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Strong-Motion Seismology

1. Introduction

Strong-motion seismology is concerned with the measurement,
interpretation, and estimation of strong shaking generated by po-
tentially damaging earthquakes. Measurements of strong shak-
ing generated by large earthquakes provide a principal research
tool. First, these data are essential to understand the high-
frequency nature of crustal seismogenic failure processes, the
nature of seismic radiation from the source, and the nature of
crustal wave-propagation phenomena near the source, all of
which have a first order effect on the seismic loads applied
to the physical environment. Second, these measurements are
a principal tool used to develop empirical descriptions of the
character of strong shaking. Principal goals of strong-motion
seismology are to improve the scientific understanding of the
physical processes that control strong shaking and to develop
reliable estimates of seismic hazards for the reduction of loss of
life and property during future earthquakes through improved
earthquake-resistant design and retrofit.

The strongest earthquake motions that have been recorded
to date have peak accelerations between 1g and 3g, where 1g
(=980 cm/sec?) is the acceleration of the Earth’s gravity field,
although records with such large peak values are rare. It is less
clear what threshold of ground motion needs to be exceeded to be
considered “strong motion.” Probably a logical level to choose
would be about 10 cm/sec?, as the older strong-motion instru-
ments (accelerographs) that traditionally defined the field are
not able to resolve ground accelerations with amplitudes smaller
than this. Modern digital accelerographs are much more sensi-
tive, able to resolve peak accelerations to 0.1 cm/sec? or smaller.
People at rest are able to feel motions as small as 1 cm/sec?. In
moderate magnitude earthquakes, damage to structures that are
not designed for earthquake resistance appears at accelerations
of about 100 cm/sec?.

Earthquakes with magnitude less than 5 are of minor concern
for strong-motion seismology. They are not known to damage
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structures of modern construction. Only a tiny fraction of such
small events has caused deaths, and the number of deaths is
small except in extraordinary circumstances of extremely poor
construction and faulting directly under a population center. As
the magnitude grows, both the destructive capability and average
number of deaths per event also grows. Events with magnitudes
between 6 and 7.5 are most commonly responsible for significant
disasters. Globally, on average, there are 130 earthquakes per
year with magnitude in the range 6.0-6.9, and 15 earthquakes
per year with magnitude in the range 7.0-7.9 (see Chapter 41 by
Engdahl and Villasenor). Many of these, of course, are in remote
locations and have little impact. Events with magnitude of 8
or above, with their immense destructive potential, fortunately
occur at an average rate of only about 0.7 per year, with some
in remote locations, so disasters caused by such events are less
frequent.

Observation of strong motion is more difficult than observa-
tion in other fields of seismology due to the infrequency of large
earthquakes and the difficulty of anticipating areas of strong
shaking for instrumentation. Weak motions from an earthquake
with magnitude greater than 6 can be recorded worldwide. Thus,
a seismologist who studies teleseisms can record over 100 earth-
quakes per year, for interpretations of earth structure or tectonics.
Similarly, local networks are generally set to the most sensi-
tive level possible to detect and locate the smallest earthquakes,
which are much more abundant. The sensitive instruments used
for these two branches of earthquake studies are driven off scale
by strong shaking, and thus their records cannot be used. A
specialized instrument, the strong-motion accelerograph, was
developed in the 1930s to record strong motion. A network of
these specialized instruments must have the good fortune to be
located close to the earthquake, and must be maintained, often
for decades, in a state of readiness to record the rare strong
shaking. In the 1990s, the situation changed somewhat with im-
provements in digital recording technology. A strong-motion
accelerograph manufactured in the second half of the 1990s has
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an analog-to-digital converter with resolution of at least 16, and
typically 19, bits, allowing it to record nearby earthquakes with
magnitude as small as 2-3 with a useful signal-to-noise ratio,
without sacrificing the ability to faithfully record the strongest
shaking. With that capability, it can make a meaningful contribu-
tion to network seismology and, consequently, is worth including
as part of the real-time networks in seismic areas. This overlap
in instrumental capabilities promises a significant increase in
the amount and quality of data that is useful for the objectives
of strong-motion seismology.

Useful reviews of strong-motion seismology can be found in
Kramer (1996) and Campbell (2002).

2. Strong-Motion Measurements

2.1 Instruments

The founding father of the strong-motion instrumentation pro-
gram in the United States is John R. Freeman. After the Tokyo,
Japan, earthquake of 1923, and the Santa Barbara, California,
and Montreal, Quebec, earthquakes of 1925, he stimulated im-
portant early interactions between US and Japanese institutions
on earthquake engineering and wrote the first significant book
in the English language on earthquake engineering, Earthquake
Damage and Earthquake Insurance (Freeman, 1932). He partic-
ularly recognized the urgent need for an instrument to record the
strong shaking during earthquakes, and the result of his lobbying
efforts was that the Coast and Geodetic Survey was authorized to
develop and install such instruments in 1932. Nine months after
the first instruments were installed, the first significant strong-
motion records were obtained from the March 10, 1933, Long
Beach, California, earthquake. Chapter 2 (G. Housner) gives
a more complete review of the early history of strong-motion
seismology.

Strong-motion seismology requires a specialized instrument
called the strong-motion accelerograph. The instrument is a self-
contained unit in as compact a container as possible, e.g., a
box smaller than one foot (~30 cm) on each side. The sensor
(accelerometer) is typically a damped spring-mass system. The
spring is stiff, giving the system a high natural frequency (typi-
cally 25-50 Hz), with the parameters selected so that accelera-
tions of 1-2g (typically) will cause a deflection corresponding to
full scale of the recording system. Some of the stiffness may be
introduced electronically in a force-balance feedback loop that
seeks to keep the seismic mass motionless relative to the frame
of the instrument. The instrument is called an accelerometer be-
cause when the ground vibrates with frequencies less than the
natural frequency of the sensor (and these frequencies usually
predominate), the deflection of the sensor is proportional to the
acceleration. Every accelerograph contains three accelerometers
to measure the one vertical and two perpendicular horizontal
components of acceleration.

In accelerographs designed in the United States through the
late 1970s, the recording medium was usually photographic film.
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The enclosure was thus made into a light-proof box. A Japanese
design used a pen to mechanically scratch a waxed paper. Newer
designs convert an electrical signal to a digital format, which is
recorded in a digital memory within the unit. However, proba-
bly half of the accelerographs in operation in the year 2000 still
used the film recording. To record frequencies of ground motion
above 20 Hz, the film must move through the camera at a fairly
high rate, 1 cm/sec being typical. Digital accelerographs record
100 to 200 samples per second. To conserve recording medium,
the accelerographs are built to activate the recorder when strong
motion above some threshold is detected, and turn it off when the
strong shaking has stopped. Trigger mechanisms in old instru-
ments were mechanical or electromechanical sensors installed
separately from the accelerometers. Digital systems monitor the
signal amplitude coming from the sensors themselves. Usually,
internal batteries operate the system, so that power failure will
not cause a loss of data, and the batteries are kept fully charged
by a trickle charging system to maintain readiness. Timing sys-
tems were not used in many of the early analog accelerographs,
but they became more important as the analysis became more so-
phisticated. High-precision time, usually from satellite systems,
is now essential with the digital accelerographs that provide
records of aftershocks and other small events in large numbers.
Precision time together with pre-event memory allow digital ac-
celerographs to pinpoint earthquake locations beyond what is
possible using only the traditional high-gain seismic networks.

2.2 Networks

The first network of strong-motion instruments, totaling 51 in-
struments, was installed by the US Coast and Geodetic Survey
by the end of 1935. The total number of instruments deployed
worldwide remained low until the mid-1960s, when commer-
cially produced accelerographs became available and building
ordinances began to require their installation in tall structures.
In 2000, there were between 10,000 and 20,000 strong-motion
instruments operating worldwide.

Any effort to identify all of the active accelerograph networks
in the world is certain to be incomplete. However, an attempt,
which succeeds in including at least most of the major networks,
is made in Chapter 87 by Lahr and van Eck. Most seismically
active countries have at least a few accelerographs in operation.
Industrial nations with high seismic hazards have extensive pro-
grams. Countries with the most extensive strong-motion net-
works are Japan (see Chapter 63 by Kinoshita for a review of
the largest Japanese network) and Taiwan (see Chapter 64 by
Shin et al.). The United States has networks operated by the US
Geological Survey (Borcherdt, 1997), the California Division
of Mines and Geology (Shakal, 1997), the US Bureau of Recla-
mation (Viksne et al., 1997), the US Army Corps of Engineers
(Franklin, 1997), and other organizations, several of which are
identified in the US Geological Survey (1999). Other countries
whose networks have produced data from major earthquakes in
recent years are Mexico (Anderson et al., 1994; Quaas, 1997)
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and Turkey (Inan et al., 1996). Ambraseys (1997) estimated that
there are 2000 strong-motion instruments operating in Europe,
and that these have produced over 2500 recordings. Unfortu-
nately, it is still possible for large earthquakes to occur in pop-
ulated regions of the world but not be recorded by any local
strong-motion instruments (e.g., Gujarat, India, January 26,
2001, M,, =7.6). Every such earthquake is both a tragedy and
a lost opportunity, because there is still a critical shortage of
recordings of ground motions from close distances to large earth-
quakes. Confident knowledge of ground motions in those cir-
cumstances can only be obtained from empirical observations.

2.3 Processing Data

Significant accelerograms recorded on film formats are even-
tually digitized and distributed. A great deal of effort has been
devoted to this process because of the importance of accurate
information for earthquake-resistant design. Although the in-
struments record acceleration, estimates of the ground velocity
and displacement are also important for both engineering and
geophysical research. Thus numerical integration of the records
is important. The challenge in doing this accurately is determin-
ing exactly where the true zero level of acceleration is located
on the accelerograms, both on the film record and on digital
recordings (since an accelerograph is sensitive to a static field,
e.g., a tilt). From film recordings, ground motions can gener-
ally be recovered for frequencies greater than about 0.2 Hz; this
lower limit depends strongly on the size of the earthquake and
the type of instrument. At high frequencies, data is reliable to
10 to 25 Hz on analog accelerographs and to 50 Hz or more on
modern digital accelerographs. The history and current methods
for data processing are discussed in Chapter 58 by Shakal et al.

2.4 Archiving of Accelerograms

With so many different organizations operating strong-motion
accelerograph networks, a single global system of access to
strong-motion data has never been completely achieved. Various
systems for data recovery have been put in place. Perhaps the
most thorough for the late 1900s was the World Data Center,
which sought to compile and reproduce various tapes or com-
puter disks. Seekins ez al. (1992) prepared a CD-ROM with much
of the data gathered in North America through 1986. Other
CD-ROM data sets have been prepared by Alcantara et al. (1997),
Cousins (1998), Ambraseys et al. (2000), Lee (2001), and Celebi
et al. (2001). Distribution over the Internet also began in the late
1990s. In 2000, many strong-motion programs operated active
Web sites for data distribution. A particularly useful US pro-
gram for distribution of strong-motion data was established by
the Southern California Earthquake Center (SCEC) for south-
ern California data, and expanded with support from the
Consortium of Organizations for Strong-Motion Observation
Systems (COSMOS) to other data sets. The database could
be accessed through the World Wide Web operated COSMOS
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(http://db.cosmos-eq.org). Data from large and small earth-
quakes recorded on the extensive Kyoshin Net and Kiban-
Kyoshin Net in Japan can be accessed through their excellent
Web sites (http://www.k-net.bosai.go.jp/ and http://www.kik.
bosai.go.jp/, respectively). The content of the European data is
also available online (http://www.isesd.cv.ic.ac.uk/esd/frameset.
htm, Ambraseys et al., 2001).

3. Empirical Descriptions of Strong
Ground Motion

Empirical descriptions of strong motion invariably incorporate
a dependence on the earthquake size and distance to the active
faulting. The challenge of developing empirical descriptions is
discussed by both Bolt and Abrahamson in Chapter 59 and by
Campbell in Chapter 60, and thus the current chapter is confined
to discussion of elementary material and definitions that are
fundamental to those detailed discussions.

Earthquake size is measured using a variety of magnitude
scales. Important magnitudes in the United States include the
moment magnitude (discussed below), the local magnitude (M)
originally defined by Richter using an instrument with a natural
period of 0.8 seconds (see Richter, 1958), the body wave mag-
nitude (my,) determined from short-period teleseismic P waves
measured on instruments with a natural period of 1.0 seconds,
the surface wave magnitude (Ms) determined from teleseismic
20-second Rayleigh waves, and the coda duration magnitude
(determined by the duration of the S-wave coda on short-period
seismic networks using instruments with natural periods of a
fraction of a second). While all of these scales are calibrated
to give similar numbers at the magnitudes of overlap, it is im-
possible, due to the different methods of their determination,
for them to all agree at every magnitude. The average relation-
ship among these scales and the reasons for their differences
are discussed by Heaton et al. (1986), and in Chapter 44 by
Utsu (see also Chapter 60 by Campbell). The moment magni-
tude is at present the preferred scale for correlation with ground-
motion characteristics, even though it is the last one to have been
developed.

3.1 Parameters to Describe Strong
Ground Motion

Because of the importance of strong-motion recordings for earth-
quake engineering, a number of different parameters have come
into use to represent various characteristics of strong-motion
recordings. To illustrate these, it is convenient to consider an
example drawn from the collection of significant strong-motion
records. Figure 1 shows four of the strong-motion accelerograms
that were obtained in the September 19, 1985, Michoacan,
Mexico, earthquake (M, = 8.0). A report on these data is given
by Anderson et al. (1986). Figure 2 shows the velocity at
one of those stations, Caleta de Campos, integrated from the
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FIGURE 1 North-south component of acceleration at four strong-motion stations that recorded the September 19, 1985,
Michoacan, Mexico, earthquake (M,, =8.0). The Caleta de Campos station is almost directly above the hypocenter, the
Zihuatanejo station is near the end of the rupture, 146 km east-southeast of Caleta de Campos, and the other stations are
approximately along a line between Caleta de Campos and Zihuatanejo. The vertical separation of the traces is proportional
to the separation of the stations on a projection along the strike of the causative fault. All records are aligned in absolute time
after the origin of the earthquake (from Anderson et al., 1986).

Up

30
cm/sec

West

Velocity

North

I I I I I
0 10 20 30 40 50

T-T, (seconds)

FIGURE 2 Three components of velocity at Caleta de Campos dur-
ing the September 19, 1985, Michoacan earthquake (from Anderson
etal., 1986).

accelerograms. Figure 3 shows the corresponding displacement,
integrated from the velocities given in Figure 2. The Caleta de
Campos station is sited on rock above the fault plane; the fault
is between 15 and 25 km below the station, dipping at about
15°. Figure 4 shows the integral of acceleration-squared from
the record. Figure 5 shows the Fourier amplitude spectrum for
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FIGURE 3 Three components of displacement at Caleta de Campos
during the September 19, 1985, Michoacan earthquake (from Anderson
etal., 1986).

the north component of the Caleta de Campos accelerogram,
and Figure 6 shows the corresponding response spectrum.
Figures 1-6 illustrate the set of parameters typically used to
characterize strong-motion records. The simplest of these is peak
acceleration, which is easily obtained from the unprocessed ac-
celerogram (Figure 1). After records are digitized, it is common
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FIGURE 4 Integral of acceleration-squared determined from the
north—south component of acceleration recorded at Caleta de Campos
during the September 19, 1985, Michoacan earthquake. This integra-
tion is used as one method to measure the duration of the strong ground
motions.
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FIGURE 5 Fourier spectrum of the north—south component of accel-
eration recorded at Caleta de Campos during the September 19, 1985,
Michoacan earthquake.

to obtain several additional parameters. Time-domain parame-
ters often include peak velocity (Figure 2) and peak displacement
(Figure 3, although it should be noted that records from which
a static offset is recovered are extremely rare). Duration of the
strong shaking is generally considered important, but there is not
a unique definition of duration. One simple approach is to mea-
sure the interval between the times when the peak acceleration
first and last exceeds some threshold, usually 0.05g (Bolt, 1969;
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FIGURE 6 Pseudo-relative velocity response spectrum determined
from the north—south component of acceleration recorded at Caleta de
Campos during the September 19, 1985, Michoacan earthquake.

