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Abstract. The contact problem of elastic bodies, each consisting of a finite layer of
uniform thickness rigidly adhering to a half-plane, is investigated on the basis of the
two-dimensional theory of elasticity. The materials of the layer and the half-plane in
the contact body are isotropic and homogeneous, yet each of them may have distinct
elastic properties. The mixed boundary value problem is reduced to a single Fredholm
integral equation of the second kind where the unknown variable is a fictitious surface
deformation, through which the contact pressure can easily be obtained.

I. Introduction. One of the usual methods of solving mixed boundary value problems
in the theory of elasticity is to use dual integral equations, which are then trans-
formed into the form of Fredholm integral equations. Recently England [1] and Keer
[2], using the method suggested by Collins [3, 4], have reduced their axially symmetric
contact problems directly to Fredholm equations. In this paper, an approach is suggested
for solving two-dimensional contact problems, particularly for the problems of two
layered elastic bodies. The contact body is considered to be formed of an elastic layer
of uniform thickness rigidly adhering to a semi-infinite elastic substrate, where the
layer and the substrate generally have dissimilar elastic properties.

Using the complex variable solution for the mixed boundary value problem of a
half-plane and the Fourier integral solutions for an elastic layer and for a half-plane,
the present mixed boundary value problem of layered elastic substrates is reduced to a
single Fredholm integral equation of the second kind. The unknown variable in this
integral equation is a “fictitious” surface deformation through which the pressure at
the contact region may be obtained without difficulty.

For the simplicity of presentation, mathematical derivations will be given in the
second section of this paper for the contact of a layered elastic substrate and a rigid body.
The result is generalized in part three for the case of two layered elastic bodies in contact.

II. The mixed boundary value problem of a layered half-plane. An elastic layer
—h < y < 0 of infinite extent and an elastic substrate — « < y < —h, both isotropic
and homogeneous but of different material properties, are rigidly adhered at y = —h.
As a smooth, rigid, cylindrical punch of surface contour f(z) is pressed against the layer
on the surface ¥y = 0 by a normal force P along the y-direction as shown in Fig. 1, a
contact pressure p(z) is developed over the region —a < z < a on the boundary y = 0.
~ Using v and » to denote the components of infinitesimal displacement in the z and y
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direction, r,, and 7,, the normal and the shear stresses in the y direction, the boundary
conditions can be expressed as;
(i) Along the boundary y = 0,

(rwh = 0, le 2 a, (1a)
(7v2)l = O, (lb)
(ﬂ)> = f"(2), lz| < a. (l¢)
(ii) Along the interface y = —h and for all values of z
(ro)r = (T2, (2a)
(Tvz)l = (Tvz)2 ’ (2b)
(3), - (2), @20

(i) (1)

(ax), B (81:)2 ! (2d)
where the subscript 1 has been used to denote the quantities of the layer and the sub-
script 2 those of the substrate.

For the sake of simplicity, we assume that f(z) is symmetric and has no corners,
such that the contact pressure p(z) is zero at the ends of the contact length. The general
case can be derived in a similar manner.

The general solutions for a half-plane —» < y < —h and for alayer —h <y < 0
in the form of Fourier integrals are given by Sneddon [5]." Introducing the symbols
¥, =y + h,§ = y/h and §, = y./h, the general expressions for the stresses and displace-
ments in plane strain for the symmetrically loaded layer and substrate can be written as

_ 2 [T, ()
Tez = 5 agzcsf dt,

AR
Ty = ——2—§ f £, cos (5 %) dt,
re = = f E—sin( )dg, -
g_: N 2(11rF--Lh;;) 5 [(1 -5 a-2 G ] cos(f‘;—i) d,
g_i - 2(1114],-'_};)[ [(1 2k 6-1 - 2) ——] sin

Where E and v are the Young’s modulus and Poisson’s ratio respectively, 7 = 1, 2,
and the function G is as follows:

(1) The layer
G, = (4, + B.g) ch (&) + (. + D.g) sh (). (42)

