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SYNOPSIS

In this paper we investigate some properties of surfaces waves at
relatively short periods and small epicentral distances by means of exist-
ing seismological techniques. We assume a single layered model of the
earth and calculate the Love wave displacement spectra that would be pro-
duced by shallow earthquake sources located within the layer. The inter-
ference between the higher modes is shown to be a significant factor in
producing complex ground motions. The amplification of the waves between
the interface and the free surface is shown to have a highly anomalous
behavior due to the presence of the higher modes.’

INTRODUCTION

)
A majority of the studies on site effects have so far been carried
" out under the assumption that all of the energy released by the source
travel as spherical body waves through bedrock and propagate vertically
thereafter as plane waves through the layers. While this may be approgi—
mately true for deep focus earthquakes, there is strong evidence that in
shallow earthquakes a large percentage of the energy is trapped in the
layer and propagate horizontally as surface waves. The amplitudes of the
surface waves decay less rapidly than those of body waves with epicentral
distance and frequency.

Thus it appears that in strong ground motion studies the contribution
of the surface waves must be carefully assessed. Although a large body
of seismological literature exists on the subject, most of the available
results are applicable at long periods (> 10 sec.) and large epicentral
distances (> 100 km). We are currently involved in a systematic study of
surface waves at shorter periods (.1-10 sec.) and smaller epicentral dis-
tances (10-100 km). In this note we present a number of results based on
our preliminary investigation of Love waves propagating in a single
layered two dimensional medium.

THEORY

The theory of Love wave propagation is well established and can be
found in standard seismological literature (see, e.g. [1l]). We quote
only the relevant results.

The Love wave phase velocity h in a single layered medium of layer
thickness H is the real root of the equation,

NypH = om + tan~1 (uznZn/ulnln), n=20,1,2,... (D)
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where n is the mode number,

2 -2.1/2 2 m2.1/2
~Ca )7 Non = w(cn B2 ’

Mg = @
w is the circular frequency, Hqs B, are the shear modulus and the shear

wave velocity in the layer and Uj, By are those in the half space. It
can be shown that 87 £ c, < By and that the higher modes appear at the

cut off frequencies,

: 2 1% _
w=w = mez/ﬂ{(s?_/el) -1}%, n=1,2,... (2)

Taking the x—axis along the horizontal and y-axis vertically downward
from the free surface, the displacement spectrum at any point within the
layer may be expressed in the form,

N(w)
u(x,y,0) = 2, U_(y,wexp(iwx/c ) (3)
n=0

where N(w) is the number of modes present at frequency w, and the mode~
shape functions Un(y,w) with surface amplitude S, are given by

<y <
U (y,w) = 8 cos(ny y), 0Sy <H

Sncos(nlnH) exp{-nzn(y—H)}, y2H (4)

In order to calculate S, we introduce a strike-slip dislocation of (small)
length 82 and dip angle 6 located at depth h(< H) on the y axis. We
assume that the dislocation has a time dependence f(t) so that the source
(displacement) spectrum is F(w), the Fourier transform of f(t). It can be
shown that for x > 0,

[72]
]

28F (w) (Pnsine + i Qn«::ose)/Rrl (5)

P =mnpcos(n ), Q = nincnsin(nlnh)/w

=
|

= 0, B+ {1-81/8p) %) sin(ny 10)/1(8 /e )~ (8, /8,)%}

The amplification of the surface waves between the interface and the free
surface can be calculated from (3) through the relation

As(xam) = lu(X,O,(D)/u(X,H,U))I (6)

It may be recalled, for comparison purposes that for plane shear waves with
incident angle ¢ the amplification is given by

Ag(W) = 1/cos (\)1H) (7

where v; = w{BIZ—BEZSinZd)}l/z. Thus resonance occurs at the frequemncies,
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w=0_ = (2ntL)18,/20{(8,/8) ~sin®}/%, n = 0,1,2,... (8

'NUMERICAL RESULTS

The numerical results are presented for a model in which 8 = 1.0
km/sec., 62/61 = 1.3, Up/ug = 3.3, and H = 1.3 km. The solution of (1)
for these assumed values of the site parameter is plotted in Fig. 1. It
can be seen that the phase velocity is multiple valued for w > 2.2 rad/
sec., and that the number of modes increases to 22 at w = 60 rad/sec.

In order to calculate the spectral amplitudes we assume that the slip
function is a step of magnitude D in time. Then F(w) = iD/w for w # O.
We further assume that the source is either located near the interface
(h = 1 km) or near the free surface (h = .25 km). The normalized spectral
surface amplitudes lu(x,o w)Bl/D52| are plotted against frequency in
Fig. 2, for two epicentral distances (x = 8 km, 15 km) in the case of the
interface source (h = 1 km). The only common feature in the two curves
is the large amplitude mear w = 1.2 rad/sec., which is caused by the
fundamental mode alone. The secondary peaks at higher frequencies are
more important in earthquake engineering studies. The spectral amplitude
at x = 8 km for the surface source (h = .25 km), exhibit more prominent
secondary peaks (solid curve, Fig. 2) than that for the interface source
(h = 1 km). The complexity of the spectra at high frequencies is caused
by strong interference between the higher modes. Although the plots have
been terminated at w = 20 rad/sec. similar pattern is repeated at higher
frequencies.

In order to further examine the influence of the site parameters on
the surface motion the amplification factors Ag(x,w) for x = 8 km and
15 km are plotted in Fig. 3 for a source depth of 1 km. The natural fre-
quencies of the layer are also identified in the figure. Comparison of
the amplification curves indicates that the surface wave motion at two
stations with identical site properties may be considerably different.
The peak .amplitudes appear to be unrelated to the natural-frequencies of
the layer.

We note one additional feature of the spectra. The w_l decay intro-
duced in the source function is not sufficient to cause significant reduc-
tions in the amplitudes at high frequencies. Even with Ehe introduction
of damping (Q = 50) and geometrical spreading (N'(wx) ) factors the
velocity and acceleration spectra calculated from the plots im Fig. 3 will
have unreasonably large amplitudes at high frequencies. Thus the gpectrum
of the source function must decay more strongly with frequency, 1ndicat1ng
the nexessity of including loss mechanisms at the source.
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Figure 2. Normalized Displacements ; [84u(x,0,w)/D82|.
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