Kramer, 1996). Figure 4 shows the alternative approach that was
used by Trifunac and Brady (1975), namely to define the amount
of time in which 90% of the integral of the acceleration-squared
takes place. These two definitions lead to opposite results as
distance increases. At large distances the peak ground motions
decrease so that the interval duration goes to zero even though
the ground was moving. On the other hand, the energy becomes
dispersed, resulting in an increase in the time interval over which
90% of the total energy in the seismogram arrives. In the fre-
quency domain, the Fourier amplitude spectrum (Figure 5) and
a class of spectra known as response spectra (one of which is
shown in Figure 6) are generally determined.

Response spectra describe peak time—domain response of a
suite of single degree of freedom oscillators to the seismic excita-
tion. Five types of response spectra are defined: relative displace-
ment (Sd), relative velocity (Sv), absolute acceleration (Sa),
pseudo-relative velocity (PSV), and pseudo-relative acceleration
(PSA) (e.g., Hudson, 1979). Response spectra play an impor-
tant role in the development of engineering designs. Consider a
damped oscillator, which operates on the same principle as an
inertial seismograph. Let the undamped natural period of this os-
cillator be T, and let the fraction of critical damping be 7. When
the base of this oscillator is subjected to an accelerogram, there
is relative motion between the seismic mass and the base. The
maximum value of the relative displacement is the value of the
relative displacement spectrum (Sd) at the period and damping
of the oscillator. Thus to calculate a relative displacement spec-
trum, it is necessary to calculate the response to the accelerogram
of a suite of oscillators with a range of T,. The relative velocity
response (Sv) has the value of the peak relative velocity between
the seismic mass and the base. The absolute acceleration re-
sponse (Sa) is the maximum acceleration of the seismic mass in
an inertial reference frame. The pseudo-relative velocity, PSV,
is obtained from Sd by PSV = (2=n/T,) Sd. The pseudo-relative
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acceleration, PSA, is obtained from Sd by PSA = (2n/ T,)>Sd.
In general, PSA ~ Sa and PSV =~ Sv, although these different
spectra can have different asymptotic properties at high and low
frequencies. The spectra are usually computed for a range of
damping, from &4 = 0% (undamped) to & = 20% of critical.
This range is used because most manmade structures are simi-
larly lightly damped. A damping of 7 = 5% is the most likely
to be reported. Newmark and Hall (1982), Kramer (1996), and
Jennings in Chapter 67 present a review of response spectra and
their applications.

Figure 6 gives PSV for a 5% damped oscillator for one of
the accelerograms shown in Figure 1. Comparison of Figures
5 and 6 shows that in the central frequency ranges, PSV takes
values that are comparable to a smoothed Fourier spectrum of
acceleration. This is expected, as the Fourier spectral integral
is in fact closely related to the Duhamel integral, which is one
method used to compute the response spectra (Udwadia and
Trifunac, 1973).

3.2 Ground-Motion Prediction Equations

Based on past recordings of strong earthquake motion, consist-
ing of data such as those in Figures 1-6, the peak acceleration
and other peak parameters can be described by a “ground-motion
prediction equation” as a function of the earthquake magnitude,
distance from the fault to the site, general site condition pa-
rameter, and sometimes other parameters. Figure 7 shows an
example of one such relationship, developed by Abrahamson
and Silva (1997) for crustal earthquakes in tectonically active
areas. Naturally the ground-motion prediction equations do not
exactly describe peaks of past earthquake ground motions. The
deviation of a datum from the predicted mean peak acceleration
(the “residual”) is treated as a random variable, and it is consis-
tent with a lognormal distribution function out to two standard
deviations at least. The standard deviation for Figure 7 depends

1000 -

Peak Acceleration (cm sec™)

100
[ Abrahamson & Silva (1997) 8
Rock 7
— Sall
10 | TR |
0.1 1 10 100

Distance (Km)

FIGURE 7 Peak acceleration as a function of magnitude and dis-
tance from the fault, as given by the ground-motion prediction equation
of Abrahamson and Silva (1997).
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on magnitude. Abrahamson and Silva estimate that it is 0.7 nat-
ural (i.e., base e) logarithm units for M <5, 0.43 for M > 7,
and a linearly decreasing function of magnitude in between. For
reference, a standard deviation of 0.5 corresponds to a multi-
plicative factor of 1.6 (times the mean value) to obtain the value
that exceeds 84% of the data. Peak acceleration is a commonly
employed parameter for these regressions, but peak velocity,
peak displacement, spectral amplitudes, and duration have also
been modeled in this manner. Recent ground-motion prediction
equations are reviewed thoroughly by Campbell in Chapter 60,
and also discussed by Bolt and Abrahamson in Chapter 59, and
Faccioli and Pessina in Chapter 62.

Because ground-motion prediction equations are a key com-
ponent of probabilistic seismic hazard analyses, it is clear that
their development will be an important part of seismological re-
search for some time to come. Until 1999, the estimates from
these equations for large magnitudes and short distances were
based more on extrapolation than on extensive amounts of data.
In 1999, there were two significant earthquakes that contributed
very important data at short distances. One was the Izmit, Turkey,
earthquake (August 17, 1999, M,, = 7.6), for which Anderson
et al. (2000a) found the peak accelerations on rock at near-fault
distances to be significantly below four different ground-motion
prediction equations. The other was the Chi-Chi, Taiwan, earth-
quake (September 20, 1999, My, = 7.6), for which peak accel-
erations were significantly below three different recent ground-
motion prediction equations developed primarily from North
American data but presumed to apply to the same tectonic en-
vironment (Tsai and Huang, 2000). The discrepancy could be
caused by any of several factors. Faults with a large total slip
tend to be smooth and devoid of asperities, thus radiating less
high-frequency energy than a fault with less total slip (Anderson
et al., 2000a). Faults with a high slip rate have less time to heal
between earthquakes, and thus earthquakes on these faults may
have lower stress drops and less high-frequency energy. Differ-
ences could arise from differing lithology in the rocks cut by
the fault. The nature of the regional stress field (e.g., extensional
vs. compressional) could affect the high-frequency generation
(Spudich et al., 1999). Somerville (2000) suggested that the
discrepancy could be related to whether or not the earthquake
ruptured the surface. Finally, the discrepancy could be due to the
dynamics of rupture, which under some models can change when
the slip becomes large enough. This issue illustrates that con-
siderably more data, research, and basic physical understanding
will be needed to reduce the uncertainties inherent in the present
generation of ground-motion prediction equations.

4. Physics Contributing to the Nature
of Strong-Motion Seismograms

A major goal of strong-motion seismology is to be able to syn-
thesize strong-motion seismograms suitable for use in engineer-
ing analyses (Aki, 1980). The ability to synthesize observations
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depends on understanding of the physical phenomena affecting
the ground motions at a site of interest when a fault identified
by the geologists breaks.

In the last part of the 20" century, there was major progress
toward this goal. A full understanding requires input from two
disciplines. One is earthquake source physics, where the mini-
mum requirement is a kinematical description of the slip function
on the fault. The other is wave propagation, across the entire fre-
quency band, from the fault to the station. The following sections
discuss each of these fields.

4.1 Mathematical Framework
for Ground-Motion Modeling

Earthquakes are caused when the rocks on opposite sides of a
fault slip suddenly. The characteristics of strong ground mo-
tions that result from this instability are strongly affected by
the geometrical and dynamic characteristics of the faulting. The
geometrical characteristics include the size, shape, depth, and
orientation of the fault area that slipped during the earthquake
and the amount and direction of slip. The orientation of the fault
and the amount and direction of offset may be variable over the
fault surface. The important dynamic parameters include where
on the fault the rupture initiated (hypocenter), how rapidly it
spread over the fault (rupture velocity), how quickly (rise time)
and how smoothly the slip took place at each point on the fault,
and how coherently adjacent points on the fault moved. These
dynamic parameters are functions of the stresses acting on the
fault, the physical properties of the rock surrounding the fault,
and the strength of the fault itself, and are variables over the
dimension of a large fault during major earthquakes.

The process is generally expressed mathematically using a
representation theorem. Using the notation of Aki and Richards
(1980, p. 39), one form for the representation theorem is

(')G,,p(x,‘t - 1€, O)dE
0&,

Un(x, 1) = /dr/ (i (&, Dcijpqg v,
—00 z
(€]

In this equation, u,(x, t) gives the n'" component of the dis-
placement of the ground at an arbitrary location x and at time 7.
The vector v is normal to the fault, and the positive direction of
the normal defines the positive side of the fault for defining the
slip discontinuity. The i component of the discontinuity in the
slip across the fault is given by

(i€, Ol = u (€, 1) —u; (§,7) (@)

where € represents a location on the fault surface ¥ and 1 is the
time that this displacement occurs. Because the fault is repre-
sented by the surface X, d ¥ represents two spatial dimensions.
The Green’s function is given by G,,(x, £;&, 1). This gives the
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motion in the n direction at location x and time ¢ caused by a
point force acting in the p direction at location & and time t.
Finally, c;,, gives the elastic constants of the medium. For an
isotropic medium,

Cijpg = A8ii0u + 1 (8idj + 8idjn), (3)

where A and p are the Lame constants. The constant p is the fa-
miliar shear modulus; there is no similarly simple experiment by
which A can be measured. By convention, in Eq. (1) summation
takes place over repeated indices.

Equation (1) represents the ground motion at the site as the
linear combination, through the integral over space, of the con-
tributions from each point on the fault surface. The convolution
over time incorporates the effect of the rupture at each point
taking a finite amount of time to reach its final value. Through
the representation theorem, the problem of predicting ground
motions requires specification of the offset on the fault as a func-
tion of location and time, which incorporates earthquake source
physics, and a specification of the Green’s function, which incor-
porates wave propagation. Spudich and Archuleta (1987) discuss
several techniques that are used for evaluation of Eq. (1).

Equation (1) has certain limitations. For large amplitudes of
seismic waves, the stress—strain relationship in the Earth, es-
pecially near the surface, becomes nonlinear. In this case, the
assumed linear superposition of waves from different parts of
the fault does not apply. A common approximation for this case
is to predict the motion in “rock” at some depth beneath the sur-
face, where linearity is assumed to apply, and then treat the wave
propagation from that depth to the surface as a vertical propaga-
tion problem through the nonlinear medium. On the earthquake
source side, writing the time dependence in the Green’s function
as (¢ — 1) assumes that the Green’s function is independent of
time. This assumption can break down if the faulting process af-
fects the propagation of the seismic waves from the source to the
station. For instance, if seismic shear waves are not transmitted
through the fault where it is slipping, but they are transmitted
through the fault where it is not slipping, then Eq. (1) would
not hold exactly. In spite of these limitations, Eq. (1) forms the
mathematical basis for nearly all model-based ground-motion
predictions and has enabled the inversion of strong ground-
motion records to obtain models of the slip function for nume-
rous earthquakes.

4.2 Effects of the Earthquake Source
4.2.1 Source Effects in the Far-Field

Some understanding of seismic radiation in the far-field is im-
portant for strong-motion seismology. The far-field spectrum is
important because most places shaken by an earthquake are in the
far-field region. For the eastern United States, models of strong
motion have focused primarily on estimation of far-field ground
motions. In addition, nearly all determinations of the seismic
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moment are made in the far-field region. In the near-field re-
gion, we expect that we cannot disregard the contributions of the
far-field Green’s function terms to the ground-motion spectrum,
nor can we disregard the effects of spatial variation of the far-
field radiation pattern for waves originating at different locations
along the fault. Source effects on the far-field seismogram are
discussed by Aki and Richards (1980, Chapter 14).

The seismic moment, M), is generally regarded as the best
available single number to describe the size of an earthquake.
A rigorous definition starts with the seismic moment density,
which represents the internal stresses necessary to cancel the
strain produced by the internal nonlinear processes that cause
the earthquake. These stresses can be interpreted as a double-
couple force, and the seismic moment is the magnitude of one of
these couples integrated over the fault (e.g., Aki and Richards,
1980; Madariaga, 1983). The magnitude of the forces controls
the amplitudes of radiated seismic waves, and thus seismic
moment can be determined from seismograms. In an infinite,
homogeneous, isotropic medium, seismic moment is also given
by the equation

— LAD 4)

where A is the fault area (e.g., length, L, times width, W), D is
the average slip, and p is the shear modulus. This links seismic
observations with the magnitude of geological deformations.
The moment magnitude, usually designated as M,,, is essentially
a change of variable from seismic moment,
2

M, = 3 log My — 10.73, 5)
when the units of M, are dyne cm. Notation and terminology
are a little confusing, as common usage differs slightly from the

original literature (see Chapter 44 by Utsu). Kanamori (1977)
defined an energy magnitude My, such that

log(Mo) = 1.5M,, + 16.1, (6)

and Hanks and Kanamori (1979) defined a moment magnitude
M such that

log(My) = 1.5M + 16.1. 7)

Harvard University, in their project to determine seismic mo-
ments for all large earthquakes worldwide, uses Eq. (5), which
differs slightly from both of these definitions. The Harvard cat-
alog is available online at http://www.seismology.harvard.edu/
projects/CMT/.

A couple of examples of the way seismic moment can be
used are in order. According to the Harvard CMT solution, the
September 19, 1985, Michoacan, Mexico, earthquake had a seis-
mic moment of 1.1 x 10® dyne cm and M,, = 8.0. Based on
the aftershock area (Anderson et al., 1986) the fault was about
L = 170 km long and W = 50 km wide. Assuming a shear
modulus of 4.0 x 10'" dyne/cm?, Eq. (4) implies D = 320 cm.
The fault could not be examined in this case, but the static offsets
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inferred from the accelerograms (e.g., Figure 3) are consistent
with this estimate of the slip to within a factor of less than two.
A second example is the Northridge, California, earthquake of
January 17, 1994. This event had a Harvard moment of 1.18 x
10?° dyne cm and M,, = 6.7. The fault dimension, according to
Wald et al. (1996) was 15 km along strike and 20 km along the
dip. The source was shallower than the Michoacan earthquake,
so the shear modulus can be taken to be 3.3 x 10'! dyne/cm?,
implying an average slip D = 120 cm. Because slip of more
than ~10 m has practically never been observed, it becomes
clear that a large seismic moment and consequently a large mo-
ment magnitude requires a very large fault area. Increasing fault
dimensions have a fundamental impact on the characteristics of
strong motions, as will be described following.