IThe variable ¢ and the functions B and D in [5) are replaced by the quantities £¢/h, B/h and D/h
respectively to obtain Eqs. (3) and (4) in which £ is a dimensionless dummy variable.
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(2) The substrate
G = (A; + Buj) exp (&5y). (4b)

One possible approach to obtain the solution for the layer and for the substrate
is to substitute Eqgs. (3) and (4) directly into the boundary conditions (1) and (2) for
the boundary y = 0 and the interface, and then solve for the unknown functions of ¢
and the contact pressure p(x). This method finally requires a solution for dual integral
equations. This paper presents an alternate method aimed at reducing the problem to a
single Fredholm integral equation of the second kind which can then be solved by using
a standard technique.

Consider that the solution for the layer in this problem consists of two parts: (a) the
solution for a slab —h < y < 0 with zero surface traction on the surface y = 0 and (b)
the solution for a half-plane y < 0 which is pressed upon by a smooth rigid punch having
a contour g(z) over the region |z| < a. (The function g(z) is to be sought.) Here both
the slab and the half plane have the same material properties as the original layer.
The sum of the two solutions is then, according to the continuity condition given in
Eq. (2), equated to the stresses and displacement derivatives of the substrate aty = —h
expressed in Eq. (3) and (4b).

The solution for the layer in part (a) is expressed in Fourier integral form as given
in Egs. (3) and (4a), and since there is no surface traction on y = 0, it follows immediately
that

4, =0, ®)
B.\(¥) + £¢C.(¥) = 0. ©

As for the half-plane y < 0 in part (b), its solution can be expressed in terms of a
single complex function ®(2) [6], z = x + 4y. For the case that the contact pressure p(z)
vanishes at z = +a and g(z) is an even function,

_E(@ =" e g'(t) dt _El(@ =" " tg’(Hdt
R = i e I R T e

where ¢’(t) = dg/dx and X(2) = (a® — 2°)"/? is the branch, single-valued in the plane
cut £ = —a to £ = -+a along the z-axis, for which the argument is so selected that
X' = (@® — ) and X (t) = —(a® — t*)"/%, where the (+) and (—) denote the
boundary values taken respectively on the upper and lower edges of the cut. For the
points at a depth A below the surface, z = z — th = 2, , we obtain from Eq. (7)

___E tg'(8) dt
(Tllv)l--h = 7|'(1 _ V?)h‘/(‘) (T + S) (a2 . t2)l/2 y (8&)
w\ o _ 1 [T a g tg®dt ?
(al‘),,g_h - 27]'(1 —_ Vl)h j; [2(1 Vl)T SJ (a2 — t2)l/2 (Sb)

where
T(x, ) = h Re [F(z)],
S, ) = —k* Im [F'(z,)],

2Plane strain case.
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X(2)

Fo = 722, pe - 22

The integrals in Eq. (8) can also be expressed as Fourier integrals similar to those
in Eq. (3), so that

*

o @+ 9 g = g [t e ()

t)l/2 y (9)
1 T tg'(h) dt
2,-(1 — V)hf [2(1 - 1’1)T - S] _——);W
2(:._E'-';1,:1) f [E o — 2(1 Vl)£61] COS( )d£

By taking the Fourier inverse transform on both sides of Eq. (8) and solving for «,
and g8, , we have

Y 1 tg'(t) dt
fon = = of “°Sg"d"f T+ 8 g7
(10)
E.h’ 1) dt

- - _Lg'(9 dt
EBI 41!'(1 — Vx)(l — V‘Al’) CcOos E"? dﬂf [4(1 VI)T + S] (a t2)l/2 ]
in which the variable z in T and S is replaced by nh. After changing the order of integra-~
tion, Eq. (10) can further be written as
_EhA h’ tg’(Y) dt
far = it [0+ 1) 8
1r(l ) - 5 an

tg’(t) dt

ot f[4(1—».>1+H1( 0

& = 4r(l — »)A — »)

where I, H are, respectively, the Fourier cosine integrals of T and S, i.e.

