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Summary

The effect of topography and subsurface inhomogeneity on surface
motion is Investigated in cases of incident SV waves and Rayleigh waves.
Several types of topography, such as cliffs with and without a soft layer
at the foot of the slope are considered. Computations are made using a
new hybrid method combining a particle model with a finite element method.
It is found that the Influences of irregular ground om SV waves and Rayleigh’
waves differ depending on the relationship between the incident wavelength
and the geometrical dimensions of the irregular ground and these influences
cannot be lgnored.

Introduction

It 18 often observed that earthquake damages concentrate in certain
regions. For instance in 1968 Tokachi~oki Earthquake in Japan, buildings
standing near cliffs suffered considerable damages, while buildings locat-
ing some distance from the cliffs sustalned no damages. It has been sug~
gested that such damages are due to large amplification of seismic waves
assoclated with local topography and superficial soil properties.

This problem has been studied by numerous authors. Bouchon (Ref. 1)
Investigated the case of SH, P and 8V waves on several types of topography
by the approximation method developed by Aki and Larner (Ref. 2). Using
an integral equation method, Wong and Trifunac (Ref. 3) studied the problem
of scattering SH waves by semi~cylindrical and semi-elliptical canyons.
Wond (Ref. 4) studled the problem of the diffraction of P, SV and Rayleigh
waves by an elliptieal canyon and a circular canyon solution of line sources
in a half-space. On the other hand, other numerical solutions such as the
finite difference method proposed by Alterman and Karal (Ref. 5) and Boore
(Ref. 6) et al. and the Ffinlite element method by Smith (Ref. 7) et al., are
also applied to problems of elastlc wave propagation. In the present paper,
the effect of topography and subsurface inhomogeneity on surface motion is
investigated In the case of Incident SV waves and Raylelgh waves with a new
hybrid method combining a particle model with a finite element method.
Several types of topography, such as cliffs with and without a soft layer
at the foot of the alope are considered.

(L) Research Engineer and (II) Manager, Ohsakl Research Institute of
Shimizu Comstruction Co., Ltd., Tokyo, Japan

655



Fundamental Wave Bquations
Let us write the equations of motion in the x-y plane elastic medium

pata/ptd = (O + Zu)Bzu/nx? + () + u)ﬁiv/uxwy + udiu/uyf
pav/at? = (0 + 208%v/0y? 4+ (0 + wyituixiy + owieiv/ s (1)

u and v are the components of diaplacement In the x and v dircections
respectively, p is the density and A and 3 are Lame's constants.  Lame's
constants are often replaced with other parameters such as:
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Where £ 1s Young's and v Ls Polsson's ratio.
Particle Model Scheme
As shown in Fig. 1, let 2 and y be two dimensional cartesian coordi-
nates and let h denote the grid increment. The grid polnt {4 denoted hy

(1,1). The mass 18 concentrated at every prid point. The following cqua-
tions can be obtained (Ref. 8).
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Let k and n denote the time inerement and the time step, Cp and Oy are the

compression and shear veloeities, respectively. The time nk 1n Egu. {2)

and (3) ia omitted.

Finite Flement Method

Using a finite element method, Egq. (1) is rewrlitten in maceix form ant

[M] {6} + {K] (u} =0 (4}
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%PPFOXimaCiﬂﬁ the derivatives in Eq. (4) by centered finite differences,
Eq. (5) can be expressed in the form

-1

fubpg = 20u} - fu} ;- DOTVRMG) ac? (5)
lutz nodal displacement vector [M]: lumped mass matrix
[K]: stiffness matrix t: time increment n: time step

Combining the FEM with the Particle Model

‘In this present paper, the respective merits of the particle model and
Fhu FEM are utilized by combining the two (Ref. 8,9). As shown in Figure
2, the FEM is applied to the internal boundary and the complex topography
zone to avold the problem of the boundary treatment. Further, in order to
shorten computing times, reduce the required capacity of the computer and
simplify data preparation work, the FEM is used for irregular zones only
and the particle model is applied to other zonmes.

Wave Propagation in Irregular Ground due to Rayleigh Waves

In order to clarify the wave propagations in a two-layered ground with
an inclined interface, one wave-length (A/h=2, A:wave-length, h:height of
eliff) of Rayleigh waves of sine waveform was used and no damping of layers
was considered in the following analyses (Ref. 10).

[llustrated in Fig. 3, when a Rayleigh wave propagates through a hard
layer from the right to the left and it reaches the slope, it is divided
into Rayleigh waves having two different phase velocities. These propagate
further to the left through a two-layered ground., In order to investigate
distribution of these Rayleigh wave amplitudes, the horizontal and vertical
modes of RO and Rl waves obtained by this analysis were plotted in Fig. 4.
in this figure solid and dotted lines indicate modes determined by Haskell's
method, assuming a uniform two-layered ground. It is seen that the RO wave
practically coinecldes with the fundamental mode obtained analytically, and
the Rl with the first mode. When the phase velocity is obtained from the
delay in propagation of waves, as shown in Fig. 5, the RO wave coincides
with the phase velocity for the frequency 2Hz(A/h=2) on the dispersion curve
of the fundamental mode, while the Rl wave corresponds with the phase velo-
city of the first mode.