Because of the relationship of the moment to the size of the
fault that caused the earthquake (length, width, dip, and the slip
distribution), and because the fault size and slip may in some
cases be estimated from geological studies, these geometrical
characteristics can be used to estimate the seismic moment of
anticipated earthquakes. Alternatively, when the geometry is not
completely known, regression equations, such as those given by
Wells and Coppersmith (1994), can relate moment magnitudes
to the fault dimensions. Scatter of data relative to regression
equations arises because the ratios of fault length to width to
slip vary, perhaps, in part, correlated with the slip rate and/or
repeat time on the fault (Kanamori and Allen, 1986; Scholz
et al., 1986; Anderson et al., 1996).

Theoretically, the moment has a fundamental effect on strong
ground motion in determining the spectral amplitudes of low-
frequency ground motions. To see this, we begin with an ex-
pression for the complete vector displacement field from a point
source in an infinite, homogeneous, isotropic solid. This expres-
sion, derivable from Eq. (1) (Aki and Richards, 1980, p. 81), is

1 1 [
ux, 1) = 1 —AY 4/ Myt — 1)dt
7'[,0 r ",
1 1 r
AIP_M -
* 411,0052 r? 0( oz)
AlS r
_M t— —
* 4np52 = ( ﬂ)
1 . r
— t —
4J'r,oa3 r o
oAty (o (8)
4Jmﬂ* r B

where the radiation pattern terms are

N = 95in20 cos pi — 6(cos20 cos (p@ — cos 6 sin @)
AP = 45in 26 cos pi

AB = —35in20 cos ¢f + 3(cos 20 cos go@ — cos 6 sin p@)

— 2(cos 26 cos (p@ — cos @ sin @)

AP = sin 20 cos ¢#
AP = (cos 20 cos <pé — cosf sin ).

©))
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In Eq. (8), u is the displacement due to the earthquake. The
earthquake is assumed to be a point source located at the origin,
and x = (r, 0, ¢) is the location of the observer in spherical co-
ordinates. The observation point is a distance r from the earth-
quake. f, 6, and ¢ are unit vectors in the direction of r, 6, and
0, increasing (respectively), so that the radial direction is along
# away from the source toward the site, and & and ¢ are both
transverse directions. The angle 8 is a co-latitudinal polar angle,
measured between the direction that is normal to the fault and the
direction to the station. The angle ¢ is measured in the plane con-
taining the fault, between the direction of slip on the fault and
the normal projection of the observation point into the plane.
The vectors A are radiation patterns, which give the relative
amplitudes of the different components of motion at location
x. The superscripts on the components of A correspond to the
types of waves: N to near-field waves, IP to intermediate-field
P-waves, IS to intermediate-field S-waves, FP to far-field P-
waves, and FS to far-field S-waves. M o(?) is the moment rate.
The constants in the equation are p, the material density, and o
and B, the compressional and shear velocities in the medium.

From Eq. (8), the P-waves arrive at the location x after a
delay of duration ¢. The S-waves arrive at the location x after
a delay of duration [53 The first three terms in Eq. (8), the near-
and intermediate-field motions, carry a permanent offset of the
ground. The intermediate-field offsets arrive with the P-wave
and the S-wave velocities, and the near-field offset arrives con-
tinuously between the P- and the S-waves. The amplitude of
the near-field term decreases as r—* while the intermediate-field
terms decrease as r—2. Thus these first three terms diminish
rapidly and do not carry any energy into the far-field, but they
are seen on some strong-motion records after integration to dis-
placement. The far-field radiation terms decrease in amplitude
as r~!. Because the energy content of the wave is proportional
to the amplitude squared, and the surface of a sphere with radius
r increases as r2, the energy carried by these waves is the same
through a sphere of any radius (neglecting anelastic losses), and
these terms do carry energy into the far-field.

The moment rate, M o(?), reflects the fact that the slip on the
fault is not instantaneous. Rather, it takes some time for rupture
to spread from the hypocenter to the entire extent of the fault,
and also it takes some time for the slip at each point to be com-
pleted. This equation treats the fault as a point source, in which
the effects of these phenomena must be concentrated into a sin-
gle effective moment rate. Thus it is a far-field approximation
when it is applied to the interpretation of seismograms. Aki and
Richards (1980, p. 805) suggest that a conservative criterion
under which this approximation is strictly valid is when the
wavelength A satisfies the criteria A > 2%2 For a station 30
km from a fault with length L = 10 km, this condition is met
for frequencies substantially less than 0.5 Hz. At higher fre-
quencies, the apparent moment rate that one would infer from
the seismogram would be affected by the source finiteness, and
show an azimuthal dependence. When fault finiteness is a factor,
it may be possible to treat the fault as a set of several point
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sources, with each source radiating as in Eq. (8). Several studies
have shown that the far-field moment-rate function is the Radon
transform of the slip-rate function as a function of space and
time (e.g., Kostrov, 1970; Ruff, 1984), and some have inverted
seismograms to recover source behavior. Good examples of the
source pulses seen for small earthquakes at differing azimuths
are Frankel et al. (1986) and Fletcher and Spudich (1998).

Much can be learned from the relationship between seismic
moment and the far-field P- and S-waves. We focus on the far-
field S wave in Eq. (8), given by

AFS(Q, Q) - r
FS -
u’(x,t) = anpfr M, (t ﬁ),

recognizing that the application to the far-field P-wave is largely
the same. The amplitude of the displacement pulse of S-waves
in an infinite homogeneous medium is proportional to the mo-
ment rate. The integral of that displacement pulse over time is
proportional to M, because

(10)

M, :/Mo(t)dt. (11)
0

The limit of integration is written here as infinity, but the intent
is that it be only long enough to include the duration of actual
slip on the fault, and thus typically totals a few seconds. Con-
sequently, moment can be estimated from the low frequencies
of ground motion observations at large distances from the fault,
with appropriate corrections for geometrical spreading, radia-
tion pattern, and complexities of wave propagation.

Asrecognized by Aki (1967), spectral properties of the source
spectrum follow from properties of the Fourier transform and
from the far-field terms in Eq. (8). The far-field displacement
pulse predicted by Eq. (8) is, in general, a one-sided pulse. A
property of the amplitude of the Fourier transform of any one-
sided pulse is that at low frequencies, it is asymptotic to the
area under the pulse. Thus, M can be estimated from the low-
frequency asymptote of the Fourier transform of the displace-
ment seismogram.

The Fourier transform of any one-sided pulse also has a corner
frequency, fc, say, that is inversely proportional to the duration
of the pulse, with the amplitude of the transform decreasing for
frequencies above the corner frequency. For example, for a box-
car function [b(t) =1 for 0 < t < T, and O otherwise] with a du-
ration of T}, the corner frequency is fc = 1/(273). At the fault,
the duration of faulting is controlled by the time it takes rupture to
cross the fault, usually using a rupture velocity of about 90% of
the shear velocity. Thus by measuring the corner frequency from
the Fourier amplitude spectrum, it is possible to estimate the ap-
parent duration of faulting at the source and the fault dimension.
A relationship between corner frequency and fault dimension
(radius, r¢) that is commonly used for small earthquakes was
proposed by Brune (1970, 1971): ry =2.34 B/(2 n fc). Geomet-
rical uncertainties (e.g., is rupture unilateral or bilateral, etc.)
contribute about a factor of two to overall uncertainty.
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Aki and Richards (1980) discuss additional relations and
considerations for relating the corner frequency to the fault
dimension. For very small events, the corner frequency can be
obscured by attenuation. For larger earthquakes, strong-motion
accelerograms cannot generally be assumed to be in the far-
field, and the finite fault size and source-station geometry have a
significant impact on the records. Nonetheless, the general pre-
diction is that a larger earthquake, with a larger fault dimension,
will generally have a smaller corner frequency. It was recognized
by Aki (1967) thatif D o< L o W, implying that the stress drop
is constant (e.g., Kanamori and Anderson, 1975), then My L3,
feoc LV and fo o M, "

Figures 8—10illustrate the way accelerograms recorded 25 km
from the epicenter depend on magnitude, and can be used to illus-
trate several of these predictions. Figure 8 shows accelerograms
from several earthquakes, of different magnitudes, plotted on a
common scale. As the magnitude of the earthquake increases,
the amplitudes of ground acceleration generally increase, and
the duration increases dramatically. The increase in duration
follows from the increase in the dimension of the fault. Figure 9
shows Fourier amplitude spectra corresponding to each of the
accelerograms in Figure 8, and Figure 10 shows the PSV re-
sponse spectra. The response spectra, in this case, are shown
on tripartite axes. This is a common type of presentation that
allows one to read the values of PSA and Sd also directly from
the figure. The shape of the Fourier spectrum of acceleration can
be generalized as in Figure 11. Figures 9 and 10 show that as
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FIGURE 8 Accelerograms recorded in Guerrero, Mexico, from
earthquakes of several magnitudes (from Anderson and Quaas, 1988).
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FIGURE 9 Smoothed Fourier amplitude spectra for the accelero-
grams shown in Figure 8 (modified from Anderson and Quaas, 1988).
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celerograms shown in Figure 8 (from Anderson and Quaas, 1988).
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FIGURE 11 Qualitative illustration of the far-field Fourier ampli-
tude spectrum of a strong-motion accelerogram. The overall level (A)
is controlled by the distance from the seismic source. At low frequencies
(B), the spectrum increases proportional to f2, where f is the frequency.
The corner frequency (C) is controlled by the fault dimension and di-
rectivity, and occurs at the frequency where this asymptotic behavior
is replaced with a lower slope. The shape of the spectrum immediately
above the corner frequency (D) is controlled by large-scale complex-
ity of the fault slip as a function of space and time. The flat portion
(E) is characteristic of an w—square source model, meaning that the
source displacement spectrum has a high-frequency rolloff of »2. The
spectrum rolls off at high frequencies (G), i.e., frequencies greater than
Sinax. It is not known to what extent the spectrum at the fault is flat (F)
with the rolloff due to attenuation, and to what extent the rolloff occurs
due to processes at the earthquake source.

the magnitude increases, the amplitudes of the low-frequency
waves increase dramatically, while the amplitudes of the high
frequencies increase slowly. This change in spectral shape as
the moment of the earthquake increases is the reason different
magnitude scales cannot be calibrated to be identical: Different
magnitudes are measured at different frequencies depending on
the characteristics of the instruments, and spectral amplitudes
at different frequencies do not change with the same ratio as
earthquake size increases.

The spectra in Figures 5, 9, and 11 are Fourier spectra of
the acceleration of the ground, not of the displacement. The
relationship of the two at each frequency is

la(f)l = Quf)*a(f)l,

where ii( f) is the Fourier transform of the displacement pulse.
Thus, where the displacement spectrum is predicted to be con-
stant at low frequencies, the acceleration spectrum [a(f)] is
predicted to increase proportional to f2. The corner frequency
is recognized at the transition from this rapid increase to a more
nearly flat spectrum in the higher frequency band (Figure 11); it
clearly decreases as magnitude increases (Figure 9). The mag-
nitude dependence of the corner frequency introduces the mag-
nitude dependence into the frequency band within which the
accelerograph signal is above the instrumental noise level.
Above the corner frequency, a spectrum that falls off propor-
tional to £~ is called an w—square (or ®2) model, and one that
falls off proportional to £~ is an w—cube (or ®3) model (o =
2 f). In a frequency band where the displacement spectrum is
proportional to f 2, the acceleration spectrum is independent of

12)
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frequency. In Figure 5, as is typical with strong-motion accelero-
grams (Hanks, 1979, 1982), this is the approximate spectral
behavior above the corner frequency and up to a frequency of
5-10 Hz (fmax, Figure 11). This approximately flat accelera-
tion spectrum over a sizeable frequency band in strong-motion
records for larger magnitude earthquakes has motivated mod-
els of strong motion as band-limited white noise (e.g., Hanks,
1979). The amplitude of this flat part increases gradually with
magnitude (Figure 9). Below the corner frequency, the spectrum
increases by a factor of 10-30 for each increase of a unit mag-
nitude. These overall trends of the acceleration spectra at low to
intermediate frequencies (e.g., below several Hz) are consistent
with the w—square model for the earthquake spectrum.

From a signal processing perspective, the rate of falloff of
the spectrum of a general one-sided pulse is controlled by the
sharpness of discontinuities in the displacement time series. The
spectrum of the boxcar falls off proportional to £ ~!. If the steps
at the start and end of the boxcar are replaced with ramps, the
falloff is proportional to f 2 instead. In the asymptotic limit at
high frequencies, it is necessary for the seismic spectrum to fall
off at least as fast as f~!, because the radiated energy is finite.
The more interesting interpretations, however, are in terms of
the earthquake source time functions, summarized by Aki and
Richards (1980). They suggest that the m—square spectral shape
is the result of dominance of stopping phases (i.e., signals from
the edge of the expanding fault as it is arrested) in the seismic
spectrum, as models for the spectrum from the start of rupture
are predicted to have an w—cube behavior. Indeed, some studies
of strong motions from well-recorded earthquakes find evidence
that high-frequency radiation is released preferentially from the
margins of the areas with the largest slip, rather than from the
areas that slipped the most (e.g., Zeng et al., 1993b; Kakehi
and Irikura, 1996, 1997; Kakehi et al., 1996; Nakahara, 1998;
Nakahara et al., 1999).

The fine structure on most spectra make it difficult to deter-
mine shapes definitively. Many spectra seem to show a spectral
fall-off closer to f~! in a limited frequency band immediately
above the corner frequency (e.g., Tucker and Brune, 1973); con-
sider also the frequencies above the corner frequency in Figure
9 for the M ~ 7-8 earthquakes. Brune (1970) proposed a physi-
cal interpretation of the high-frequency falloff: that £ ~2 follows
from an earthquake with complete stress drop, whereas f~! is
an indication of partial stress drop (i.e., rupture is arrested before
all of the stress driving the earthquake has been relieved).

4.2.2 Finite Source Models

While the characteristics of ground motions in the far-field are
informative for strong-motion seismology, several phenomena
observed in strong motion can only be understood in the context
of finite source models. These include directivity, near-source
pulse motions, and static offsets.

Description of the spatial distribution of slip is feasible for
earthquakes that rupture a sufficiently large fault surface.
Models can be developed using teleseismic data, but models that



948

are also constrained by strong-motion data are most interesting
as the strong-motion data is significantly less affected by atten-
uation and thus includes a much broader frequency band than
teleseismic waves. These models are generally kinematic mod-
els, in that they describe a slip function as a function of location
and time on the fault without assuring that this function satis-
fies all known physics of earthquake rupture. Some dynamic
models that are consistent with known earthquake physics have
also been developed recently (e.g., Mikumo and Miyatake, 1995;
Olsen et al., 1997, Belardinelli ez al., 1999). Dynamic rupture of
earthquakes is reviewed by Madariaga and Olsen in Chapter 12.

