es and preconceptions must be subjected to
critical scrutiny. As long as there is no ex-
plicit concern with the logic of inference—
how we know what we think we know
about the past—there can be no consensus.
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How Does the Ground Shake?

Arthur D. Frankel

hen a multistory building is sub-
W jected to ground shaking from an

earthquake, elastic waves travel
up the structure, with some of the energy re-
flected at each floor and the remainder re-
flected from the top of the building. As the
shaking continues,
the structure begins to
vibrate at various fre-
quencies. Earthquakes
generate ground motions over a wide range
of frequencies, from static offsets to tens of
cycles per second [hertz (Hz)]. Most man-
made structures have natural frequencies of
vibration between about 0.1 and 20 Hz; a
typical 10-story building has a natural fre-
quency around 1 Hz. Each structure is most
sensitive to ground motions with frequen-
cies near its natural frequency. Damage to a
building thus depends on its properties and
on the character of the earthquake ground
motions, such as peak acceleration and ve-
locity, duration, frequency content, kinetic
energy, and phasing and coherence.

One of the major goals of modern seis-
mology is the prediction of the time series
(or “time histories™) of the ground motions
at specific locations when a large earthquake
occurs on a particular fault. These artificial
time histories are then used to model the re-
sponse and improve the resistance of struc-
tures such as buildings, bridges, or power
plants to damage from ground shaking.
Many time histories have been recorded at
sites near earthquakes in the western United
States and elsewhere, although these are
mostly for earthquakes with magnitudes (M)
< 7. In producing artificial time histories for
engineering applications, the most attention
has been paid to simulating horizontal shear-
wave motion (where ground motion is per-
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pendicular to the direction of wave propaga-
tion), because it is most damaging to struc-
tures. On page 2045, O’Connell (/) consid-
ers an inherent property of Earth’s crust that
is often overlooked when ground motions
are simulated: its randomness.

Predicting earthquake ground motions
requires a detailed description of the
source, that is, the slip between opposite
sides of the fault during the earthquake
rupture process, and of the path along
which the seismic waves propagate from
the fault to the site of interest. Variations
of material properties and stress in the
crust occur over a wide range of spatial
scales, from the small-scale variety of
minerals in a rock to the large-scale com-
plexity of a geologic map, affecting both
source and path of the seismic waves.

Earthquakes nucleate when the slip be-
tween sides of a fault accelerates in a small
patch. The interaction of the resulting prop-
agating rupture with the stress and strength
variations on the fault generates seismic
waves over a broad frequency range. A
fractal distribution of stress release on a
fault, with stress release independent of
scale, can explain the white spectrum of
ground accelerations commonly observed
above about 1 Hz for large earthquakes (2).

Once generated, seismic waves are re-
fracted and reflected by approximately
horizontal boundaries in the crust. At shal-
low depth, seismic velocities under a site
can often be approximated by horizontal
layers of soil over bedrock. Multiple re-
flections within soil layers can cause reso-
nances of ground motions. Superimposed
on this structure variation with depth are
lateral variations in rock type and compo-
sition, fractures, and fluid pressure. Varia-
tions in seismic velocity and density on a
scale of tens to hundreds of meters scatter
seismic waves with frequencies above

about 0.5 Hz, producing much of the tail
of energy observed after the arrival of
shear waves traveling directly from the
source. Such scattering can lower the co-
herence of the shear-wave motion over the
dimensions of the foundation of a build-
ing, which can affect building response.

At frequencies below about 1 Hz, rela-
tively simple deterministic models (3) can
reproduce the strong pulse of coherent
ground motion observed at locations in the
direction of rupture propagation. At high
frequencies above about 5 Hz, the small-
scale variation of stress on the fault and
scatterers in the crust affects the generation
and propagation of seismic waves substan-
tially, and stochastic approaches (4) are
used to match the duration or envelope (or
both) of the ground motion and its spec-
trum, rather than attempting a “wiggle for
wiggle” match to observed seismograms.

In the important frequency range of 0.5
to 5 Hz, where many buildings have their
natural frequencies, the deterministic and
stochastic approaches need to be com-
bined to achieve a reasonable match to ob-
served seismograms and to produce syn-
thetic time histories suitable for use in en-
gineering design (5). It is this problematic
frequency range that O’Connell addresses
in his research article.

