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Abstract—The problem of a layer bonded to an elastic half-space, where the layer is driven
by torsional oscillations of a bonded rigid circular disk, is solved by means of integral trans-
form techniques. Using a standard technique, the problem is reduced to a Fredholm integral
equation of the second kind, the kernel of which involves the calculation of principal value
integrals. Dynamic stiffnesses are developed for a range of layer thicknesses, material proper-
ties, and frequencies.

INTRODUCTION

There has been recent interest in problems concerning the dynamic response of foundations
with the goal of improving the dynamic models for the interaction between the soil and the
structure. Recently, a considerable effort has been made to solve problems involving the
response of bodies on an elastic half-space, and many two and three dimensional solutions
to these problems in dynamic elasticity have been developed.

Of important practical interest is the response of a structure on a layered foundation and
for such a study the dynamic stiffness of the foundation must be investigated. There are
relatively few investigations that have determined the stiffness of an elastic layer. The most
successful results have been obtained for the case in which the excitation is assumed to be
axially symmetric torsion, since this is the simplest case. The problem was first solved by
Collins[1] who considered the forced torsional oscillations of an elastic half-space and an
elastic stratum. He reduced the problem to an an integral equation which could be solved by
iteration for low frequencies and relatively large stratum thicknesses. Williams[2] solved
the same problem by Green’s function techniques and also pointed out a minor error in
Collins’ paper.

A simpler analysis was given by Gladwell[3] who formulated the problem by means of
integral transform techniques to obtain an integral equation which he solved by iteration.
Gladwell considered separately the cases when the bottom surface of the layer is fixed
and when it is free. An approximation scheme was developed by Awojobi[4, 5] to obtain a
reduction in the difficulty required to solve the integral equations for axially symmetric
torsion. While it is true that the computer effort is diminished by using the Awojobi tech-
nique, it seems more essential to present the results of solutions which have a known degree
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of accuracy in order to provide a means by which an approximate solution can be compared.
The results given in [4] and [5] will be compared to those derived by using the integral
equation of Gladwell in a separate paper.

The purpose of the present analysis is to consider the problem of a layer which is bonded
to an elastic half-space and which is excited by torsional oscillations arising from a bonded
rigid circular disk. Integral transform techniques will be used to formulate the problem in
a manner similar to those used by Gladwell. The problem will be reduced to a Fredholm
integral equation of the second kind which can be solved by numerical techniques. Dynamic
stiffnesses will be developed for a relatively large parameter range of layer thicknesses and
frequencies.

FORMULATION OF PROBLEM

The axially symmetric problem of the torsional oscillations of a rigid circular disk of
radius a, attached to an elastic layer bonded to an elastic half-space, is considered here.
The thickness of the layer is 4, and the geometry and coordinate system for the physical
situation are shown in Fig. 1. The shear moduli and mass density of the layer and foundation
are denoted by u,, p, and u,, p, respectively.
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Fig. 1. Geometry and coordinate system.

In cylindrical coordinates (r’, 8, z’), the equations of motion are

o1 o o*v,’ o*v,’
1= o -1 -7 1
Sl [r, ar'(' vy )] T =P (1)
and
o1l @ o%v,’ d*v,’
— |- = (r'v,’ — =p, —> 2
Hz ar/ [r/ ar/ (r U )] + Ha 62,2 pZ atz ( )

where v,'(+’, Z', t) and v,’(r’, Z, t) are the displacements of the layer and foundation,
respectively, and are in the direction of 8. If the dimensionless variables

r=r'la, z=2/a, d = hja 3)
are introduced, and harmonic motion of the form
v’ = av(r, 2)e’’ 4

is assumed, where w is the circular frequency, then solutions to equations (1) and (2) are
sought to satisfy the boundary and continuity conditions, which are

v,(r, 0) = ¢r 0<r<l, (5)
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azﬂl(r5 0) =0 (1 < r)’ (6)
Ul(r, d) = UZ(r’ d) (0 < r)9 (7)

and
Uzol("’ d) = Uzoz("’ d) (0 < r)’ (8)

where ¢ is the angle of twist at maximum amplitude.
The displacement solutions to equations (1) and (2) can be obtained in the form of Hankel
transforms as follows:

v,(r, 2) =f0 [cosh B,(d — 2) + (68,/B,)sinh B,(d — z)] —1—)—% dé ¢

and
vy(r, 2) = f: [e™#2==9] B%g” dé, (10)

where

S(&) = sinh B,d + (68,/B,)cosh B, d, (11)
6 = polps, (12)
B2 =& —k? i=1,2 (13)

and
k; = ao(p,/u)'’?, i=12. (14)