Haskell (1964) proposed that a propagating ramp was a useful
description of an earthquake slip function. In this model, rup-
ture starts at one edge of a rectangular fault and propagates to
the opposite edge with a constant velocity, the rupture velocity.
When the rupture front reaches a point on the fault, slip begins
and one side of the fault slips past the other with a constant
slip velocity until a final offset is reached. The time required
to reach this final offset is the rise time. Current models make
use of the same concepts, but generally allow the rupture veloc-
ity, rise time, slip direction, and final offset all to be variables
over the fault surface. These additional variables can be thought
of as adding roughness to the propagating ramp model. Many
of the earthquakes for which slip functions are available are
listed in Table 1. A representative slip function, for the Landers
earthquake, is given in Chapter 12 by Madariaga and Olsen.
Most of these events have been modeled with a rupture veloc-
ity less than the shear velocity, in the range of 2.4-3.0 km/sec,

TABLE 1 Earthquake Slip Models

Anderson

with no evidence of a dependence of rupture velocity on seismic
moment (Somerville et al., 1999). Supershear rupture velocity
has been observed in three crustal earthquakes; the 1979 Impe-
rial Valley earthquake (Olson and Apsel, 1982; Archuleta, 1984;
Spudich and Cranswick, 1984), the 1999 Izmit/Kocaeli, Turkey,
earthquake (Ellsworth and Celebi, 1999; Anderson et al., 2000b;
Bouchon et al., 2000; Sekiguchi and Iwata, 2002), and the 1999
Duzce, Turkey, earthquake (Bouchon et al., 2000).

Heaton (1990) attempted to generalize the results of these in-
versions. His important conclusion, which has been supported in
subsequent studies (e.g., Somerville et al., 1999), is that the rise
time on the fault appears to be short, implying that the rupture
can be approximated as a slip pulse that is propagating along the
fault (e.g., Figure 13 of Chapter 12 by Madariaga and Olsen),
like the propagating ramp of Haskell (1964). Horton (1996) con-
cluded that in the 1989 Loma Prieta earthquake, the duration of
the slip pulse was approximately as expected if it is controlled by
the fault width. If the duration of the rise time is shorter than this,
as Heaton (1990) suggests, there are significant implications for
earthquake rupture mechanics. From the practical viewpoint, a
short rise time introduces a constraint on the approach to devel-
oping scenario source functions for possible future earthquakes,
for the purposes of simulating plausible future ground motions.

At the same distance from the fault, directivity has a first or-
der effect on the ground motion, in addition to its effect on the
radiation pattern [Eq. (8)]. Directivity is the effect on the seis-
mograms of rupture propagation along the fault. It impacts both
high-frequency and low-frequency seismograms. To illustrate

Earthquake Date Reference

Parkfield (M =5.5) June 28, 1966

AKki (1968); Trifunac and Udwadia (1974)

Olson and Apsel (1982); Hartzell and Heaton (1983); Archuleta (1984)

Hartzell and Heaton (1986); Beroza and Spudich (1988)

Mendoza and Hartzell (1988, 1989); Mendez and Anderson (1991); Wald et al. (1991)

San Fernando (M, = 6.5) Feb 9, 1971 Heaton (1982)

Coyote Lake (My, = 5.7) June 8, 1979 Liu and Helmberger (1983)

Tabas (My = 7.1) Sep 16, 1978 Hartzell and Mendoza (1991)

Imperial Valley (My, = 6.4) Oct 15, 1979

Borah Peak (M, = 6.9) Oct 28, 1983 Mendoza and Hartzell (1988)

Morgan Hill (M, = 6.2) April 24, 1984

Nahanni (My, = 6.8) Oct 5, 1985 Hartzell et al. (1994)

Michoacan, Mexico (My, = 8.0) Sep 19, 1985

North Palm Springs (My, = 6.1) Aug 7, 1986 Mendoza and Hartzell (1988); Hartzell (1989)
Whittier Narrows (My, = 6.0) Oct 1, 1987 Hartzell and Iida (1990); Zeng et al. (1993a)
Superstition Hills (My, = 6.3) Nov 24, 1987 Wald et al. (1990)

Loma Prieta (My, = 7.0) Oct 17, 1989

Landers (My, = 7.3) June 28, 1992

Beroza (1991); Steidl ef al. (1991); Wald et al. (1991); Horton et al. (1994); Horton (1996)
Campillo and Archuleta (1993); Wald and Heaton (1994); Cohee and Beroza (1994);

Cotton and Campillo (1995); Wald et al. (1996); Olsen et al. (1997); Hernandez et al. (1999)

Hartzell er al. (1996); Wald et al. (1996); Zeng and Anderson (1996)
Sekiguchi et al. (1996); Horikawa et al. (1996); Kakehi et al. (1996); Wald (1996); Ide et al. (1996);

Yoshida et al. (1996); Kamae and Irikura (1998); Cho and Nakanishi (2000)

Northridge (My, = 6.7) Jan 17, 1994
Hyogo-ken Nanbu (Kobe) (My, = 6.9)  Jan 17, 1995
Kocaeli, Turkey (My, = 7.6) Aug 17, 1999 Yagi and Kikuchi (2000)

Chi-Chi, Taiwan (My, = 7.6) Sep 20, 1999

Ma et al. (2001); Zeng and Chen (2001); Oglesby and Day (2001)
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FIGURE 12 Geometry for consideration of the effect of directivity.
This illustrates a vertical, strike-slip fault in map view, recorded at
observation point O. The rupture is a Haskell propagating ramp with
rupture velocity v, and rise time 7. The shear velocity is B. The duration
of direct arrivals at O is given by the equation in the figure. Rupture
is assumed to originate below an epicenter (point E), at one end of the
fault, and propagate to the far end (point F).

the effect, consider first Figure 12. If the observation point O
is located near the origin of the rupture (E), and if t is small
and v, &~ 0.9B, then r; is small and r, is comparable to L, so
the time interval over which direct arrivals of S waves will be
arriving is on the order of 2L /v,. On the other hand, for a station
located near the far end of the rupture (F), the duration terms in
L and in ry approximately cancel and the duration of the seis-
mogram is short. At high frequencies, directivity shows up as
a short, intense accelerogram at the far end of the fault, in con-
trast with a lower-amplitude, long-duration accelerogram near
the origin of rupture. This is illustrated in Figure 1, where the
Caleta de Campos record is near the epicenter while the La Union
and Zihuatanejo stations are located in the forward directivity
direction.

At low frequencies, directivity associated with propagating
rupture causes constructive interference of long period waves
and high-velocity pulses. Recently, seismic engineers have be-
come very concerned about these effects. Such pulses have
time—function characteristics that are correlated with their po-
larizations, specifically, the fault-perpendicular component of
ground velocity pulses observed in the region toward which the
rupture is propagating is typically a two-sided pulse (little net
displacement), whereas the fault-parallel component of ground
velocity observed near the fault as the rupture passes by is a one-
sided pulse having significant net displacement. This was shown
by Archuleta and Hartzell (1981), Luco and Anderson (1983),
Anderson and Luco (1983a, b), and recently Somerville et al.
(1997), who have developed empirical ground-motion predic-
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FIGURE 13 Illustration of directivity in velocity pulses recorded in
the 1992 Landers, California, earthquake. Rupture propagated north
from the epicenter, away from the station at Joshua Tree (with the long,
low-amplitude velocity trace) and toward the Lucerne station (with the
stronger, compact velocity pulse). From Somerville ez al., 1997.

tion relations that include this effect. Heaton et al. (1995) sum-
marized such pulses observed up to that time, which had peak
velocities of up to 170 cm/sec, and they showed that such pulses
could be especially dangerous to buildings 10-25 stories tall.
Figure 13, from Somerville et al. (1997), illustrates these phe-
nomena. A feature of the intense velocity pulse, as seen in Figure
13, is that it tends to be strongest on the component perpendic-
ular to the fault. This result, which may initially be surprising,
is predicted by dislocation modeling. It was first recognized and
explained in the interpretation of accelerograms from the 1966
Parkfield, California, earthquake (Aki, 1967; Haskell, 1969).
Atlocations sufficiently near a rupturing fault, the ground un-
dergoes a static offset. Digital accelerograms have succeeded in
capturing this static offset in a few cases (e.g., Mexico: Figure
3; Turkey: Rathje et al., 2000; Safak and Erdik, 2000; Anderson
et al., 2000b; Taiwan: Shin et al., 2000). The rise time of the
static displacement in the Mexico earthquake is ~10 seconds
(Figure 3). The rise time of the static displacements inferred in
Turkey is ~3—6 seconds. These observations all are much shorter
than the total duration of the earthquake, and are consistent
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with the hypothesis that rise times are generally short (Heaton,
1990). The 1999 Chi-Chi, Taiwan, earthquake has confirmed
that the hanging walls of thrust faults move much more, and
have greater high-frequency ground motions (peak accelera-
tions) than the foot walls during earthquakes (Shin ez al., 2000).
The low-frequency effect has been seen in laboratory models
(Brune, 1996a), and it has been predicted in numerical mod-
els (Mikumo and Miyatake, 1993; Shi et al., 1998; Oglesby
et al., 1998). The high-frequency effect has been detected in the
development of some ground-motion prediction equations re-
viewed by Campbell in Chapter 60.

Isochrone theory is useful for understanding the relationship
of ground motions in the near-source region (where the Green’s
function is not well approximated by a plane wave leaving the
source). An isochrone is the locus of points on a fault from which
the seismic waves all arrive at a selected station at the same time.
The basic theory is given in Bernard and Madariaga (1984) and
Spudich and Frazer (1984, 1987). In the basic theory, far-field ray
theory Green’s functions are used in the evaluation of the source
radiation, but the assumption of plane waves is not made. The
directivity of the source is manifested in a quantity, the isochrone
velocity, which contains and is more general than the usual Ben-
Menahem directivity function and which can be calculated as a
function of position on the fault surface, showing exactly how
source kinematics affect the radiation from each point of the
fault. With the implicit assumption that the slip velocity at a
point on the fault is discontinuous when the rupture starts and
stops, Spudich and Fraser show that the high-frequency radi-
ation reaching a station is large when the isochrone velocity
for waves reaching that station is large or when the slip ve-
locity of the dislocation on the fault is large. Archuleta and
Hartzell (1981) and Spudich and Oppenheimer (1986) present
several plots that show how near-source ground motions are
affected by variation of radiation patterns and/or isochrone ve-
locity over the fault surface. These effects are seen only in the
near-source region. Joyner and Spudich (1994) extended the
isochrone theory to include near-field terms of Green’s func-
tions, so that static offsets can be predicted using isochrone
theory. Isochrone theory software will be included in the Hand-
book CD in the software package ISOSYN by Spudich and Xu
in Chapter 85.14.

4.3 Effects of Wave Propagation

Complexities introduced into the strong ground motions by ef-
fects of wave propagation through the crust of the Earth are at
least equal in importance to the complexities that are introduced
at the source. These crustal complexities can be divided into
four parts. The first is propagation of seismic waves through
a flat-layered, attenuating Earth. The second is the effect of
basins and other major systematic deviations from a flat lay-
ered model. The third is the effect of random variations in the
velocity of the Earth on all scales. The fourth is the effect of
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nonlinearity. The success in incorporating these effects depends
on how thoroughly the seismic properties of the Earth between
the earthquake source and the site are known. Depending on
the complexity of the Earth, success may also be limited by
computer capabilities to calculate the response of the Earth. Al-
together, the literature on this range of subjects is enormous.
Relevant topics are covered, in part, in other chapters in this
volume. This review is confined to selection of a few topics that,
in the author’s judgment, have particularly interesting impacts
on strong ground motions.

4.3.1 Flat-Layered Attenuating Earth

The approximation of a flat- (or radially) layered Earth is widely
used in all aspects of seismology, and is usually quite successful
to first order for tasks such as locating earthquakes, describ-
ing arrival times of the various types of seismic waves on a
global and regional scale, and modeling surface-wave disper-
sion at low frequencies. There are several methods to calculate
the Green’s functions [i.e., the response of a flat-layered, atten-
uating medium to seismic excitation applied at a point, includ-
ing methods by Bouchon (1981), Luco and Apsel (1983), or
Kennett (1983)]. Software to make this computation for a non-
attenuating flat-layered structure is included in Chapter 85.14 by
Spudich and Xu.

It is a little difficult to estimate the frequency band in which
this model is accurate. Flat-layered models have been used to
determine focal mechanisms, using moment tensor inversion,
from regional records on broadband seismograms. For these in-
versions, records are preferably low-pass filtered to model only
frequencies below 0.05 Hz (e.g., Ichinose et al., 1998; Dreger
and Kaverina, 2000; Ichinose, 2000). At these frequencies, with
their corresponding long wavelengths, the presence of moun-
tain ranges or basins can be argued to have a minimal effect,
so the methods do not need to adjust the Green’s functions for
the specific source-station path, and may successfully model the
complete seismogram. However, the direct S-wave part of the
Green’s function, and for smaller scales the complete Green’s
functions, may be reliable to much higher frequencies (e.g.,
1-2 Hz) in some places.

These synthetic Green’s functions have been used in inver-
sions to find models for the slip on the causative fault, which
is as consistent as possible with all observed ground motions.
Observed seismic ground motions in the direct S waves at low
frequencies (i.e., less than 1 Hz) have been reproduced with
these methods, as demonstrated by several of the studies, cited in
Table 1, that model the strong motion to infer a source time func-
tion. The success at low frequencies in determining the source
time function may be a little misleading. Basins have a strong
effect on the nature of seismic waves over a broad frequency
range, starting at frequencies below 1 Hz. Inaccuracy in mod-
eling the path can be mapped back into spurious source effects
when flat-layered structure is assumed for the calculation of the
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Green’s function (e.g., Cormier and Su, 1994; Graves et al.,
1999; Graves and Wald, 2001; Wald and Graves, 2001).

4.3.2 Basin Response

Many major urban areas, particularly in regions with high seis-
mic activity, are built in geological basins. The reasons are ob-
vious. The tectonic activity that causes earthquakes also tends
to build mountains. Flat-lying areas that develop where eroded
sediments are deposited (i.e., basins) are far easier to build upon
than are mountains. It is therefore of the utmost importance to
understand the effects of basins on strong ground motions. The
modeling of wave propagation in basins, using finite-difference
or finite-element techniques, is an active field of research. The
effects of basins are reviewed in Chapter 61 by Kawase, so se-
lection of an interesting, state-of-the-art example is sufficient
for this review.

The Kanto, Japan, basin (which includes Tokyo and adja-
cent cities) has been studied extensively (e.g., Phillips et al.,
1993; Sato et al., 1998a, b, 1999; Koketsu and Kikuchi, 2000).
Figures 14 and 15, from Sato et al. (1999), illustrate results of
a finite-difference simulation of waveforms from a magnitude
5.1 earthquake. These figures illustrate several important con-
sequences of basin response. The seismograms on rock near
the basin edge (station ASK) are very simple, representing the
moment rate function with probably relatively little distortion.
Stations in the basin (KWS, HNG, FUT, CHB) have larger am-
plitudes in this frequency band, and much longer duration of
strong shaking. Stations in the basin have strong arrivals much
later than the S wave, caused by surface waves generated at the
edge of the basin. In this frequency band, the surface waves
dominate the seismograms in the basin. Studies in Los Angeles
show all of these phenomena (e.g., Liu and Heaton, 1984; Vidale
and Helmberger, 1988; Olsen et al., 1995; Olsen and Archuleta,
1996; Wald and Graves, 1998; and Olsen, 2000). All of these
effects are probably quite general properties of basins.

