potentials r/J:

where

Let

_ or/J ~ -1.£_ iJr/J3 _ ar/J
Ux - oX + ay' Uy - 8y 8x ' uz - k 8z'

(2)

(3)

(4)

then it is easily verified that eqns (2) are satisfied by the potentials written in the foUowing form
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~I =Leo AM) e -fdV(v,)JM') d~ cos e, I =1,2,

~3 =Leo AM) e-fzi'\l(.) JM') d~ sin 8

where

VI =-[Cn(2C44+Cn) - CIlC33] - {[Cn(2C44 +Cn) - CIlC33]2 - 4CllC33C~}1/2/2cllC44'

P2 =-[Cn(2C44 + Cn) - CllC33] + {[Cn(2C44 + Cn) - CIlC33]2 - 4CllC33C~P/2/2cllC44'

P3 = 2C44!(Cll- Cl2)'

Also denote
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(5)

(6)

(7)

Here, in anticipation of the tangentially loaded problem, symmetry with respect to the
x-axis has been assumed.

When normal loading is applied, there exists a circular region of contact, 0 < , < d, between
the spheres. Subsequently, upon application of the tangential loading, p.., the contact region is
assumed to remain circular (see, e.g. [2,3]). The contact region is divided into two zones. There
is an inner zone, 0< , < C, in which no relative slip occurs, and a zone, C< , < d, in which slip
occurs (Fig. 1). It is clear that the tangential loading can be separated from the normally loaded
case.

The boundary conditions for the tangentially loaded case on the surface, Z =0, may be
written as

Ux =a}
Uy = 0

0< r< c,

(8)

(Tzx =(TZy =0

(Tzz =0

a<r<oo,

0< '<00,

where a is a constant, f' is the coefficient of friction of the surface of the spheres, and Po is the
pressure at the center of the contact zone due to the normal loads, Pz•

The normal stress distribution, given as

(9)

where

(10)

is the well known Hertz expression for the pressure distribution between two spheres in contact
under normal loading. If the Coulomb friction law is assumed to be applicable, then it is clear
that the boundary condition for slip given in eqns (8) is appropriate. It is noted that the
displacements in the slip region may not be in the same direction as the tangential shears.

With the boundary conditions, eqns (8), the stresses and displacements in terms of potential
functions as given in [7] are transformed into a polar-cylindrical form. The boundary value
problem involves simultaneous pairs of dual integral equations which can be solved by the
method of Westmann[8, 9]. The problem is analogous to that solved by Goodman and Keer(tO],
where the relation between the constant, a, and f'Po is obtained by the requirement that a
shear stress singularity be required to vanish. The details of the reduction to coupled pairs of
dual integral equations and the calculation of these quantities will not be included in this paper,
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since, except for the change of elastic constants from isotropic to transversely isotropic, the
form is the same and the solution technique is an obvious extension of previous work.

The relation between I'Po and 2a =4 is found to be

(II)

where

(12)

An expression for the radius of contact, d, as in [5] can be determined as

(13)

where R is the radius of the sphere and 8j , j = 1,2, are defined in Appendix 1.
Having solved the boundary value problem, the stress expressions within the spheres due to

tangential loading are obtained and superposed with those of Dahan and Zarka[6] for the
normally loaded case. The results and notation of Dahan and Zarka are used extensively,
especially the closed form solution of certain key integrals. Notation used in the stress
expressions is given in Appendices 1 and 2, where Appendix 1 gives the relations among the
elastic constants and Appendix 2 gives the significant integral identities.

SUPERPOSITION SOLUTION WITHIN SPHERE

The superposition of the stresses due to normal and tangential loading yields stresses in the
spheres as follows:

er"/Po = 41'G cos 8{Lj{c 13kjvj-l- CII){dDj2{d) - cDj2{c»

+Lj{cII- cI2)[(dD;..(d) - cDi..<c»r-2- (dD;4{d) - cD;..(c»r-ln

- ([sIC1id) - s2C2id)](d,)-1I2 - vr-1[slP2D13(d) - s2PIDn(a)}}/(sl - S2) (14)

where j:::: 1,2,3 summed, j = 1,2 summed, and primed notation (with the exception of 1', a')
denotes differentiation with respect to r.

er.tPo = 41'G cos 8{Lj(Cl3kjVj-l- cI2)(aDj2(a) - cDjic»

+L j(CI2 - cII)[(dD;4(a) - cDj..(c»r-2- (aD;..(a) - CD;4(c»r- ln

+{v'(d')[SIQ2CI2{a) - s2QIC2ia)](a'c' - dTI - vr-1[slP2D13(a) - s2P,Dn(a)}}/(s, - S2)
(15)

er,./Po =4I'G(cII - c,~ sin 8HL 3(dD.J2{a) - cDn(c»

+L;[{dD;4{d) - cl),..(c»r-2- (dD'i4(d) - CDi.c(C»r-1]} (16)

erzJPo =4I'GC44 sin 8{Lj(1 +kj)vt1l2(aDj3(a) - cDjJ<c»r-1- L 3v3-1/2(aD~3(a) - cD~J<c»} (17)

erdPo =4I'GC44 cos 8{Lj( - 1- kj)J'j-I/2(aDj3{a) - cDJ3(c»

