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Three-dimensional earthquake site response on a CM-2
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ABSTRACT: A finite element method is used to evaluate effects of site conditions on the three-dimensional
seismic response of alluvial basins on the Connection Machine CM-2. Results for a shallow truncated semi-
ellipsoidal valley subjected to oblique incident SV-waves illustrate body wave to surface wave conversion
at the valley confluence and the large amplitude and long duration of surface ground motion, as well as
spatial variation within the valley, compared to the surrounding rock and to one-dimensional modéls of the
valley. Waves with near critical incident angles produce especially large response.

1. Introduction

The importance of site effects on seismic ground
motion has been dramatically underscored by sev-
eral recent large earthquakes, such as the 1985
Michoacan, Mexico; the 1987 Valparaiso, Chile;
and the 1989 Loma Prieta, USA, earthquakes. In
all three instances it was observed that surface
ground motion at various locations within sedimen-
tary valleys exceeded by factors of five or greater
the corresponding motion on rock. The Loma Pri-
eta earthquake also illustrates that surface ground
motion can vary rapidly over short distances, as ob-
served at a site in Santa Cruz where different levels
of shaking were detected by seismometers located
only 30 m apart.

Simple models that neglect the effect of lat-
eral variation of the topography and subsurface
layer interfaces by considering the problem as one-
dimensional are sufficient in certain situations for
explaining observed motion (Seed et al, 1988), but
in many cases two- and three-dimensional models
become necessary. The importance of including the
continuous variability of material properties with
depth, in addition to the lateral variability, is now
well-documented (Aki, 1988).

Despite the significant progress to date in the
study of ground motion, there is need to gain a
better understanding of the seismic motion within
realistic sedimentary basins. Most numerical sim-
ulations have been limited to one-dimensional
models and homogeneous or simple layered two-
dimensional models due to the prohibitive compu-
tational costs and memory requirements associated
with three-dimensional simulations. With recent
advances in computational resources and method-
ologies it is now becoming increasingly possible to
analyze more realistic three-dimensional problems

(Frankel, 1989; Eshraghi and Dravinski, 1991).

The desire to simulate the response of larger
basins, softer materials, and higher excitation fre-
quencies is accompanied by an increase in compu-
tational resource requirements. The temporal res-
olution requirements associated with wave propa-
gation through a realistic complex, heterogeneous
basin demand at least gigaflop speed, while the
spatial resolution needed requires gigabytes of pri-
mary storage. It is now accepted among hardware
designers that this performance will be achieved in
the %uture by architectures consisting of hundreds
to thousands of processors operating in parallel on
data in local memories. Central to the effort of
studying site response of basins such as Los An-
geles, then, is the exploitation of these massively
parallel architectures for simulating wave propa-
gation through a complex, heterogeneous medium.
The work reported herein employs a 32k Connec-
tion Machine CM-2. We will be reporting on al-
gorithmic and communication issues related to the
CM-2’s architecture in a separate article.

Many methods have been used for solving wave
propagation problems through elastic (or inelas-
tic) media in earthquake engineering and seismol-
ogy. Of these only finite differences and finite el-
ements seem appropriate for dealing with highly
heterogeneous, complex, and possibly inelastic sit-
uations. The main objective of this paper is to
present some initial results of a study undertaken
to examine the effects of site conditions on the
seismic ground response of three-dimensional sed-
imentary valleys using the finite element method
on the CM-2. We consider as a particular exam-
ple a somewhat shallow elastic homogeneous val-
ley in the shape of a truncated semi-ellipsoid for
which one-dimensional theory might be expected
to provide satisfactory results near the center of
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the valley. As will be seen, even this case exhibits
interesting three-dimensional behavior.

2. Problem and method

Figure 1: Model of 3d alluvial valley

Suppose one has a halfspace of isotropic, homo-
geneous, linearly elastic material with shear wave
velocity 3., Poisson’s ratio v,, and mass density p,,
bounded by a traction free plane. In this material
there is a transient incident wave that produces an
incident displacement field u;, which is a function
of position and time (In the examples we consider a
plane incident SV-wave). Suppose now that an ar-
bitrary three-dimensional valley of heterogeneous
elastic material is inserted in the free surface, as
shown in Fig.l.

Figure 2: Finite element mesh

The problem is to determine the total displace-
ment fleld within the valley due to the incident
wave. To this end, one must solve the governing
Navier equations of motion corresponding to the
valley and the exterior region. Two important is-
sues must be addressed for modeling seismic mo-
tions in unbounded domains. One concerns the
need to limit the domain of computation, as shown
in Fig.2, which depicts a 20,000-element mesh. In
this work we use a well-known absorbing boundary
made up of viscous dampers to avoid spurious wave
reflections. The second point that requires atten-
tion is how to incorporate the excitation into the
model if the earthquake source is located outside
the region of computation. Here we introduce an
updated version (Loukakis, 1988) of an exact pro-
cedure that allows one to specify the input motion
at the interface between the valley and the sur-
rounding medium in terms of effective forces for
an arbitrary incident wave (Bielak and Christiano,
1984, Cremonini et al, 1988).