The effects of basin response are not restricted to low fre-
quencies. For example, in the Kobe earthquake, the zone with
the highest damage is not directly above the causative fault, but
rather it is a linear band that is offset to the southeast. An ex-
planation for this, supported by modeling studies, is that the
damage zone occurs at the location of constructive interference
of waves taking two distinctly different paths: one directly from
the fault through the low-velocity basin structure, and the other
through higher-velocity rock on the opposite side of the fault,
which is then refracted into the basin from near the top of the
fault (e.g., Kawase, 1996; Kawase et al., 1998; Matsushima and
Kawase, 1998; Pitarka et al., 1997, 1998). A second good ex-
ample comes from the Northridge earthquake, where there was
an isolated zone of high damage in Santa Monica. Davis et al.
(2000) find, from studies of large numbers of aftershocks, that
this is the result of focusing of seismic energy by a 3-dimensional
lens-like high-velocity structure within the basin.
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4.3.3 Scattering and Attenuation

Scattering and attenuation have an important effect on the strong-
motion spectrum, particularly at high frequencies. Sato et al. in
Chapter 13 discuss this issue in more detail. The w—square spec-
tral model predicts that the Fourier acceleration spectra should
be flat at high frequencies, but in Figures 4 and 9 they fall off
quite rapidly above about 5 Hz. Hanks (1982) referred to the fre-
quency above which the acceleration spectrum falls off as fiax
(Figure 11). He pointed out that this could be either a source or
a site effect.

In favor of the site-effect model, Anderson and Hough (1984)
proposed that a good asymptotic approximation to the spec-
tral shape at these high frequencies is exponential decay
[~exp(—nx f)] where «x is the decay parameter. In their data,
Kk is a function of distance and the site conditions of the station.
Figure 16 shows measured values of « at two stations, one on
slightly weathered granite (Pinyon Flat in the southern California
batholith) and the other on deep alluvium (Imperial Valley in the
Colorado River delta of southern California, 130 km southeast
of Pinyon Flat). Both stations show a systematic increase in
k with distance, but the station on alluvium shows values off-
set to higher « (more rapid decay) than the station on granite.
Anderson (1986) explains this behavior as an effect of attenu-
ation. In this model, the intercept of « (i.e., at zero distance) is
controlled by attenuation near the surface, while the increase of
k with distance is an effect of lateral propagation. It should be
noted that « is at most weakly dependent on distance in Mexico
(Humphrey and Anderson, 1992). Based on this model, « has
been used in some models to simulate strong motions for engi-
neering applications (e.g., Schneider et al., 1993; Beresnev and
Atkinson, 1998a, b). There is, however, a considerable amount
of scatter in the individual measurements of x in this figure,
some of which comes from variability in the high-frequency
spectrum as radiated at the source (e.g., Tsai and Chen, 2000)
or highly variable attenuation in the source region (Castro et al.,
2000).

4.3.4 Site Effects Including Nonlinearity

The term site effects is generally used to refer to wave propa-
gation in the immediate vicinity of the site, as opposed to the
propagation effects, which refer to the complete path from the
source to receiver. The boundary between a site effect and a
propagation effect is not always clear, but it is useful to discuss
them separately. Site effects can include modification of seis-
mic waves by the local sedimentary cover, particularly where
this local cover is not representative of the total path from the
epicenter, the effect of alluvial valleys or basins, effect of local
topography, and effects of the water table. Soil-structure interac-
tion also might be considered a site effect, but it is not considered
here because it represents modification of the ground motion by
artificial structures rather than by the Earth in the absence of such
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FIGURE 14 Observed (thin lines) and computed (bold lines) ground motions in the Kanto basin for various stations. Locations of the stations
are shown in Figure 15 (some stations are not identified on this figure). All seismograms are aligned by the arrival time of the direct S-wave.
From Sato et al., 1999.
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FIGURE 15 Map showing the computed surface deformation generated by a finite-
difference simulation of the 1990 Odawara earthquake at five different times. From Sato
et al. (1999). Data and calculations are bandpass filtered (0.1-0.3 Hz). On the map, P and S
denote the direct P- and S-waves, and B denotes surface waves generated at the boundary
of the basin.
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FIGURE 16 The high-frequency parameter x as a function of dis-
tance for two stations in southern California (from Anderson, 1986).
Open circles are measurements from strong-motion accelerograms
recorded on deep sediments in Imperial Valley, and asterisks are from
seismograms recorded on a rock station in the San Jacinto mountains
west of Imperial Valley.

structures. Site effects are discussed in more detail in Chapter 61
by Kawase.

Figure 17 shows accelerograms recorded from four locations
in Mexico City in the September 19, 1985, earthquake to il-
lustrate a classic example of site effects. The stations UNAM
and VIV are least affected, while CDA and SCT have been
strongly amplified at a period of two to three seconds to cause the
large accelerations as shown, and cause the terrible toll of death
and destruction from that event (Anderson et al., 1986). The
main factor that causes such amplification is soft soils that form
low-velocity layers near the Earth’s surface. These low-velocity
layers trap energy, amplify all frequencies due to the decrease
in seismic impedance, and preferentially amplify resonant
frequencies.

Effects of local topography, including valleys, hills, and
ridges, may be grouped together and have been reviewed by Geli
et al. (1988). The main results are that the topographic ampli-
fication is maximum at the top of the hill, and is maximum at
the frequency at which one wavelength of the S wave equals the
width of the hill base. Motions on the hill sides are not amplified
much, and motions around the base of the hill are usually deam-
plified with respect to motions far from the hill. Geli e al. (1988)
found that theoretical models of the topographic effects almost
always underpredict the observed topographic effects. That dis-
crepancy has not yet been resolved. For example, the Bouchon
and Barker (1996) simulation of response at the Tarzana site,
which recorded unexpectedly high accelerations in the 1994
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FIGURE 17 Most significant one-minute segment of strong-motion
accelerograms recorded at four stations in Mexico City, in the Septem-
ber 19, 1985, earthquake (M = 8.0). Stations are 350 km from the epi-
center, so differences can only be attributed to differences in geological
conditions at the site. No time correlation exists among these traces
(from Anderson et al., 1986).

Northridge, California, earthquake, underpredicts the observed
amplification of Spudich et al. (1996).

It has been commonly assumed that the effects of wave prop-
agation on strong and on weak ground motion are the same.
However, nonlinear effects (i.e., a nonlinear stress—strain rela-
tionship) resulting in slower velocities and more rapid attenua-
tion of large amplitude waves are predicted for soft materials.
Field observational evidence has suggested this is a common
phenomenon for many accelerograms (e.g., Chin and Aki, 1991;
Field et al., 1998; Su et al., 1998; Irikura et al., 1998). Su et al.
(1998) concluded that in the Northridge earthquake, nonlinear-
ity is recognizable in differences between site response (defined
by spectral ratios) when peak accelerations exceed about 0.3g,
peak velocity exceeds 20 cm/sec, or peak strain exceeds 0.06%
(Figure 18). The main effects of nonlinearity are to decrease
the effective shear velocity of the sediments and to increase the
damping, thus shifting resonant peaks to lower frequencies and
lower amplitudes, and generally reducing amplitudes overall.
Understanding of nonlinearity is an important current issue for
strong-motion seismology. Chapter 61 by Kawase reviews the
topic in more detail.

4.4 Theoretical Models for Estimation
of Strong Shaking

All methods of generating synthetic seismograms need to be
calibrated. Complete calibration includes demonstration that
the method produces realistic-appearing seismograms, for
which measures of ground motion match the observations. They
should be able to match the spectra of ‘“calibration events”
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FIGURE 18 Effect of nonlinearity on the site-response contribution
to the Fourier spectral amplification of strong motion. Large dots give
the observed ASW ratio, from Su et al. (1999), defined as the average
over frequency of the Fourier spectral amplification in the main shock
(strong motion) to the average of the Fourier spectral amplification
determined from several small aftershocks. The points are plotted as a
function of the peak acceleration of the strong-motion record during the
main shock (top), the peak velocity of the strong-motion record during
the main shock (middle), and the peak strain related to the strong-
motion record during the main shock (bottom). Peak strain is the ratio
of peak velocity to average shear velocity estimated for the upper 30
meters below the station. Small points show the effect of numerical
experiments based on the nonlinear model for average site conditions
using the approach of Ni et al. (2000).
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(e.g., Atkinson and Somerville, 1994; Anderson and Yu, 1996;
Beresnev and Atkinson, 1998a, b) as well as the ground-motion
prediction models (see Chapter 60 by Campbell) where these
models are well constrained by data.

4.4.1 Stochastic Models

The broad flat portion of the Fourier spectrum motivates a model
of strong motion as band-limited white noise, where the spec-
trum for white noise is proportional to f°. Housner (1947) first
modeled strong ground motion as a random process, and earth-
quake engineers employed band-limited white noise and both
stationary and non-stationary Gaussian processes as models of
strong-motion acceleration as early as the 1960’s (see for ex-
ample, Jennings et al., 1969). More recent seismological mod-
els that use this approach include Hanks and McGuire (1981),
Boore (1983), Boore and Atkinson (1987), Ou and Herrmann
(1990), Chin and Aki (1991), Atkinson and Boore (1997), Toro
etal. (1997), and Sokolov (1998). The process of constructing a
seismogram with this approach begins with generating a white-
noise time series, applying a shaping taper in the time domain
to match the envelope of the expected strong motion, and then
applying a bandpass filter in the frequency domain to mold the
Fourier spectrum to the expected spectral shape. The frequency
domain shaping can be controlled by assumptions about source
spectral shape, Q, «, and site response at high frequencies. In
eastern North America, where there is little experience with
large earthquakes, there is considerable uncertainty about the
source spectral shape (e.g., Atkinson, 1993; Haddon, 1996b).
For near-field calculations, Silva et al. (1990), Schneider et al.
(1993), Beresnev and Atkinson (1998a, b) treat the total fault
as a set of subfaults, which are summed to obtain seismograms
with the statistical characteristics of strong motions. Software
developed by D. M. Boore is given on the Handbook CD (under
the directory \85\8513) and described in Chapter 85.13.

4.4.2 Synthetic Green’s Function Models

A second general approach to generating synthetic strong ground
motions follows the representation theorem [Eq. (1)] more
closely than the stochastic methods, thus attempting to use a
more complete description of the physics at every step on the
process. These methods generate synthetic Green’s functions
based on Earth structure models of varying complexity, and com-
bine these through Eq. (1) with a range of models of the earth-
quake source. Two examples of this approach are those that use a
“composite source model” (Zeng et al., 1994; Yu et al., 1995;
Anderson and Yu, 1996; Zeng and Anderson, 1996) and those
that use an empirical source time function (e.g., Hadley and
Helmberger, 1980; Somerville et al., 1991; Cohee et al., 1991;
Atkinson and Somerville, 1994; Sato et al., 1998b). Both meth-
ods need to develop representations for both the source and the
wave propagation. In the simulations by Somerville and his as-
sociates, the source is represented by an empirical source time
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function. At high frequencies, ray theory in a layered medium
is used to find the Green’s function, and at low frequency, the
Green’s function has preferably been determined using a finite-
element solution for ground motion in a realistic model for the
regional geology, usually including a basin (e.g., Sato et al.,
1998b). Models reported so far using the composite source model
use a Green’s function developed for a flat-lying layered, atten-
uating half space. Scattering is added to the Green’s functions
for more realism at high frequencies (Zeng et al., 1995).

The source component of the composite source model, moti-
vated by a model by Frankel (1991), is interesting. This model
describes the source as the superposition of overlapping circu-
lar cracks (subevents) with a power-law distribution of radii,
N(r) ~ r~P,where p is the fractal dimension. These subevents
are distributed at random on the fault and each is triggered to
radiate when a rupture front passes. Each subevent radiates a

Van Nuys
NS

Anderson

pulse of the type predicted by some model for radiation from a
circular crack (e.g., Brune, 1970; Sato and Hirasawa, 1973). The
source displacement spectrum of the subevents is proportional
to f~2 at high frequencies, implying that the source accelera-
tion spectrum is proportional to f°. The source is kinematic, but
this source description has the capability to generate realistic ac-
celerograms with the proper frequency content (e.g., Zeng et al.,
1994; Yu et al., 1995), and has a capability to predict ground
motions (e.g., Anderson and Yu, 1996). Also, it is possible to
find specific composite sources that are consistent with both
the statistics and the phase of observed records (e.g., Zeng and
Anderson, 1996). An example of seismograms generated by this
approach is shown in Figure 19. Anderson (1997b) found a rela-
tionship between parameters of the composite source model and
several physical earthquake source parameters (radiated energy,
stress drop).
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FIGURE 19 Data and synthetic broadband seismograms from the near-field of the Northridge, CA, earthquake of January 17, 1994 (from
Anderson and Yu, 1996). Numbers at the end of each trace are peak acceleration (in fraction of g, the acceleration of gravity), peak velocity (in
cm/s), and peak displacement (in cm). Upper trace in each pair (bold line) is data, and lower line is the synthetic. On the right, bold lines are
data, and light lines are realization of one synthetic, and points with error bars are mean values of 50 realizations.
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4.4.3 Empirical Green’s Function Models

A third approach for simulating strong ground motions uses
small earthquakes as empirical Green’s functions. This method
has been applied by Hartzell (1978), Wu (1978), Kanamori
(1979), Irikura (1983, 1986), Joyner and Boore (1986),
Takemura and Ikeura (1987), Dan et al., (1990), Hutchings
(1991, 1994), Hutchings and Wu (1990), Wennerberg (1990),
Haddon (1996a), Jarpe and Kasameyer (1996), and others. Em-
pirical Green’s functions incorporate the effects of wave prop-
agation by the use of small earthquake seismograms recorded
in the same area. With proper care in scaling the seismograms
and adding them with appropriate delays to represent propaga-
tion of rupture across the fault, it is possible to generate realistic
synthetic seismograms. The advantage of this approach is that
the seismograms used as empirical Green’s functions incorpo-
rate all the complexities of wave propagation. The limitation is
that the empirical Green’s functions may not have an adequate
signal-to-noise ratio at all the frequencies of interest, may not
be available for the desired source—station pairs, and may orig-
inate from sources with a focal mechanism different from the
desired mechanism. Care must be exercised in the superposi-
tion of multiple empirical Green’s functions, in order to obtain
an w-square spectrum in the synthetic motions (e.g., Irikura,
1986; Takemura and Ikeura, 1987; Dan et al., 1990; Wennerberg,
1990). Kamae et al. (1998) proposed a hybrid technique in which
they synthesize the seismogram from a small event using 3-D
finite difference at low frequencies and the stochastic method at
high frequencies.

4.5 Seismic Hazard Analysis

Seismic hazard analysis transmits information on strong motions
to allow for informed decisions on earthquake-resistant designs,
governmental response to the hazards, and other societal impacts
of earthquakes. (This topic is also reviewed by Somerville and
Moriwaki in Chapter 65.) In its simplest form, a seismic hazard
analysis might identify a scenario earthquake that might affect
a region (see Anderson, 1997a, for a review), and estimate the
ground motions expected from that earthquake, using techniques
described previously. This approach does not necessarily convey
information about the frequency with which this ground motion
occurs. The alternative form, called a probabilistic seismic haz-
ard analysis (PSHA), calculates a hazard curve (Fig. 20) giving
the average annual probability that a ground-motion parameter,
say Y, is equaled or exceeded. Thus, hazard curves predict the
result of an experiment where an instrument at the site records
ground motions for, say, 10° or 10° years, and the frequency of
excedence of Y is tabulated. Milne and Davenport (1969) pre-
sented a method to estimate the hazard curve at relatively high
occurrence rates directly from a seismic catalog and extrapolated
to low probabilities using extreme value statistics, but most es-
timates synthesize earthquake sources and attenuation relations
using an approach that can be traced to Cornell (1968).
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FIGURE 20 A seismic hazard curve for Reno, Nevada, based on the

seismic hazard model of Frankel et al. (1996).

