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SUMMARY

Impedance functions are computed for a rigid circular foundation on an elas-
tic halfspace in which the shear modulus increases linearly with depth. In the
analysis Green's functions for ring loads in layered media are used. Based on the
numerical results empirical relations are derived for each vibration mode.

The results show that the simplifying assumption of a homogeneous halfspace
with a representative shear modulus, which is adjusted to yield the correct sta-
tic stiffness, may lead to a serious overestimation of radiation damping.

INTRODUCTION

In earthquake analysis of structures, foundation stiffness and damping are
usually represented by springs and dashpots. They are often determined using the
simplifying assumption of a rigid footing on a homogeneous elastic halfspace. The
frequency dependent spring and dashpot values for this case are well known. In
reality, the stiffness of cohesive and cohesionless soils increases usually with
the overburden and thus with depth.

There have only been a few recent investigations on the effect which an in-
crease of modulus with depth has on foundation stiffness and damping, e.g. Ref.
1, 2. It is still common practice to use the theory of the homogeneous halfspace
with some average shear modulus presumed to be representative.

The paper presents results of a parameter study for a rigid circular founda-
tion bonded to the surface of an elastic halfspace in which the shear modulus G
increases linearly with depth.

G = G, (1+az/T) (0

where 0, = rate of increase, z = depth below surface, and r = radius of foundation
(Fig. 1). The mass density p is constant with depth. Poisson's ratio is v = 1/3

and 0.45. o is varied between o ( homogeneous halfspace) and 2. These parameters
cover a wide range of practical applications. Material damping is not considered.

METHOD OF ANALYSIS
The thin-layer method with explicit Green's functions for arbitrary ring loads
(Ref. 3) is applied. A deep model with 42 layers (Fig. 2) is used. The layer

thickness of the lower 27 layers is adjusted to frequency so that at low frequen-
cies the model is very deep and at higher frequencies the layer thickness is al-
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ways less than A/8, where A is the length of a shear wave. At the bottom layer a
viscous boundary is applied. Thus a very good approximation of the halfspace is
obtained.

NUMERICAL RESULTS

The frequency dependent dynamic stiffness K* is presented here as

K*:Rei¢ (2)
The absolute value R 1s given as product
R=kKAB (3)

where K is the well known static stiffness in case of a homogeneous halfspace
(Table 1). K accounts for the increase with o, A for the change of absolute va-
lue with the dimensionless frequency a, in case of the homogeneous halfspace, and
B for the change with o. ay is defined by

ap =W r/V Go;p (4)
where W = circular frequency and Go = shear modulus at the surface. The phase
angle ¢ between the driving force vector and the displacement is given as

¢ =ag DE (5)
where ap D is the phase angle in case of the homogeneous halfspace, and E accounts
for the change with oi. Both D and E depend on ag.

Computed Values and Empirical Relations The dynamic stiffness was computed up to
ag = 3 at steps of 0.1 for each mode of vibration. Based on the numerical results
empirical relations were derived (by minimizing the squared errors). They are
shown in the figures by full drawn lines, whereas directly computed values are
marked by symbols.

The static stiffmess factor « is approximately independent of \ except in the
vertical mode (Fig. 3, Tabel 1). The dynamic factors A and D for the homogeneous
halfspace are closely approximated by the functions given in Table 2 and shown in
Fig. 4. The computed values agree well with published data. The differences with
respect to values of Ref. 4 are less than about 1% in the horizontal mode and
somewhat larger for ap> 1 in the rocking mode. The latter may be due to relaxed
boundary conditions used in Ref. 4.

The factors B and E, which represent the effect of increasing modulus on abso—
lute value and phase angle, are shown in Fig. 5 and 6 for horizontal and rocking
motion. They are approximately independent of v within the investigated range.
Empirical relation were derived by two-dimensional curve fitting over c<2 and
ao<3. The relations are given in Tables 3 and 4.

Fig. 6 shows that at same ag-values the phase angle ¢ and thus the damping
ratio £ = 1/2 tan ¢ decrease with increasing o, particularly at small frequencies.
A more illustrative comparison is shown in Fig. 7, in which the curves for diffe-
rent o refer to a homogeneous halfspace of the same static stiffness. Therefore
the dimensionless frequency is adjusted to a = ay/vkK with k given in Table 1. The
damping ratios for & >o are lower than those of an equivalent homogeneous half-
space. The difference grows rapidly with a.

CONCLUSIONS

1. Impedance functions are computed for a rigid circular foundation on a halfspace
in which the shear modulus increases with depth.

2. Based on the numerical results empirical relations are derived. They are va-
1lid for 0<2 and V between 1/3 and 0.45.

3. The use of a statically equivalent homogeneous halfspace may lead to a serious
overestimation of radiation damping.
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Fig. 1 Rigid Circular Foundation on Halfspace
with Increasing Shear Modulus
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