Amplification and Attenuation at Irregular Ground

In order to investigate the effect of topography and subsurface in-
homogeneity on surface motion, Raylelgh waves with a sinusoidal waveform
were considered, and the maximum displacements occurring at various points
on the surface were investigated. In these cases the incident waves were
assumed to have horizontal displacements of a unit amplitudes on the surface.

Figure 6 shows the maximum displacements at varilous points on the sur-
face for A/hwé ():wavelength, h: height of cliff) and A/h=2. Since Rayleigh
waves propagate from the back of the slope, the amplitudes around top of the
slope are fairly large. Particularly in the case of short wave-length (A/n
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=2) the vertical amplitude Is at least three times as large as the horizon-
tal amplitude of the incident wave, while in the case of 3/h=4, it i{s about
2.5 times the incident amplitude. In both cases the vertical movement ig
also predominant in the vicinity of the top of the «liff. There i{s also

a periodic variation in maximum aplitudes aleng the ground surface at a
distance from the top of the slope. These results are probably due to the
effect of free surface and the interference of the reflected Rayleigh waves
from the slope. Meanwhlle, the large amplification are not scen at the
ground below the cliff.

Figure 7 shows the maximum displacements at various points on the
ground surface when Rayleigh waves propagiate from the hard single-layered
ground to the soft two-layered ground. Rayleigh waves propagating through
the hard ground increase thelr amplitudes when they enter the two-layered
ground having a soft surface layer. Further propagating in the two-layered
ground at a certain distance from the sloplag, waves of low propagation
velocities are overlapped by waves of high velocities, and large amplitudes
are produced. With an A/h of 4, the vertical amplitude at the surface of
the two-layered ground {s about 2.5 times the horizontal amplitude of the
incident waves. With an 3/h of 2, amplification Is much larger compared to
that of A/h=4, and the vertical amplitude Is more than flve times larger
than that of incident wave. The group velocitles of the two-lavered ground
are shown In Flg., 8, From this graph, it is shown that the group velocicy
for the fundamental mode indicates a minfmal value (alry phase) In the vi-
einity of L1.6Hz. The group velocity for JHe (3/h=l) ix extremely close to
this minimal value compared with the case of 1Hz G /hs4). 1t is thought
that 2Hz (A/h=2) has a larger amplitude than 3/h=4 due to the influence of
the airy phase near 1.6Hz,

Comparison of Responses of 5V Waves amd Havleigh Waves

The maximum displacements at various points en the surface, when 8§V
waves are vertleally lacident are shown in Flg. % and 10 compared with
cases of Rayleigh waves, where 5V waves were counldered havigg horizontal
displacements of a unit amplitude as Incident waven,

Figure 9 shows maximum values of both Haylelgh and 5V waves are pro-
duced near the top of the ¢liff, However in the casne of a short wavelength
(A/h=2), the amplitude is larger for the Rayvleigh wave than for the 5V waves.
In the case of a long wave-length (A/h=4), amplitude of two waves are of al-
most the game value. In the ease of Rayleigh waves, the vertical and hori-
zontal amplitudes in the vicinity of the cliff are of roughly the same value
and predominant. In the case of 8V waves both horizontal and vertical
amplitudes are predominant near the cliff.

Figure 10 shows meximum displacements for the SV aand Havlelgh waves
occur In the two-layerved ground av a slight distasce from the sloping inter-
face. In the case of a long wave-length (i/h#4), the maximum displacements
for 8V waves is about 1.5 times that for Rayleigh waves, However, when the
wavelength ig short (3/h=2), the maximum value for Ravleigh waves Is con=
versely about 1.5 times that for the 5V waves., The dynamic characteristics
of the ground motion for Rayleigh waves are different from those for SV
waves, which is very interesting.
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Earthquake Response Analysis of Irregular Ground

Up to this point only harmonic waves are considered in the analyses.
Here the dynamic behavior of irregular ground are studied using actual
selsmic waves. Tt is Impossible to separate the component of Rayleigh
waves from recorded selsmic waves. Therefore, in this study, the vertical
components of the strong motion accelerograms of the Tokachi-oki Earthquake
observed at Hachinohe, is assumed as the vertical component of Rayleigh
waves.

Figure 1l shows the calculated displacements near the vicinity of the
cliff. The maximum displacement along the ground surface is also shown in
Fig. 12. From this diagram, the responses in the vicinity of the cliff
show large amplifications of two to three times the amplitude of incident
waves, and these the maximum values are similar to those for harmonic waves
(A/h=4) shown in Fig. 6.

Conclusion

The influences of Lrregular ground on SV waves and Rayleigh waves
differ depending on the relationship between the incident wavelength and
the geometrical dimensions of the irregular ground, and these influences
cannot be igrored. Since Rayleigh waves with a large vertical amplitude
are apt to predominate, a larg. displacement amplitude will be produced in
irregular ground during a majcc earthquake. It will be mecessary for thor-
ough consideration te be given to the influence of topography on structures
atanding in the vicinity of irregular ground, especially pipe lines and
nuclear power statlions.
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