16,0 = [ Th 0 costndn,  HE D= [ " S(nh, ©) cos £ dn.

The integrals I and H are evaluated in the Appendix and the results are as follows:

ey T @ =" (8 m(_i)kf_l"*]
H=¢ = 25‘35[ / S‘I‘(gh)"",‘f‘;{l @h)! (Eh) i |

B _én 1(_’)%-2 1-1 (2’6—3)
Pt(’)"(a> —3\g) T 246 £20.

The substitution of the stresses and displacement derivatives given in Egs. (3),
(4) and (9) into Eq. (2) yield, with the aid of Egs. (5) and (6), the following four si-
multaneous equations:

[Bi(" ch§ — £sh§) — DE¥sh§ — Fa,] + £4, = 0, (122)
[Bit"sht — Di(Eshé + £ ch§) + 6, + £a] — B, — £4, = 0, (12b)

{Bi[(2v, — Dish¢ — £ chg] + Dy[E sht + 2(1 — »)t ch ]
+ o 4+ 21 — )88} — vE° 4, — 2v(1 — »)iB, = 0, (120

(11a)

where
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{Bi[¢*sh & — 2(1 — v))t ch §] + D,[(1 — 2v)tsh & — £ ch ]
+ 52011 - (1 - 21’1)5131} - 7£2A2 + (1 - 2"2)’)’532 =0, (l2d)

where v = G,/@, , the ratio of the shear moduli.
Eliminating A4, and B; from Eq. (12), we obtain

eBl + bDl = (’Y - ]-)Eal + 2[(1 - V2)7 - (1 - ”l)]ﬂl [} (13)
¢By +dDy = (v — Dby — [(1 — 2)y — (1 — 20)]By ,

where
= [('Y - 1)(1 - 2) - 27(1 — )] shg—[1+v— 2vv.)§ ch §,
b=[2v(0 —w) + A+ v — 2w)Elsh &+ 2[1 — ») + vl — w)E] ch, (14)

= [=2v(1 — ») + I 4+7v—2w)¢lshé+ 2[-1 —w) + (1 - )] ch ¢,
d=[—@—DA—=2n) = 2v(l —w)lshi— [1 +v — 2wt ché.
Using the result of Eq. (11), the function B,(£) can be obtained from Eq. (13),

_ BN [dk + bky + £k, + bR)] [ I, Oig'() di
B.@® = w1 — W)t de — be f - (15)

where
ki=v—1+4 2@ — ),

(1""’2)‘)’

= 1 __ .' p 7
k2"2 Y 2(1_1,1):
ky = 2(’Y — 14 =y,

(A= 2v)y = (1 = 2)
41 — v)

It still remains to satisfy the boundary condition (1c) by the superimposed solution
for the layer. Since the prescribed displacement derivative of the auxiliary half-plane
is g’(x) while that from the general Fourier integral solution for a layer having zero
surface traction on the surface y = 0 (i.e. part a) is taken from Eq. (3),

ks=v—-1+

(@), - 4020 [ e ()
Eq. (1c) can be written as
0@ = 8= [ 5 sin () &t = 1@, an

After substituting Eq. (15) into Eq. (17) and interchanging orders of integration, Eq.
(17) can be reduced to the following Fredholm integral equation of the second kind for

g'(),
1 a
@ — = [ Ka g0 at = 1@ (18)

where the dimensionless kernel K(z, t) is given by

t ® dk, + bk, + £(dk, + bk, : ( g)
@ = t2)1/2f de — be I, 1) sin Eh dt.

Kz, t) =
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Knowing the function of the kernel K(z, t), the integral equation (18) may be solved
by numerical or other means for the function ¢g’(x). The contact force P and the dis-
tribution of the contact pressure p(z) can be determined from [6]

P = E, * tg'(H) dt
2(1 - Vf) e (02 _ 12)1/2 ’ (19)
E\(a® — 2°)'* [° g'(t) dt

PO = "0ri =) ). U= 2@ - O

When the layer and the substrate are of same material, that is, E, = E, , v, = v,
the problem is therefore reduced to a mixed boundary value problem of an elastic half-
space. All the k’s defined in Eq. (16) vanish, and the kernel K is zero for all values of
z and t. Eq. (18) then gives ¢’(z) = f'(z) as it should.