The corresponding stress components are easily obtained as

® D(&),
00,2 = —p, [ lsinh f,(d = 2 + GBafpcosh fyd — D] 205 az 1)
and
2 _ ® —Ba(z—d D(E)J,(Er)
0’ 2) = —py [ (BT = de (16)

In view of equations (9), (10), (15) and (16) it is verified that the continuity conditions,
equations (7) and (8), are automatically satisfied. The remaining mixed boundary conditions,
equations (5) and (6), are written in the following form as dual integral equations:

= 90
= 17
. B.SO DO (er)dEé=¢r (0<r<1), (17
[ pOnendc=o  a<n, as)

where

9(8) = cosh B, d + (6B,/B,)sinh B, d. (19)
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The results as they are now written do not constitute a solution that has outgoing waves.
To ensure that the solution will produce outgoing waves it is necessary to add an additional
term to the displacements that will correspond to free waves. This procedure is outlined
in the paper by Gladwell. The term which must be added to equation (17) is of the form

iy 2 b, (20)

w=1 PEN (&)
where £, are the roots of f(£), m is the number of roots that enters into the solution of the
equation f(£,) =0, k, < &, <k, and f'(£,) is df/d¢ evaluated at & = &,. Thus equations
(17) and (18) are modified to become

[ s DOnn a —ni & R DEMEN =4 0<r<D, @D
| ponena—o <, 22)

where
F = Y2nVin Cos(yln d) + 5)’2..2 Sin(v1n d) (23)

" ?2;-(1 + 5Y2n d)Sin(?u. d) -+ ’})ln(é + V2n d)COS(')«'l,, d),
Yir = (h? = £ (24)
and

Yan = (énz - kZZ)UZ' (25)

REDUCTION TO FREDHOLM INTEGRAL EQUATION
Equation (22) is automatically satisfied by assuming (see, e.g.[3]) the solution form

1
D) = (2¢fr) | Oensine) dn, (26)

where the unknown auxiliary function 6(y) in equation (26) is to be determined from equa-
tion (21). The substitution of equation {26) into equation (21) and the use of an elementary
identity[6] leads to the Abel integral equation

2 nb(nd
i tam=on  ©=r<n, @7
where
i m
6r) = dr + (1) 00| 2 5. Fusin(Eumi )|
~@m [ [ B Ensingn dnag (@28)
0 0
and

H(&) = g5, /1(D] - L. (29)

The solution of equation (27) is elementary and leads to the inhomogeneous Fredholm
integral equation

009+ (1) | M 90O e =2¢x O =¥ <), (30)
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where the kernel M*(x, &) is given by
M*(x, &) = M(x, &) — 2ni len sin(Z, X)sin(, &)
P
and
M(x.©) =2 | HopsinCenysin(@n) dr.

By introducing
S=7]/k1, fzkl d, C———kzlkl,

equation (32) becomes

M(x, &) = 2k, f:H(kis)sin(klxs)sin(klés) ds,

where
~ 1 + 8(g/p)tanh(tp)] _
k) = (s/p)[ tanh(zp) -+ 5(4/1?)] b
p=(*-D'"
and
g=(s*—cH)'

€3]

(32)

(33)

(34)

(3%

(36)

(37

It is observed that only B, will provide a branch point for the integrand in equation (30).
Furthermore, the equation f(&,) = 0 has no relevant solution unless k; is larger than k,,
that is for the case of a foundation that is stiffer than the layer. It is also observed that
the real roots of f(&,) =0 occur only when k, > £, > k,. It is therefore convenient to
rewrite equation (31) for the cases of (a) stiffer foundation medium and (b) stiffer layer

medium.