PSHA calculates the rate rc(Y) that ground motion Y is
equaled or exceeded through the synthesis of the seismicity (see
Chapter 41 by Engdahl and Villasenor) and ground motion pre-
diction equations. Assuming that the earthquakes are random,
uncorrelated events, then the Poisson model should hold, and
we expect that the probability of exceedance in a time interval
of duration T is

Pc(Y,T)=1—exp[—rc(Y)T]. (13)
The curve Pc(Y, T) is the hazard curve. The input seismicity
describes the spatial distribution of earthquakes and their rates
of occurrence. This is a function of both magnitude and location,
n(M, x), where M is the earthquake magnitude, x is the location
vector of the source, and n(M, x) dM dx gives the number of
earthquakes per year in a magnitude range of width dM and an
area (or volume) of size dx. Recognizing that earthquakes radiate
energy from a finite fault, n(M, x) must be consistent with fault
geometry and the way the distance R from the earthquake to the
site is defined.

A ground-motion prediction equation ¥ (M, R) estimates the
mean ground motion as a function of the magnitude and distance
(and sometimes additional parameters). As reviewed by Camp-
bell in Chapter 60, I?(M , R) and its standard deviation 67 are
developed by regression using existing strong-motion data. The
equation ¥ (M, R) can be inverted to find the cumulative proba-
bility @ that a single realization of an earthquake with magnitude
M at distance R will cause ground motion y in excess of Y, as
follows:

¢}

Oy > Y|Y,07) =/
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FIGURE 21 Deaggregation of the seismic hazard for Reno, Nevada
(39.5°N, 119.8°W), based on the seismic hazard model developed by
Frankel et al. (1996). This deaggregation is for a peak acceleration of
0.58 g, which is estimated to have a mean occurrence rate of 4.04 x 10~
yr~!, corresponding to a mean return time of 2475 years, or a probability
of exceedance of 2% in 50 years. Differing shades of gray in each bar
tell how much above (mostly in this case) or below average the ground
motion must be to reach this peak acceleration from various earthquakes
contributing to the hazard (modified from the USGS Web site, 2001).

The basic probabilistic seismic hazard analysis model (e.g.,
McGuire, 1995; SSHAC, 1997) finds

re(Y) = // n(M, R(x)) P(y > YllA/(M, R(x)), or)dM dx
(15)

A more complete analysis distinguishes between aleatory and
epistemic uncertainty. Aleatory uncertainty is introduced by true
randomness in nature, while epistemic uncertainty is due to lack
of knowledge (SSHAC, 1997). An extension of PSHA is the
deaggregation or disaggregation of the seismic hazard (e.g.,
McGuire, 1995; Harmsen et al., 1999; Bazzurro and Cornell,
1999). From the integrand in Equation (15), deaggregation iden-
tifies the magnitudes and distances that contribute the most to
that hazard (e.g., Fig. 21). From this, specific important earth-
quakes can be identified, thus providing additional information
to the engineers.

In principal, every specific site has its own seismic hazard
curve. Spatial variation can be presented on a probabilistic map,
which might contour, for instance, estimates of peak ground ac-
celerations that occur with a probability of 10% in 50 years (e.g.,
Algermissen et al., 1982; Frankel, 1995; Frankel et al., 1996;
Frankel et al., 2000; Chapter 74 by Giardini et al.). Probabilis-
tic maps thus communicate estimates of the relative hazards of
different locations accounting for both severity of the potential
ground motions and their frequency of occurrence (e.g., Cornell,
1995).

The difficulty in building the integrand for Eq. (15) should
not be underestimated (e.g., Frankel, 1995; SSHAC, 1997;
Ebel and Kafka, 1999). PSHA-generated hazard curves are thus
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a scientific prediction to be tested. However, it is very difficult
to test because the hazard curve describes rates of events that are
very rare compared to the history of rigorous strong-motion ob-
servations. At high probabilities (~10°-1072), the models can
be tested by comparison with estimated ground motions from
the historical seismicity (e.g., Ward, 1995). At somewhat lower
probabilities ( ~1072-107%), historical records for some old civ-
ilizations (Japan, Middle East) might be able to provide a test
(Ordaz and Reyes, 1999). At even smaller probabilities, the only
available recourse is to use geological indicators, in particular
precarious rocks (e.g., Brune, 1996b; Brune, 1999; Anderson
and Brune, 1999b). These studies find precarious rocks whose
existence seems to contradict the results of PSHA. Anderson
and Brune (1999a) propose that this discrepancy may be in part
caused by treating spatial variability of ground motions, where
site effects contribute to a large uncertainty, as a variability in
time in Eq. (15). Another possibility, emphasized by the Turkey
and Taiwan earthquakes (Sec. 3.2 above) is that the mean ground-
motion curves are overestimating the ground motions (Brune,
1999; Anderson et al., 2000a). The issue remains to be resolved
by future data collection and research.

5. Future Directions
for Strong-Motion Seismology

This article has attempted to give an overview of the field of
strong-motion seismology. Coverage of several topics has nec-
essarily been too brief, but it is believed that the information
presented here is sufficient to provide a reasonable introduction
and indication of the present state of research in this exciting
field of seismology. This final section identifies some future
challenges.

The first is in the field of data collection. The limited number
of accelerograms collected to date for major earthquakes within
the zones of major damage (<20 km on rock and 100 km on soft
soil) remains a severe limitation of our science. For instance, the
consensus of the Monterey Strong-Motion Workshop (Stepp,
1997) is that there is a need to install on the order of 20,000
instruments in densely urbanized areas of the United States in
order to ensure that the next major damaging earthquake in the
US is well documented. Worldwide, a stable mechanism for
funding the collection and distribution of strong-motion data
has not been developed in spite of the enormous value of the
data to the engineering community.

Research in strong-motion seismology is proceeding toward
a capability to take any hypothetical earthquake and to gener-
ate seismograms and corresponding spectra that incorporate an
understanding of all the physical phenomena as they apply in
the region of interest. There is reason for confidence that this
physical approach is the best way to minimize the uncertainties
in anticipating ground motion for future earthquakes. Models of
this type can be expected to play arole in filling in gaps in data at
critical magnitudes and distances, such as predicting the charac-
teristics of the near-field directivity pulses. It can be argued that
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the modeling approach is the most reliable way of extrapolating
from the present data set. However, models have sufficient flex-
ibility in source parameters that must be extrapolated to large
magnitudes that this modeling will not totally replace the im-
portant role that gathering more data must continue to play.

At low frequencies, modeling will require continued empha-
sis on the use of finite element/finite difference methods to pre-
dict ground motions in sedimentary basins beneath urban areas.
Advances in computer codes, increasing computer speeds, and
continual improvement in velocity models, will be needed to
push the applicability of these methods to higher frequencies.
Methods will be needed to utilize whole waveforms from multi-
ple events to improve the urban velocity models, as exploration
in these areas is most difficult.

There is little physical understanding of the role that vari-
ous physical characteristics and processes play in controlling
the high-frequency end of the spectrum. Factors that could con-
tribute include the tectonic environment, fault characteristics
such as total slip, time intervals between earthquakes, and lithol-
ogy, issues related to the dynamics of rupture and the physics that
control those dynamics, and nonlinear wave propagation along
the path, especially near the source and in the near-surface ge-
ology. Collection of more data is essential, as the number of
variables that are potentially involved outnumber the number of
large earthquakes that have been recorded at short distances.

Because strong-motion seismology has an important appli-
cation in the development of ground motions for use in engi-
neering design, it is obvious that empirical characterization of
strong-motion data will also need to continue. For the largest
earthquakes, both the mean values and the uncertainty around
the mean, together with the factors controlling those parameters,
need to be understood much better in order to reduce uncertain-
ties in seismic hazard analyses. Together with this, emphasis
on prediction of strong motions through physical modeling is
appropriate. By that approach, scientific understanding and im-
proved prediction will go hand in hand, and the greatest progress
will be made for description of seismic hazards.
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Strong-Motion Data Processing

1. Introduction

Initially very challenging, the digitizing and processing of re-
corded strong motion has seen great advances in the last 30 years.
The evolution from the first digitization attempts, which defined
problems still being dealt with today, through subsequent de-
velopments in computer digitizing and modern instrumentation
has allowed significant progress in understanding near-source
strong motion.

Although traditional seismological instruments were devel-
oped in the 1800s and perfected in the 1900s, instruments that
could measure strong motion were not developed until the 1930s.
The U.S. Coast and Geodetic Survey began the development of
an accelerograph (Wenner, 1932) in response to a need expressed
by earthquake engineers following an earthquake conference in
Tokyo. Background aspects of the early development are re-
viewed by Housner (Scott, 1997; see also Chapter 2 by Housner).
The first instruments were deployed in the Los Angeles area
during the March 10, 1933, Long Beach earthquake, and very im-
portant records were obtained. Once earthquake recordings were
obtained, processing of the records to extract crucial strong-
motion information became important, and that forms the topic
of this chapter.

2. Early Digitizing and Processing

2.1 Early Mechanical Analysis

The record from the Los Angeles Subway site from the 1933
Long Beach earthquake was one of the first strong-motion
records. It was not exceeded in amplitude until the 1940 Im-
perial Valley earthquake, and it received extensive digitization
and processing efforts.

Early analysis and digitization was difficult, partly because of
the equipment limitations of the time, and partly because much
was being learned about pitfalls in digitization and processing.
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The initial efforts involved cooperative work by the U.S. Coast
and Geodetic Survey (USCGS), the National Bureau of Stan-
dards, and the Massachusetts Institute of Technology. The ear-
liest analysis of a record was performed using a mechanical
analyzer system at the USCGS (Neumann, 1943) by means of
which operators could manually generate an approximate dis-
placement record from an acceleration recording. A second ap-
proach utilized a mechanical differential analyzer already in use
at MIT for studying other problems. These approaches using
analyzing machines were paralleled by a manual numerical inte-
gration approach. The early work led to a symposium focused
on “Determination of True Ground Motion by Integration of
Strong Motion Records.” Part of the Bulletin of the Seismologi-
cal Society of America for January 1943 is devoted to the sympo-
sium, and it includes analysis of the differential analyzer and the
importance of accuracy results from an engineering standpoint
(Ruge, 1943a, b) and an appraisal of the numerical integration
efforts (Neumann, 1943). The most important element from
a historical perspective was the numerical methods approach,
which became the basis of the progress that occurred in the
succeeding decades.

2.2 Early Numerical Processing

The early procedures and difficulties in numerical integration
of accelerograms are described in Neumann (1943), and many
carry over in some form to the present. Digitization consisted of
manually measuring and recording the position of the accelera-
tion trace at fixed intervals along the length of the accelerogram.
The accelerograms were photographically enlarged to make the
measurement process more accurate and less difficult.

The ground motion could be calculated from these measure-
ments using the fundamental equation of motion of a damped
pendulum when subjected to an external acceleration,

—d2x(t)/dr* = d%y(r)/d* 4+ 2h(2m /To)dy(t)/dt
+ 2/ To)l (1), (1)
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where x(t) is the instantaneous displacement of the instrument
housing (i.e., normally the ground), y(¢) is the instantaneous dis-
placement of the pendulum relative to the instantaneous position
of the housing (measured from the record), h is a damping con-
stant, and T, is the instrument period. With integration twice,
the housing or ground displacement is obtained as,

—x(t) = y(t) + 2h(27r/T0)/ y(t)de

~|—(2n/TO)2/ / y()dtdr + ¢ +ct. (2

where ¢ and c; are the integration constants. Once the amplitude
values have been scaled from the record, the housing (or ground)
displacement can be approximated using the numerical equation
(with C; and C, being the re-defined integration constants):

t
—x =i+ 2h<2n/To><Z WAL+ c1>
0

1

+(2n/To)2[Z (Z yiAL + c1>m + C2:|. 3)
0

0

The practical steps involve measuring, or scaling, the y; ordi-
nate values of the recorded accelerogram at constant time steps
ti. The effort and time required to accurately scale peak val-
ues on analog records even today underscores the extensive
efforts required by the USCGS to obtain reasonable accuracy
during this period. Once the measured values from the record
were available, the process of numerical integration could begin,
performed using an adding machine with which an operator
tediously obtained the necessary partial sums to calculate the
displacement.

The constants of integration, C; and C,, had to be estimated
once initial sums had been obtained. Note that regardless of
advances in technology, the initial conditions remain an issue.
However, most modern digital accelerographs have adequate
pre-event memory so that the pre-event zero-acceleration values
can be estimated.

If the ground is at rest during the time interval immediately
prior to the event, then C is the zero-acceleration value (or pre-
event y mean value), and C, is zero. However, many analog
or optical recorders are still deployed; in these units, record-
ing is initiated by the shaking itself, and so some of the motion
is necessarily lost. In general, if the threshold level necessary
to initiate recording is set low enough, the effect will not be
severe, especially for recordings with high-amplitude accelera-
tion. However, if the shaking at the site is of low amplitude, an
important part of the total motion will be missed. For example,
a distant earthquake with only long-period motion at a site illus-
trates the problem. In the Mexico City earthquake of 1957, only
0.04g was recorded. Because the motion was at long period,
near the period of many structures, significant damage occurred
(Duke and Leeds, 1959), though many film recorders in that
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situation would trigger late in the motion (or not trigger). For
late-triggered records, accurate determination of displacements
is still problematic.

The determination of displacement by manual numeric in-
tegration was performed as an interactive process, each time
obtaining better estimates of C; and C,. Of course, the accuracy
problems associated with summing many numbers in a machine
with finite register size are now well known. The early work
was groundbreaking, grappling with many of the problems that
strong-motion processing continued to address for the rest of the
century.

In a parallel instrumentation effort during this period, the
USCGS deployed instruments designed to have a long-period
response, called displacement meters. These units typically had
a 10-second pendulum period so that the recording would more
closely correspond to the displacement motion of the ground. Al-
though not many of these instruments were installed because of
difficulty and cost, some records were obtained. It was an impor-
tant step to compare displacement records calculated by numeric
integration of the accelerometer records with these displacement
meter records, to help understand the source and amplitude of
the various errors. These comparisons have been made for sev-
eral records, generating confidence in the processing procedures
(e.g., Trifunac and Lee, 1974).

2.3 Standardized Digitizing and
Processing—The Caltech Bluebook Project

Until 1970, the USCGS continued to obtain strong-motion
recordings, but a need developed for standardized processing
of the records obtained so that investigators would be analyz-
ing the same time histories and spectral inputs for engineer-
ing design and structural dynamics studies. Some studies high-
lighted the uncertainty associated with calculating long-period
displacements (Hershberger, 1955; Berg and Housner, 1961).
The records from El Centro in 1940, Kern County in 1952, and
Parkfield in 1966 underscored the need for uniform processing,
particularly because of the unexpected amplitudes and periods
recorded.