+ L3v3-1I2(aD.J3{a) - CD33{c»r-1}+ [D'2{d) - Dn(a)]{[{sl - s2)'V'{d')] (18)
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For the surface stresses, the exponential term in the potential functions is unity and the
integrals can be easily evaluated as appropriate Hankel transforms. Performing the necessary
re-evaluation, the surface stresses can be written as

O<r<c:

{ 1( rY'2 /t
a2

[ ( rY'2]) (20)u,,/Po= -YJi I-dJ +)?" 1- I-dJ

{( 1)( rY'2 /taT ( rY'2]) (21)ueJPo= /t-V(ji I-dJ - 3r 1- 1- a2

u,.=O (22)

urzlPo = 2e/,G cos 6{(a2- r)l/2 - (c2- r)l/~ (23)

uzJPo = -2e/,G sin 6{(a2- r)l/2_ (c2- r>1/~ (24)

uulPo= -O-(rla)2)1/2. (25)

c<r<a:

(26)

u,,/Po =2/'G cos o{Lj(e~jkj - e12) [;, - r sin-I(~) +~(r- C2)1/2]

+L j (eI2~ ell) [
1ft_~ sin-I(~) + (~)(r- C2)1/2(~ _ ;)]}

u"/Po =2/'G sin 6 { - L) (ell; e12) [;, - r sin-1(~) +~(r - C2)1/2]

+~(ell~ e12
) [

1ft_~ sin-'(~)+ (~)(r- C2)l/2(~ - ;)]} (28)

un/Po = 2e/,G(a2
- r)l/2 cos 6 (29)

uzJPo= -2e/,G(a2
- r)l/2 sin 0 (30)

uulPo = - [1- (rla)~I/2. (31)

a< r<oo:

u,,/Po= 2/'G cos o{l.j (C~jkL ell) [r sin-I (~) - r sin-I (~) - tr(r- ( 2)1/2

+(r- C~-1/2(er- 54~)]+ Lj (Cll ~ C12) [~ sin-I(~)

-~sin-l (~) +(%-~)(r- C2)l/2+ (~-4)(r- a2)1/2]} +1'~ (32)
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Un = U t8 =U tt =O.

(33)

(34)

(35)

By equilibrium considerations it can be found that the relationship between the load, P., and
the horizontal displacement of the sphere, &/2, is

(36)

The stress fields for the case where the spheres slide relative to one another, as e.g. in [4J when
P" =f Pt. is easily obtained by specializing the above results for c-+ o.
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APPENDIX I
Nomenclature
au,an,aU,an,a44"" elastic compliances of given transversely isotropic spheres. as used in [51
ClhCn.Cll.C33,C44"" elastic moduli of given transversely isotropic spheres, as used in [41. (See Table I.)

a' = au(au - aI2)/(aIl033 - aI3)
b' =[alJ<au+(44) - a12a331/(alla33 - (13)
c'"" [(1)(011 - Qd +alla441/(alla33 - (13)
d' =(afl- aM/(alla33- ai3)
LI = - cl2b. L.;, = Kcl2b. L3= 112
q\ = (b' - a's1 )p}, q1 = (b' - a's(2)P2
SI = {la' +c' +V«Q' +C')2 -4d')J/2d'}IIZ = 111-I/Z

Sz ={[a' +c' - '\I«a' +c'f - 4d')lIU,}l/2 = Vz-112

al =!(r- lii2+slr+ lii2'l'i~' where Iii =Ii or e
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Pi = - SiZ,n!ai
1i· = m-·(r- m2+S?Z2)2+4s?Z2m-2

S\S2 IIS.2P28.= a..--+(al2-all)--
S2-S, S2- S•

S\S2 IIslp.82= a..--+(a\2- all)--
S2-SI S2- S\

P. = (b' - I)(a' +V(d'»/(a'c' - d')
II = (b' -OV(d')/(a'c' - d')
PI=I-a'SI2.P2=I-a'sl.

APPENDIX 2
Integral expressions

Cdm) =r[si~~t') - cos tt')] JoUr) e-(U, dt'

= 1-~(rSI.\(m)+ SiZSi.•(m»)

CjJ(m) =r[si~ft') - cos~mt')]ut'r) e-(U, dt'

_ 1 (' 2 r 2 2)S (') 3sizr S. ( , ) r T. ( ') SiZ-2m m -2'+S;Z i•• m + 4m i.1 m +4 i.• m -T

~21m)= r [sin,(mt') _ cos (mt')]JMr) e-(u, dt'
Jo me t'

=~rSi.l(m) - sizSI.MI) - mT1.I(m»

1 (' 2 S?Z2) 1 ' SiZ • ' rsiZ , r=3m m -r+-2- Si.•(m)+'6 Ti.l(m)-2m Si.\(m)+3

'2

=~~2(m)+TI.,(m»+~CjJ(m)- S~Z DjJ(m)

Si.\(m) = (~sin (mt') loIJr) e-(u, dt' = arctan (m - Pi)
Jo t' ai +SjZ

T' (')_ (~cos(m{)J(t) -(u'dt_ai-S,z
i.• m - Jo --[- I ~r e '~ - -r-
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