The kernel K for the case that the substrate is rigid, i.e. vy = 0, can be written in
the following reduced form:

K(z, t)

t © ' .
- 4(1 — vi1)(a® — )} [) O(£)I(4, t) sin (5 7l) dt,

o(f)
=(l —»1)[—4(2v1—1)*sh £—16(1—»1)* ch£+(8»1—6) ch £+(4v1—6)E 8h £—28 ch £]—(5—6v1)*sh £
g24+4vi—4v+1—(4v1—3) ch? ¢

The foregoing analysis is based on the assumptions that the surface contour f(z)
of the punch is symmetric and that the contact pressure p(z) is continuous and vanishes
at the edges of the contact region. If f(z) is not symmetric, the Fourier exponential
transform should be used in the derivation. For the case that p(x) does not vanish at
the edges, the relationship between ® and g¢’(z) should assume the following general
form [6]

E,
@ = L =A@ = H7

f_" (@® — £)%g'(t) dt " P 20)

t—z 2n(d® — 257

III. The contact problem of two layered elastic bodies. In addition to the assump-
tions made in the preceding section, we shall further assume here that the radii of cur-
vature of both bodies are large in comparison with the dimensions of the area of contact
and therefore each of the bodies can be substituted by a semi-infinite plane (Fig. 2).

Using I and II as the subscripts pertaining to the upper body and the lower body
respectively, and 1 and 2 as used previously pertaining to the layer and the substrate,
it is possible to denote, for instance, E,;; as the Young’s modulus of the layer of the
lower body II, and »,; as the Poisson’s ratio of the substrate of the upper body I. The
relationship between the derivatives of displacement at the area of contact can be
established as

% 61'”1 _ afll(-t) _ ajl(“‘v) — {
ox + dr oz or f'@) @

while the other boundary conditions have expressions similar to Egs. (1) and (2).
Following the procedure used previously, we extend the layer of each contacting
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body to a half-plane, and denote the surface deformation of each fictitious half-plane
under the yet to be determined contact pressure p(z) by g:(z) and gii(z) respectively.
Then, if we again assume that both f,(z) and f;;(z) are symmetric functions and that
the contact pressure p(x) vanishes at the ends of the contact length, the actual surface
deformations v, , v,;; of the layers can be expressed, respectively, in terms of the fictitious
surface deformation functions g;(z) and g (z),

e _ v 1 [° /
or g9i(z) rzhj; K\(x, 9)gi(¥) dt,

(22)

v L[
61;21 = g{l(x) - ﬁj; K“(.’C, t/gh(t) dt’

where the kernels K; and K;, are similar to K defined in Eq. (19) except that the ge-
ometrical and material constants should be changed accordingly.
Substitution of Eq. (22) into Eq. (21) yields,

0@ + g — 7 [ 1K@, 00i) + Kule, OO} dt = 1@ (@3

Since the normal pressure acting on the upper body I along the area of contact
coincides with the normal pressure acting on the lower body II, and g;(z) and g (z)
are the surface deformations in the contact region |z| < a of the half-planes with elastic
moduli E,; , »,; and E,;{, v.11 , therefore, from Eq. (20), g:(z) and gi;(z) are related to
each other through the equation

E,; bl
(-‘:73 0@ =7 . 7 gu®). (29)
Introducing a new fictitious function g.(x) defined as
9:() = gu(2) + gn(@), (25)

then, the substitution of Eqs. (24) and (25) into Eq. (23) again yield a Fredholm integral
equation of the second kind as follows