A project initiated in 1968 at Caltech focused on the computer
processing of all records available at the time in a standardized
approach. The San Fernando earthquake that occurred in 1971
caused a large increase in the number of records while the project
was underway. The San Fernando records included the largest
motions recorded up to that time, which increased the impor-
tance of standard processing.

The Caltech project moved forward from the USCGS numer-
ical integration effort in several aspects. The most important
was the use of large, fast digital computers, which had become
available at major universities and research centers. The project
was very productive, and the series of reports produced, all in
blue cover, gave the project its unofficial name. By releasing the
complete results by means of printed reports and files on digi-
tal computer tapes, the project allowed major progress by many
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investigators in analytical studies of the data, and the records
processed became the foundation of many research advances in
subsequent years.

The second major difference between this project and earlier
work was the use of a mechanical-electrical digitizing table
incorporating a hand cursor with crosshairs. The cursor would be
positioned over the center of the trace, and the (x, y) coordinate
pair was output onto punched cards or magnetic tape when a
button was pushed.

In one manual-digitizing approach, points on the waveform
were digitized at equal time intervals on the record. In the sec-
ond, the peaks, troughs, and points of inflection in the waveform
were digitized, and the waveform was assumed to be comprised
of straight-line segments between these points. The goal of this
approach was to efficiently preserve most of the full-frequency
content of the record while digitizing areduced number of points.
However, the effects of a varying sample rate are not well docu-
mented in signal theory. Current digitizing technology has made
this approach unnecessary, and equal-interval sampling is now
standard.

The use of a digital computer in the processing steps al-
lowed much more complicated procedures to replace the adding
machine in order to improve speed, accuracy, and precision.
The resulting process became quite complicated, as reflected in
Figure 1 (EERL, 1971), which illustrates that while there was

INPUT: LOW PASS FILTER vO(f)

UNCORRECTED ACCELEROGRAM a(t) iy BY USING ORMSBY
& FILTERTOGET v(1)
Z0
@~ £ “;’ 1 L
LEAST SQUARE FIT G, AND C, &2
a0(t) = a(t) + Co+ Cqt 5
w 0 | f

0.05 0.07

—% ¢

COMPUTE VELOCITY v(t) ASSUMING

v (0) =0 THEN LEAST SQUARE FIT
Vo AND ao TO GET 1 DIFFERENTIATE v(t) TO GET a4(1).

SUBTRACT a4(t) FROM a'(f) AND GET
@’ CORRECTED ACCELEROGRAM a2(t)

a2(t) =a'(t) -a4(1)

+ V0+ aof

99

I

ADD a, TO a(t)

al(t)=a%t) +a
0 SUBTRACT v!(t) FROM vO(t) TO GET
THE FINAL VELOCITY v2(t)
v2(t) = vO(t) - v1(1).

COMPUTE DISPLACEMENT d(t) BY
<@- INTEGRATING v2(t) AND ASSUMING
d(0) = 0. STORE d(t) INTO al(t)

HIGH-PASS a'(t) BY USING
ORMSBY FILTER TO GET a2(t)

1 /7
0 L f
0.05 0.07
STORE a2(t) INTO a(t)

L ]

FIGURE 1 Flow chart summarizing the steps originally used in pro-
cessing strong-motion accelerograms in the Caltech Bluebook Project
(from EERL, 1971). Though simplified from the previous approaches,
the process was still highly complex and iterative.
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a significant advance upon the Neumann USCGS effort, it was
still a highly complex, iterative process. The technical documen-
tation and computer program listings for the Caltech project are
included in Trifunac and Lee (1973).

2.3.1 Standard Data Products

Results were released at several stages in the Caltech processing,
and the names for these have become traditional: (1) Volume 1:
Raw acceleration, as digitized, usually given as acceleration—
time pairs, and expressed in units of acceleration; no instrument
correction or filtering applied. (2) Volume 2: “Corrected” ac-
celeration, velocity, and displacement; basically the final time-
history product, with constant time steps. The raw acceleration
has been bandpass filtered, and various other processing steps,
including correcting for the instrument response, applied to ob-
tain the best estimate of the acceleration. This acceleration has
been numerically integrated, with follow-up filtering as neces-
sary, once to obtain velocity, and once again to obtain displace-
ment. (It was unfortunate that the word “corrected” became at-
tached to this product, because it implied to some engineers that
the data needed to be corrected because of errors. However, this
misunderstanding has become less common over the years.) (3)
Volume 3: Response spectrum values, for five damping values
(0 through 20%) and 91 periods (from 0.04 through 15 seconds),
including spectral acceleration and the pseudovelocity and dis-
placement spectra.

The preceding three products are sometimes denoted as Phase
1, 2, etc., rather than Volume 1, 2 (e.g., Brady et al., 1980), and
this usage avoids the confusion often associated with the word
volume. Several additional numbered products were generated
during the Caltech project, but these are not commonly used
today. Nearly all strong-motion networks and projects, world-
wide, generate these three primary data products.

3. Modern Digitization

3.1 Semi-automated Accelerogram Scanning
and Digitization

Advances in computer hardware resulted in the commercial
availability of computer-controlled scanning systems in the mid-
1970s. Early scanning machines were expensive and required
careful handling. The first semi-automatic, computer-controlled
digitization system was introduced by Trifunac and Lee (1979)
at the University of Southern California. This system replaced
the cursor-and-crosshairs of the Caltech project with an optical-
density sensor that moved across the film image under the con-
trol of a computer, yielding an x—y grid of optical density val-
ues. Curve-following software was applied to the grid of optical
densities, ultimately yielding acceleration—time pairs like that
obtained in manual digitization.

This system yielded a major increase in digitizing speed,
though extensive work was still sometimes required at graphic
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workstations to construct accurate acceleration—time functions.
The difficulty depended on the quality of the film accelerogram
and the amplitude of the records. High-amplitude records with
acceleration traces that repeatedly crossed traces from adjacent
channels were particularly difficult.

A system like that of Trifunac and Lee has been used for many
years at the California Strong Motion Instrumentation Program
of the California Geological Survey (formerly the Div. of Mines
and Geology) to digitize and process many records. As part of
that effort, the system was further studied in terms of noise and
long period response and certain improvements made to lower
noise levels (Shakal and Ragsdale, 1984).

Another computer digitization system used during this time
was a specialized commercial laser scanning and curve-follow-
ing system that had some of the same difficulties and benefits
(IOM/Towill; described in Converse, 1984). Many records were
digitized by the U.S. Geological Survey through this company.
Scanning systems were also developed in Japan (Iai et al., 1978)
and Italy (Berardi et al., 1991) during this period.

3.2 PC-Based Desktop Digitization

As personal computers became more widespread and more pow-
erful, it became practical to use them in strong-motion process-
ing. In addition, development of scanning devices continued and
economical desktop units became available that had marginally
adequate resolution for use in accelerogram digitization. The
first system of this type was developed by Lee and Trifunac
(1990), for which they converted their earlier operator-intensive
mainframe system (Trifunac and Lee, 1979) to use a desktop
scanner and PC.

Another strategy was to take a fresh approach using the full
capacity of a PC and the higher resolution desktop scanners
that become available around 1990. Cao et al. (1994) describe
a high-resolution desktop system that is almost fully automated
except for the most difficult records. Many records have now
been digitized using this system, including over 200 Northridge
records from privately owned code-required instruments, which
produced film records of lower optical quality than regular net-
work records.

Other PC-based digitization systems have also been devel-
oped, but some have higher noise levels either because of in-
adequate step size or because the trace is approximated as a
black-and-white image. The subtleties that gray-scale imaging
allows yield results that more smoothly match the accelerogram.
Of course quality must be carefully monitored, and some of these
systems have encountered problems, as noted by Trifunac et al.
(1998).

3.3 Digital Accelerographs

A transition in the 1980s significantly changed the strong-motion
digitization and processing problem. As technology progressed,
economical and reliable digitally recording accelerographs
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became available. For these units the onerous laboratory task of
digitizing the recording is performed in the field by an internal
analog-to-digital converter. The earliest digital accelerographs
recorded data on magnetic tape but these did not approach the re-
liability of analog units (due to the effects of temperature cycling
and aging, the magnetic tapes were often difficult, if not impos-
sible, to decode). With the introduction of solid-state memory,
the potential of digital accelerographs was fully realized. These
units have now begun to be the source of new strong-motion
records, and are supplanting analog accelerographs, worldwide.

Most accelerograms recorded by modern digital accelero-
graphs are of high quality, so that processing of records is much
less difficult. Certain serious problems can occur, however, and
these are discussed subsequently. Excepting these cases, the tra-
ditional issues of base-line correction and high-frequency prob-
lems are often not as serious today. Recovering the maximum
amount of information at long periods is still a challenge, as
discussed further shortly. For most cases, however, the period
band of most importance in earthquake engineering, up to 3
or 4 seconds, can be provided with confidence from digital
accelerographs.

3.3.1 Accelerograph Dynamic Range
and Noise Levels

The range of ground-motion amplitudes that can be recorded
by an accelerograph is very important in controlling final pro-
cessed signal quality and long-period noise levels. The largest
acceleration that common analog accelerographs can record is
nominally 1g, and the smallest value that can be read from a
film record is about 0.005g. The ratio of the largest to smallest
accelerations, the dynamic range, is about 200, or in the loga-
rithmic decibel scale, about 50 dB. Recordings have shown that
accelerographs need to be able to record accelerations as high
as 2g. Until about 1995, common digital accelerographs had a
12-bit analog-to-digital converter (A/D), so the smallest value
they could record was the range of £2g divided into 2'> = 4096
parts, or about 0.001g. The dynamic range of these units, 72 dB,
is significantly better than the analog film recorders. A few dig-
ital accelerographs currently use a 10-bit A/D. The dynamic
range of these units is not much better than the analog units; al-
though they have value in simple monitoring and alarm systems,
noise levels make it very difficult to obtain processed data with
quality similar to that of 12-bit accelerographs.

Most contemporary digital accelerographs have 18-bit or bet-
ter resolution. For 18 bits, the least acceleration readable from
a 2g sensor is about +2g/2'% = 0.015 mg (108 dB dynamic
range). The noise level at many urban sites where strong-motion
instruments are installed is higher than 0.015 mg, so this reso-
lution may be more than needed at these sites. The Northridge
earthquake showed again that accelerations during earthquake
shaking could exceed 2g, at least in the near-field zone and in
structures. Sensors with the next higher range, 4g, are gener-
ally not more costly and the impact of raising the maximum
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(increasing the minimum recordable motion to 0.03 mg) has lit-
tle negative effect at urban sites because of the noise level. This
range yields a record unlikely to be clipped and with resolution
low enough for performing accurate processing of the recorded
accelerogram. It is noted that some accelerographs now have
24-bit A/D capability. These units, with a minimum recordable
motion of 0.24 pg with a 2g sensor, have their most effective
application in low-noise, non-urban environments.

Digital accelerographs have advanced so much in the last
decade that the importance of the recorder itself has receded for
strong-motion processing, and other noise sources have become
the major concerns. The primary noise sources that may com-
promise processed strong-motion data include sensor noise and
electronic/communication noise, discussed further following.

4. Strong-Motion Processing
Procedures

Whether a digital record has been recorded digitally or obtained
through laboratory digitization of an analog record, procedures
for processing the digital record are similar, and are described
next.

4.1 Uniform Processing—Long-Period Filtering
Dependent on Noise Spectra

A major lesson of the Caltech project was that the calculation of
displacements for long periods was problematic. This problem
was noted by Neumann (1943), but it became particularly im-
portant as more records were processed. Certain specific long-
period problems were identified, for example, a problem at a
spectral period near 14 seconds due to the practical aspect of
digitizing table length (e.g., Hanks, 1973). More experience with
the long-period problem was gained in the Caltech project, and
during this period the method of choosing the most appropriate
long-period filter was not yet standardized.

A realization developed that displacements computed for the
longest periods were heavily influenced by noise intrinsic to the
digitization and processing steps, and that this noise was largely
understandable and could be handled in a uniform way (e.g.,
Trifunac, 1977). In general, the velocity response spectrum for
records from intermediate-magnitude events increases from a
low value at short periods until it reaches a maximum at inter-
mediate periods, beyond which it decreases once again at longer
periods. In contrast, the noise spectrum obtained by digitizing
and processing a straight-line record increases in the long-period
range, where the data spectrum is decreasing. As a result, the
spectrum of a digitized accelerogram plotted against period, be-
fore filtering, often has a characteristic shape, which is shown
schematically in Figure 2. The noise spectrum is present for
both analog and digital records, though it is generally higher for
optically digitized analog records than for records from digital
recorders.
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FIGURE 2 Schematic shape of the response spectrum of a typical
digitized earthquake record (solid line). It is a combination of the ac-
tual earthquake spectrum (thin dash) and the noise from digitization
and other sources (wide dash). The objective in data processing is to
determine the maximum period band for which the final result preserves
as much signal as possible but retains as little noise as possible.

The principle of uniform processing is the utilization of this
characteristic form as the basis for selecting the filter period.
This approach was introduced in the reprocessing of the Cal-
tech records by Trifunac and Lee (1978). They selected the
long-period filter location uniformly based on where the ac-
celerogram spectrum intersected the average spectrum obtained
for a set of straight-line accelerograms (e.g., Figure 2). This was
an important step in handling long-period noise in a coherent
manner.

This approach coincides with signal-to-noise ratio approaches
used in signal processing and is used by several strong-motion
networks. A signal-to-noise ratio (SNR) of 2 to 3 may be used to
obtain an initial estimate of the filter period. Specifically, a period
is chosen to the left (toward shorter periods) of the minimum that
occurs where the signal and noise spectra intersect. A period is
then selected at which the spectrum has increased to 2-3 times
the minimum.

A practical aspect remaining, even in uniform processing, is
the choice of a single filter corner for all components of a given
record. This means that some components (e.g., horizontal) are
filtered more severely because the filter is set to control noise
in the components with the lowest amplitudes (e.g., vertical).
This practice continues at many networks, though the practice
is arguable.

4.2 Procedural Steps in Strong-Motion
Processing

The post-digitization processing procedures and steps described
next have their origin in the procedures developed in the Caltech
project (EERL, 1969, 1971, 1972) and modified by Trifunac and
Lee (1978) and others. There are variations in the steps, and
Converse and Brady (1992) use a procedure that is somewhat
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simpler, but the basic principles are shared in common. The
seven steps are:

Step 1. Baseline Correction

The raw data are interpolated to obtain equal-interval sampling,
if necessary (e.g., 200 points/sec, for a 100 Hz folding fre-
quency), and converted to acceleration units using the sensitivity
constant of the accelerometer. At least a first-order baseline op-
eration is performed, to make the data zero-mean. More involved
baseline correction may also be performed on certain records,
though this is less common in the past, because there is normally
no physical basis for removing a parabola or other high-level
function from an accelerogram. In contrast, when baseline cor-
rection is performed via long-period filtering (Step 4) it has well-
defined properties in the frequency domain; these are largely
independent of the record length (e.g., Trifunac, 1971). Simple
baseline correction using a constant or linear trend, where ap-
propriate, is most effective in projects handling a large number
of records. The results of this step are usually denoted as Volume
(or Phase) 1, and released as the raw-data product.