It is of particular importance to building
codes and engineering design to establish
what happens to seismic waves as they prop-
agate through the unconsolidated material at
shallow depths beneath a site. Soil sites am-
plify ground motions more than rock sites, at
least at frequencies of about 2 Hz and lower,
because of the lower rigidity of soils. How-
ever, laboratory experiments have demon-
strated that soil behavior becomes nonlinear
at the high strains achieved near large earth-
quakes. Such nonlinear behavior would re-
duce the amplitude of seismic waves at fre-
quencies above about 2 Hz and lower reso-
nant frequencies caused by the soil. Modern
building codes such as the Uniform Building
Code in the United States include nonlinear
soil behavior in their amplification factors.
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The question of nonlinear behavior dur-
ing earthquakes remains controversial, par-
ticularly for the stiff soils that are common
in most urban areas. Recent studies have
claimed evidence for a nonlinear response
of stiff soils during the M 6.7 Northridge
earthquake of 1994 (see the figure), where
the amplification between soil and rock
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from closely spaced seismometers. It is
important to discriminate between nonlin-
ear soil response and scattering. Nonlinear
response would cause a maximum limit to
ground accelerations, whereas scattering
would produce occasional accelerations
much larger than average.

Understanding the amplification of lo-
cal soil sites is only one aspect of predict-
ing ground shaking in urban areas near ac-
tive faults. Many high—seismic risk areas
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sites was less for the mainshock shaking
than for the weaker aftershock motions (6).
O’Connell contends that this difference
could be a direct result of seismic-wave
scattering (/). If scattering is more intense
under soil sites than rock sites, it could
cause more incoherence of seismic energy
at soil sites in the frequency range of 1 to 5
Hz. The seismic waves from the mainshock
sample a wider zone of the crust than those
from an aftershock, and thus scattering ef-
fects under the sites could cause different
amplification factors for mainshock and
aftershock motions. O’Connell simulates
wave propagation through a three-dimen-
sional random medium to show that scat-
tering in a linear medium can, at least in
some cases, mimic one of the observations
cited as evidence for soil nonlinearity.

To resolve this question, we require a
more thorough investigation of scattering
effects. We must determine the statistical
properties of velocity and density varia-
tions under typical rock and soil sites us-
ing borehole information and recordings
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Factors affecting earthquake
ground motions. Time histories
of ground acceleration at a soil
site (top left) and a rock site (top
right) for the 1994 Northridge
earthquake (M 6.7) show a brief
but powerful set of cycles caused
by rupture directivity toward the
sites. Note the higher peak accel-
eration for the soil site. The map shows the dis-
tribution of peak velocity for this earthquake
derived from strong motion recordings (70).
High peak velocities north of the epicenter
were caused by the rupture propagating up-
ward and northward along the fault plane. The
plot below the map shows the slip on the fault,
the initial rupture point (hypocenter), and the
direction of rupture propagation (white arrow)
(70). Map and fault plane diagram from (77).

5km

19 km

are situated on deep sedimentary basins
with relatively unconsolidated deposits of
soil and sedimentary rock that can be sev-
eral kilometers thick. The three-dimen-
sional geometry of these sedimentary
basins focuses seismic waves at certain lo-
cations, resulting in narrow zones with de-
structive ground motions, as illustrated by
the 1995 M 6.9 Kobe earthquake (7). Seis-
mic waves can be trapped in these basins
as surface waves, causing low-frequency
shaking over a long time period, which
causes particular damage to tall buildings.
Three-dimensional simulations of low-fre-
quency ground motions (usually less than

1.0 Hz) in these basins have been per-
formed (8), but our limited knowledge of
the deep basin configuration precludes
more accurate prediction of strong shaking
in high—seismic risk areas such as Los An-
geles, San Jose, and Seattle.

Prediction of ground shaking will al-
ways involve deterministic and random el-
ements. The exact slip distribution and rup-
ture directivity of future events on a specif-
ic fault are unpredictable; time histories
need to be generated for a wide variety of
rupture models. Focusing points in sedi-
mentary basins are likely to vary with the
location of the earthquake. However, with
detailed knowledge of the basin structure,
seismologists can simulate different earth-
quake scenarios to develop maps of mean
values of ground motion parameters and
their uncertainties. Probabilistic seismic
hazard maps (9) that incorporate basin fo-
cusing effects and rupture directivity can
be developed by combining simulation re-
sults with the recurrence rates of large
earthquakes on specific faults derived from
geological investigations.

Improved prediction of shaking and
mitigation of damage in high—seismic risk
areas will require urban arrays of seis-
mometers spaced about 1 km apart and
geophysical surveys to determine the de-
tailed basin structure under these areas.
Specialized arrays with even closer spac-
ing and borehole seismometers are needed
to resolve the scattering versus nonlineari-
ty problem. By recording small earth-
quakes, urban arrays can be used to verify
our simulations of ground motions before
large events occur. When the large shocks
inevitably happen, these arrays of urban
seismometers will be essential in docu-
menting the relation between ground mo-
tions and building performance.
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