0 [(1 - V?x)EurKr + (l - ”f”)E”K”]gz(t) dt
gc(x) - 1|-2[(1 — Vfl)EllI + (1 - Vf”)E”]h

= f'(2) (26)

while the contact pressure p(z) and the contact force P can be computed from

- E\E (@’ — )" : g:(t) dt
p(@) = 2[(1 - Vlzl)Eln + (1 - V?”)E”]w (= ;z;)(a2 — tz)‘” ' (279)
ELEn * tgl(t) dt

P = (27b)

2[1 — V)Ei + (1 = vi)Ey] o (@ = A7

APPENDIX

(A) Evaluation of the Integral I(k, t) given in Eq. (11).

© @ 2 1/2
¢, 0 = f (o , 1) costn dy = Re {h [ (—“—l% cos &1 dn} (A1)
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Using the identity

costn = (e et el z/h =g — 4, (A2)
we obtain, from Egs. (A1), (A2)
eE £-£
I=Re\g L+ Ly, (A3)

where the integrals I, and I, are given by

— f F(Z)e—ié(:/h) dZ,
S

— f F(z)eif(z/h) dz,
S

(az 2 )l/2
F(Z) t — 22 ’
and S, as shown in Fig. 3, is the path alongy = —hfromz = — » to =,

By applying the complex residue theorem and Jordan’s lemma, the integration of

I, and I, can proceed as follows: (see Fig. 3)
(1) Within the close path formed of S and Cg. , the complex function F(z) is analytic

and F(z) — 0 as |z| — o, therefore
( f + f )F(z)e-‘“"") =0, £>0.
R’ N

Since f¢,. = 0 as R — «, we have
- f FQe ™ dz =0, £>0. (A4)
S

(2) The function F(z)e'**’? is analytic and single valued inside the closed path
formed of S and Cj.. except at the branch cut, thus

(f + f + f A)F @™ dz = 0, (A5)

where A is a closed contour surrounding the cut in the clockwise direction. Since
f FQe“P d2=0 as R— o,
CR'*
we have
= f F@)e'* " dz = —f F@e* ™ da.
S A

By expanding e*¢“/* into an infinite series and expressing F(z) as the sum of two partial
fractions, we obtain

L=L{% @ - neoy,
=0,1 (A6)
where

Lo = | @ =2 nyt e
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The complex integral L,(f) around the branch cut can be intergrated by means of
the Cauchy integral theorem described in §110 of [6], i.e.

Ly(t) = 21:1'{((1’ - tﬁ)”’(—ti)b

to)“‘ [ 1 (g)’ 113 @k -3 (g)‘]}
’“( KRRV 246 --- 2 \¢ '
where k' = k + 1 for k = odd integer or k' = k for k = even integer. Substituting the
expression for L,(f) into Eq. (A6) and rearranging the terms, we obtain

L. ___[(“ tz)vzsi“( )”H Zo: @)1 ( ) (”]

(A7)
where

pr= () LT LB,
T \a 2 \a 2:4-6- - (2k)

Since I, is found to be pure real, we have, from Egs. (A3), (A4) and (A7)

I=t'h=-3 [(_a__ttw sin (’3 Tf) + ,;1 ((2101))’ ( ) (t)} R

(B) Evaluation of the Integral H(t, t).
HE ) = fm S(z , #) cos&ndy = Im [—h’ fm F'(2,) cos &n dn] ,  £20.  (A9)
[} 0

Using Eq. (A2), we have
H = —(h/4) Im [¢*H, + ¢ *H,), (A10)

where

H, = f F'(z)e"“"“’ dz, £>0,
8

= [ P e,
S

Again, applying the complex integration along the closed contour formed by S and the
semicircle Cy. , it can be found, similar to Eq. (A4), that H, = 0. Integrating the integral
H, by parts and using F(2) — 0 as [z| = «, yields

H, = —z’% f Fe't ™™ dz = f I, . (A11)
S
Finally, by combining Eqgs. (A9), (A3) and (A1l), we obtain
-t
He -2émmu =1, -4 (A12)
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