(a) Stiffer foundation

When the foundation is stiffer than the layer then &k, > &, > k,. In this case equation

(34) may be written as

1 + i6(g/pytan(tp)
i5(g/p) — tan(tp)

M, &) = ks [[(51p)| [tk 5)as

1 + d(g/p)tan(zp)
(6q/P) + tan(tp)

+k f:(slﬁ)[ ]‘P(kl, 5 ds

=k, [ (sIPtks, 9) ds

1 + d(g/p)tanh(zp)
(g/p) + tanh(p)

+k, f)(s/p){

1} W(k,, 5) ds,

(39)
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where
Y(k,, s) = coslk(x — &)s] — coslk (x + E)s], (39)
1k, 5) = sinlk, | x — &|s] — sinlk,(x + &)s], (40)
p=(1 =5 @1
and
g =(c* — sH'2, (42)

The kernel M*, given by equation (31), is obtained by adding the contribution from the
poles to M, given by equation (38). The details of the development of equation (38) have
been omitted since they follow the same general procedure developed by Gladwell[3] for
the case of layer on a rigid foundation.

(b) Stiffer layer
The stiffer layer corresponds to the case where k, > k,. Here there will be no contribution
from the poles in the kernel M* and equation (31) may be written as

1 + i 6(g/pran(zp)
i 8(4/p) — tan(<p)
I + i 8(g/pytanh(tp)
i 6(G/p) + tanh(zp)

M9 = [ o) [ #ets, 95

v [ lp)] [ 005

~ ko [ (slPths, ) ds — ky [ (slp)¥ (ks 5) ds
0 1

© 1 + 8(g/p)tanh(zp)
th | (s/p)[ S ity I]T(kl,s) ds. @3)

(¢} Limiting cases
The solution for a rigid foundation can be obtained from equations (31} and (38) by
taking the limiting values of M and F, as & approaches infinity. The result is

MG, &) = ke, [ (sP)an(p) ¥y, ) ds = &y [ (ks ) ds
+ &y [ (slplanh(ep) - 1190y, 5) ds

— Qnild) ¥ sin(Z,X)sin(E, &), (44)

n=1

where &, are the roots of the equation
cosf(k,* — &) d] = 0. 45)

The free boundary solution corresponds to the case when the foundation has zero stiffness
with respect to the layer. The solution can be obtained by taking the limiting value of M*
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in equation (43) as § approaches zero. However, the contribution of a simple pole at £ = k,
must be added to the imaginary part of the kernel thus giving

M*(x, &) = —k, fo (s/P)cot(tp)¥(k,, ) ds
~ky | (sIP)atks, 9) ds

vy | " (s/p)[coth(zp) — 1]¥(k,, s) ds
1
— (wi/d)sin(k x)sin(k &)
— @nifd) ¥, sin(& x)sin(z, &), (46)

where &, are the roots of the equation
sin[(£,2 — k)2 d] = 0. (47)

Equations (44) and (46) are in agreement with Gladwell[3].
The static solution corresponds to k;, =k, =0 and for this case the kernel becomes

M*(x, &) = 2 j:[l + 2] cos[(x + &)s] — cos[(x — &)s]} ds (48)

where
a=(5+ 1)/ —1). (49)

The half-space solution is obtained when 6 = 1. The kernel reduces to
1 1
M¥x, &) = —ky [ lpks, s) ds — ik, [ (/P 0Ky, ) ds, (50)

in agreement with Robertson[7].

(d) Physical quantities
The objective of this paper is to obtain the dynamic stiffness for the system shown in
Fig. 1. The important physical quantity to calculate therefore is the applied torque, which
is given by
1
T=-21a | ro,'(r,0) dr. (51)
]

Equation (51) can be written in terms of the unknown function by the use of equation (15),
evaluated at z = 0, equation (26) and certain identities[6] as

1
T = 8u,a° f 10(t) dr. (52)
0

For the static problem of an elastic half-space, equation (52) becomes

T = 16u,a°¢/3. (53)
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NUMERICAL SOLUTION

By separating the real and imaginary parts, the Fredholm integral equation (30) is
written as a set of two integral equations

1
0,00+ (U/m) | [M,(x, O,(6) — Milx, D0(D)] d& = 29 (54)
and

1
0:(x) + (1/m) fo M (x, 08 + Mi(x, HBL(D]dE =0, (55)

where 0,, M, and 0;, M, are the real and imaginary parts of the unknown function 6(x)
and the complex kernel M*(x, &), respectively. Numerical solutions of equations (54)
and (55) can be obtained by the standard technique of approximating the integrals by a
sum over discrete values of £ and thereby obtaining a system of linear inhomogeneous
equations in the unknown 6,(¢;) and 6,(¢)).