Trilinear eight-node isoparametric elements and
standard Galerkin ideas are used for the spatial
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discretization of the governing Navier equations.
The resulting ordinary differential equations are
solved by an explicit, second order, central dif-
ference method directly in the time domain. To
avoid solving equations at each time step, both the
mass matrix and the absorbing damping matrix are
lumped using standard procedures.

3. Numerical results

The model with the geometric characteristics de-
picted in Fig.l is treated in this study as an ex-
ample of a simple truly three-dimensional valley
subjected to seismic excitation. This truncated
semi-ellipsoid has an aspect ratio of 4:2:0.3, and
is filled with a homogeneous material. We cal-
culated synthetic seismograms due to vertical and
oblique incident plane SV-waves for the following
choice of physical parameters intended to represent
a valley with a medium impedance contrast with
respect to the halfspace: £,/8, = 1/3, ps/pr =
0.93, v, = 0.25, and v, = 0.3. (Radiation damping
is taken into consideration by means of the absorb-
ing boundary, but material damping is neglected in
this study.) A typical realization of this combina-
tion would correspond to a valley with a shear wave
velocity of §, = 0.6km/s, and a surrounding rock
with 8, = 1.8km/s. The plane of the incident wave
forms an angle « with respect to the z axis and is
polarized at an angle § with the y axis. The sig-
nal consists of a slightly modified Ricker wavelet of
dominant period T, which is taken to be equal to
the fundamental resonant period of a flat layer of
alluvium with the same shear velocity as the val-
ley, and same thickness as the maximum depth of
the valley; i.e., T, = 4H/f3,, where H is the valley
depth. For a shaﬁow valley with H = 0.15km and
Bs =0.6km/s,T, is 1s.

Fig.3 shows synthetic displacements at various
locations within the valley (identified by their co-
ordinates (z,y)) for several values of « and §. Hor-
izontal components of displacement parallel to the
z and y axes (NS and EW directions) are de-
noted by u and v, respectively, and w is the vertical
component, all normalized with respect to the am-
plitude of the incident wave. Notice that outside
the valley only the scattered components of motion
are reported. For the cases of vertical incidence
(8 =0), Fig.3 also shows the one-dimensional (1D)
displacement for the corresponding flat layered sys-
tem. Fig.3a illustrates the response of the valley
for the simplest situation corresponding to a ver-
tically propagating incident wave polarized in the
EW direction. By comparing the displacement in
the valley interior with the 1D response it is clear
that the amplification of the response within the
valley with respect to the free-field response (given
approximately by the initial traces at (1,0) and
(0,2)) is significantly greater than that of the flat
layer. For instance, the maximum response at the
valley center is 5.3, versus 3.5 for the 1D case, for
net amplifications of 2.8 and 1.8 with respect to
that at the valley edge. Most important also is
the extended duration of the significant portion of
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Fig.3(a-g): Synthetic displacements for various
angles of incidence
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the response within the valley. Such differences
in the response are caused primarily by the sur-
face Rayleigh and Love waves generated at the con-
fluence of the valley with the surrounding, stiffer,
medium. The same pattern of behavior is observed
in Figs.3b and 3c for the transverse incident wave
{a = 30°). Fig.3d shows the small resulting verti-
cal motion due to the Rayleigh waves.

It is well known that a large total response can
be expected if the incident wave has a critical an-
gle of incidence (8., = 32.3° for v, = 0.3). This
is illustrated in Figs.3e, 3f, and 3g, where even
the response at the valley confluence has a peak
amplitude of 3.34 as opposed to only 2 for verti-
cal incidence. The peak response occurs off-center
at (0,0.67) and it has a value of over 12. Notice
also the significant transverse motion in the NS
direction even though the incoming motion has no
component in that direction.

To illustrate the spatial distribution of the re-
sponse within the valley, snapshots of the three
components of the displacement at various nor-
malized instants ¢8,/4H, denoted simply as ¢, are
shown in Figs.4, 5, and 6. As before, displacements
outside the valley represent only the scattered mo-
tion. This helps illustrate the virtual absence of
spuriously reflected waves. Fig.4 shows the three
components for a« = 30° and vertical incidence.
The curves on the zy plane are contour lines of
the surfaces shown directly above. The tendency
for the displacements at this instant to be polar-
ized along the plane of the incident wave is appar-
ent. Figs.5 and 6 correspond to the wave propa-
gating in the EW direction with a critical angle
of incidence. The evolution with time of the di-
rect and the reflected waves can be visualized from
these results. Notice that while the EW and verti-
cal motion are symmetric about the EW axis, the
transverse motion in the NS direction is antisym-
metric. In addition to depicting the evolution of
the ground motion within the valley, Figs.4, 5, and
6 dramatically indicate that at many particular in-
stants large differential motion can take place over
a short distance. This can have practical implica-
tions for the design of long structures.
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Fig.4: Snapshots of displacements for
a=30°,8=0°
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