When the parameters 8, d and k, are specified,t equations (54) and (55) yield a set of
linear equations which can be solved simultaneously for 6,.({;) and 0(¢;). The integrals
which form the real and imaginary parts of the kernel were evaluated by means of Simpson’s
rule. However, a special technique must be used for the evaluation of those integrals which
are defined in the sense of their principal value. These integrals appear in equations (38),
(44) and (46) and cannot be evaluated through standard numerical procedures. The evalu-
ation of the principal value integrals was accomplished by normalizing the integrals and
assuming their integrands to be antisymmetric about their singular points over a sufficiently
small chosen interval. Therefore, the magnitude of the integrals in this small interval can be
considered as negligible when compared to the contribution of the integrals from the entire
interval. For the problems considered here an interval size of 0-002 was used to contain
the singular point, and the integrals evaluated over the entire interval by this procedure yielded
their values to within 0-2 per cent accuracy. The accuracy of the computation can be im-
proved by decreasing the length of the neglected interval, but the interval of 0-002 is con-
sidered to be consistent with the accuracy of the remaining calculations for all cases con-
sidered here.

Numerical results were obtained for the cases when 6§ =01, 0-2, -5, 2, 5and 10. Ineach
case values of d =1, 2, 5 and 10 were used with various values of k|, ranging from 0 to
1-5, with a 0-1 increment. The case when & < 1-0 represents a layer which is stiffer than the
foundation, while § > 1-0 represents a stiffer foundation. The results are given in terms of
curves shown in Figs. 2-7. The “real part” (Re) of the applied torque refers to the difference
between the real part of the multiplier of 16u,a°$/3 in equation (52) and that of the same
multiplier for the static, half-space solution given by equation (53). The *“imaginary part”
(Im) refers to the imaginary part of the same multiplier of 16u,a*$/3 in equation (53).
It is noted that the imaginary part of the applied torque is always positive.

Physically the results are very interesting. It is observed from Figs. 2-7 that the imaginary
part of the torque always has a small but nonzero value provided that &, is greater than zero.
This is a distinctly different result from that of Gladwell[3] for a layer on a rigid foundation.
For that case there is for each value of d a specific frequency below which the imaginary
part of the torque vanishes. Therefore for that case it is possible to have a situation in which

+ For convenience p; = p, in all calculations. If this were not the case k; would also have to be
specified.
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there is no radiation damping for certain ranges of frequency and a particular geometry.
For the case of the layer on the half-space there will be no frequency for which the damping
is zero. However, as the half-space becomes veryrigid, as in Fig. 7, it is seen that the damping
is nearly zero for a range of frequency below the cut-off point corresponding to the rigid
foundation case. For comparison purposes the results for a free boundary and a fixed
boundary are shown plotted respectively in Figs. 8 and 9. From these figures (which are also
given in a more limited form in[3]), one can see how the results for the layer on a half-space
go through a smooth transition to these two limiting forms.
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A6crpakT — ITocpeacTBOM MeTOla HHTETPATBHOTO NpeoOpa3oBatus, pelaeTcs 3a4ava cios,
COEOUHEHHOTO C YHPYIdM IONYIPOCTPAHCTBOM. JTOT CAOH HAXOOUTCA MOX BIMSHHEM KpY-
THIBHBIX KONMeGaHul OT HPHCOSOUWHEHHOTO XEeCTKOro, Kpyrioro mucka. Ilpumenss oGiue-
OPUHATYIO METOAMKY PacyeTa, 3afadya CBOAHUTCH X HHTErPAILHOMY YpaBHEHHIO Ppearojnma
BTOPOTO POJa, AAPO KOTOPOro BhI3LIBAET MOACYMTAHNUS HHTErPatoB riIaBHOro 3Havenus. Omnpe-
JeIAI0TCA AHHAMUYECKUE KECTKOCTH IUTA Ipeesia TONUIMH ClOs, CBOMCTB MaTEPHaIa H 4acTOT.