Step 2. Instrument Correction

The baseline corrected data are corrected for instrument response
using a simple finite-difference operator to obtain dy(z)/ds and
d?y(t)/dt? in Equation (1). Note that the sensitivity constant has
already been applied in Step 1. In frequency domain process-
ing, discussed further following, the finite-difference process
is replaced by simply dividing the spectrum by the instrument
response spectrum.

Step 3. High-Frequency Filtering

After instrument correction, a filter is generally applied to re-
move high-frequency noise. In the Caltech and USC process-
ing, an Ormsby filter (Ormsby, 1961) with a corner frequency
at 23 Hz and a termination frequency at 25 Hz was applied.
Current approaches typically use a more common filter (such as
a Butterworth filter) with a corner frequency near 40% of the
final sampling frequency (i.e., 80% of the Nyquist frequency)
and a 3™ or 4" order decay. After filtering, the data are dec-
imated to the final sample rate at which the acceleration data
will be distributed to the user community (50 points/sec in the
Caltech/USC data; 100 points/sec is common today for data
recorded digitally). Note that if time-domain processing is used,
the instrument correction should be performed prior to decima-
tion, rather than after, in order to improve the high-frequency ac-
curacy (Sunder and Connor, 1982; Shakal and Ragsdale, 1984).
Some networks currently release processed data with the same
sample rate as the original data; in this case, decimation is not
performed.

Shakal et al.

Step 4. Initial Integration and Long-Period
Filtering

Aninitial long-period filter is applied to the instrument-corrected
acceleration data with a cutoff corner near 15 seconds period
(longer periods are filtered out), which is the maximum period
used in Caltech/USC processing. Recent data has shown that a
longer period cutoff may be appropriate for digital records from
large earthquakes. Velocity and displacement are obtained by
numerically integrating the acceleration and filtered using the
same low-frequency filter. In time-domain processing, if deci-
mation is performed prior to the long-period filtering, preven-
tion of spurious long-period energy requires use of an Ormsby
or similar filter, rather than a running mean filter, because of its
side-lobe leakage (Shakal and Ragsdale, 1984).

Step 5. Computation of Maximum-Bandwidth
Response Spectra

The pseudovelocity (PSV) response spectra are calculated in
the time domain for the full set of 91 periods defined in the
Caltech project, ranging from 0.04 seconds to 15 seconds, using
the method of Nigam and Jennings (1969) or an equivalent. The
spectra are computed for damping values of 0, 2, 5, 10, and
20% of critical, using the acceleration obtained in Step 4, and
plotted for 0.04 to 15 seconds (the full bandwidth) for use in
comparative analyses to select the best filter.

Step 6. Long-Period Filter Selection

A suite of long-period filters is applied to the data obtained in
Step 3 using corner periods near the long-period minimum of
the spectrum obtained in Step 5. The long-period intersection of
the maximum-bandwidth spectrum and the average noise spec-
trum determined for the system (e.g., Trifunac, 1977; Shakal
and Ragsdale, 1984) is used to indicate the long-period limit of
useful information in the record, as discussed previously. The
final value of the filter corner is selected after studying the re-
sulting suite of displacement plots, comparing them to one an-
other, to displacement plots computed from noise records, and
to records obtained for nearby stations, if available (e.g., Huang
etal.,1989). Choosing a filter period at which the signal-to-noise
ratio (SNR) is 2 to 3 or greater usually gives a result with low
noise, though this may be more conservative than some desire.

Selection of the optimal long-period filter remains the most
difficult part of strong-motion processing. The effect of earth-
quake magnitude is to raise the response spectrum at long pe-
riods, such that the crossing with the noise spectrum may not
occur in the usual strong-motion processing band. An approach
has been suggested in which the long-period filter is selected
based on a theoretical model of the spectrum radiated by a sim-
plified source (e.g., Basili and Brady, 1978). However, as more
data have become available, especially from larger events, it ap-
pears best to choose the long-period filter based on the signal
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FIGURE 3 Copy of the analog (film) record obtained from the Obregon Park station in Los Angeles during the 1987 Whittier earthquake.

as recorded, regardless of theoretical models, especially since
theoretical models will be revised as more data from large earth-
quakes becomes available.

Step 7. Final Output Preparations

The acceleration, velocity, and displacement time histories ob-
tained using the final filter are plotted for presentation in reports
and saved as files for distribution. The response spectra may be
plotted with tripartite logarithmic scaling or the linear scaling
most commonly used in building codes.

4.3 lllustrative Example

To illustrate the process just described, a copy of a raw ac-
celerogram is shown in Figure 3. This analog record contains
three acceleration traces corresponding to the three component
directions, two fixed reference traces, a half-second time mark
pattern at the bottom, and a time mark trace containing the IRIG-
encoded time at the top. This record was digitized (not necessary
for a digital record) and scaled to produce the Vol. 1 (Phase 1)
data plotted in Figure 4. Steps 2 through 4 were then performed,
and the full-bandwidth spectrum of Step 5 was computed. For
the first component, the velocity spectrum of the full-bandwidth
output is compared with the noise spectrum of the digitization
system in Figure 5. As part of Step 6, a suite of displacement
time histories, computed using a range of long-period filter cor-
ners, are compared in Figure 6 to guide the selection of the
optimal filter. The final “corrected” acceleration, velocity, and
displacement (Phase 2 data), and response spectra (Phase 3 data)
of Step 7 are shown in Figures 7 and 8, respectively. Note that
the final filter bandwidth is indicated in both plots.

4.4 Usable Data Bandwidth

Processed data has a bandwidth, extending from the period of the
high-frequency (short-period) filter of Step 3 to the long-period

filter of Step 6, within which the final spectrum corresponds to
the original record. Outside of this band, filters have removed as
much as possible of the information because of noise contami-
nation, and this band may be called the Usable Data Bandwidth
(Figure 9). The UDB defines the range within which the results
can be used in modeling structure response, etc. Comparisons
of model results to data outside this period band are not valid, of
course, and may be misleading. Note that the spectra of the final
result in Step 7 should only be plotted to the period of the long-
period filte—beyond that the spectra are smoothly decreasing,
but this is because of the asymptotic nature of the response spec-
trum at long periods (e.g., Hudson, 1979), and does not reflect
the shape of the data spectrum.

4.5 Time Domain vs. Frequency Domain

Some operations in strong-motion processing may be most ef-
fectively performed in the frequency domain. The early Caltech
processing was all performed in the time domain because it oc-
curred before the Fast Fourier Transform (Cooley and Tukey,
1965) was widely available. The Ormsby filter was used be-
cause it is a relatively stable recursive filter. Today the FFT
is very common, and filters such as the Butterworth are easily
applied in the frequency domain, and integration to obtain ve-
locity and displacement is as simple as dividing the spectrum
by —iw. With fast computers and cheap memory, even the large
transforms that may be needed are within the capacity of most
personal computers.

Care must be taken in frequency-domain processing regard-
ing certain aspects. Tapering the ends of the acceleration time
series with a raised cosine bell, or Tukey interim window (e.g.,
Bergland, 1969), once the mean has been removed, prevents
spurious side-lobe leakage in the spectrum. If there is an ade-
quate pre-event data segment, this does not affect the data at the
beginning of the data. In general, the time-history length to be
transformed to the frequency domain must have a power-of-two
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FIGURE 4 Acceleration records (Phase 1 data) after the data traces in the film record of Figure 3 have been digitized and converted to
acceleration using the sensitivity constants of the accelerometers, and the means have been removed (Step 1).

number of points, and a zero-filled section should be included
at the end of adequate length (perhaps 20% of the record length
or more) to prevent problems with periodicity.

Some operations, such as complex baseline corrections, may
be most effectively done in the time domain. For example, if
there is an a priori reason that certain time functions should be
used to compensate for a baseline shift that occurs at a certain
time in an accelerogram (e.g., Iwan et al., 1985), a time domain
application is most effective.

In general, frequency domain methods are fast, understand-
able, stable, and give replicatable results in situations where
many records are to be processed. They are also well under-
stood in signal analysis and processing theory (e.g., Rabiner and
Gold, 1975; Kanasewich, 1973). Response spectra calculations
need to be at least evaluated in the time domain because they
involve obtaining the time-domain maximum for each spectral
period.

4.6 Processing by Other Networks in the World

Several networks in countries of Europe and the Pacific also
process and release strong-motion data. For example, the Port
and Harbor Research Institute in Japan has been processing and
releasing data for many years using a system described by Iai
etal. (1978) that shares many features of the approach developed
in the Caltech project. They also use a semi-automated analog
record digitization system for analog records. Of course, the
recently instrumented Kyoshin network in Japan is a forward
evolution with no analog instruments, like the TriNet network
in the United States, both described elsewhere in this volume.

The New Zealand and Italian strong-motion networks have
also digitized and released records from important events in the
area, and key parts of their processing are also similar to, and
grew out of, the Caltech system (e.g., Hodder, 1983; Berardi
etal., 1991).
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FIGURE 5 Spectrum computed (with a wide-bandwidth filter) for
the first component of the record in Figure 4 is compared with the noise-
level spectrum (PSV, 20% damping) of the digitization system to guide
the selection of the long-period filter.

5. Specific Issues in Processing

Several issues are of particular importance in strong-motion pro-
cessing. Some, such as natural frequency, have seen beneficial
developments. Others, including DC offsets, can be as problem-
atic today as they were years ago.

5.1 Instrument Response—Accelerometer
Natural Frequency

Changes in accelerometer natural frequency over the last decades
have had significant positive impacts on strong-motion process-
ing. The earliest USCGS accelerometers of 1933 had a natu-
ral frequency of about 10 Hz (0.1 sec period); this increased to
around 20 Hz with the commercial film recorders (e.g., SMA-1).
The natural frequency increased again to 50 Hz for accelerom-
eters used with the digital recorders. Some of the latest sensors
have a natural frequency near 80 Hz.

The result of this increase in natural frequency is to make
correction for the response of the sensor much less critical in the
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frequency range below 20 Hz, which is of most importance in
strong motion. As the sensor natural frequency increases, the last
term in the response equation (Eq. 1) dominates. The principal
effect of instrument correction then becomes multiplication of
the observed record by the static sensitivity. As a result, instru-
ment correction has become much less critical than in the earlier
years of strong-motion processing, when the natural frequency
was 10 to 20 Hz, and errors in natural frequency or damping
could significantly affect the results.

5.2 Accelerometer Offsets and Tilts

Calculated long-period displacements are very sensitive to the
stability of the DC or zero level of the accelerometer. Small errors
in the zero level can lead to significant errors in displacements
and long-period spectrum levels. This problem is more important
for modern digital recorders, largely because more information
is being extracted from records due to their greater dynamic
range. An illustrative example occurred in the Northridge earth-
quake records from a six-story office building in Los Angeles
(Station 24652; Shakal et al., 1994a, p. 153). The recording in-
dicates that a shift of several percent g occurred around the time
of the strongest shaking, implying a significant permanent tilt or
adjustment at the 3rd-floor level of the building. However, the
building was subsequently inspected and no structural changes
were observed. Routine processing of a record like this would
indicate significant results for velocity and especially displace-
ment level, as well as spectral levels at long periods. In this case,
the source of the implied structural change was actually a change
in the zero of the sensor.

The ability of sensors to move to a new zero value during or
after strong, or even weak, motion is an important caution to bear
in mind in strong-motion processing. This phenomenon had been
observed before, though never with such implications. For exam-
ple, Iwan et al. (1985) described this in laboratory tests and pro-
posed a numerical approach to correct for this effect. This behav-
ior was also observed in early small-amplitude field recordings,
especially in the early digital accelerographs that recorded on
magnetic tape. Ithas also been observed in the records from other
arrays and instrument types, such as those from the SMART
array in Taiwan, and most recently the 1999 Taiwan earthquake
(W. H. K. Lee, personal communication, 1999).

Correction for a changing zero level remains problematic,
because it requires an assumption of the nature and timing of
any changes. If the change can be approximated by a simple
step, it is easy to introduce a correction in the processing. If a
change can be approximated as a constant during an interval
of unknown duration, followed by a new constant value, an ap-
proach suggested by Iwan et al. (1985) can be used. However,
if the change occurs over a period of time as a ramp, curve, 0s-
cillatory function, or a series of steps (as slippage in the sensor
might cause), the appropriate correction function is uncertain.
Boore (2001) applied the Iwan approach in working with certain
Taiwan earthquake data and found varying results.



976

WHITTIER EARTHQUAKE

LOS ANGELES — OBREGON PARK

Shakal et al.

OCTOBER 1, 1987 07:42 PDT
Sta No. 24400

DISPLACEMENT (cm)

Filter Band: 12 sec to 23.6 Hz

Filter Band: 7.5 sec to 23.6 Hz

Filter Band: 6.0 sec to 23.6 Hz

Filter Band: 4.0 sec to 23.6 Hz

Filter Band: 3.0 sec to 23.6 Hz

Filter Band: 2.5 sec to 23.6 Hz

Max = —4.2 cm

-3.4cm

-3.2cm

-3.0cm

-2.8cm

—-2.7cm

10

15 20 25 30

Time (sec)

FIGURE 6 Displacement plots for the first component in Figure 4 processed with a suite of long-period filters. These
plots are compared with each other, and the corresponding spectra are compared with the noise spectra in Figure 5,
to select the long-period filter. The wandering of the uppermost trace is clearly due to noise, corresponding to the
long-period noise in Figure 5. In contrast, very little noise is apparent in the bottom trace, also reflected in Figure 5 near
2 seconds, where the signal is well above the noise. In this case, the filter with a 3-second corner period (corresponding
to a 0.2 to 0.4 Hz ramp) was selected (Huang et al., 1989).

Of course, a zero-level change due to an actual tilt of the
instrument is indistinguishable in a record from a sensor zero-
offset problem. For example, the Pacoima Dam upper left abut-
ment record in the Northridge earthquake showed offsets found
in processing that were able to be substantiated in the field as
actual tilts (Shakal et al., 1994b).

In summary, zero-level offsets or tilts remain an important
difficulty in strong-motion processing, especially in the recovery
of the longest period motions. However, in the period band of
most importance in engineering, this effect is not as important
as it is in seismological source model research. For example,
Shakal et al. (1994b) found little effects at periods less than

10 seconds, and Boore (2001) found no important effects below
20 seconds in the examples he studied.

5.3 Determination of Permanent Displacement

Permanent displacement is generally not important in earth-
quake engineering unless a structure straddles a fault. However,
it is of scientific interest, and can help constrain the longest-
period part of the source spectrum. The determination of
permanent displacement has been attempted from the earliest
tests (Neumann, 1943), and it has been fraught with contro-
versy. In some cases it is possible to make estimates of the
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FIGURE 7 Instrument and baseline-corrected acceleration, velocity, and displacement (Phase 2 data) for the first component of the record
in Figure 4. The filter bandwidth selected during the processing and analysis is indicated on the plot.

permanent displacement, but in general independent knowledge
of the actual ground displacement is important to guide the
calculations. One example is the record from the Lucerne sta-
tion in the 1992 Landers earthquake (Hawkins et al., 1993),
from which Iwan and Chen (1994) estimated permanent dis-
placements, and several possibilities occur in the data from the
Taiwan earthquake of September 21, 1999, and the Hector Mine,
California, earthquake of October 16, 1999. The potential pres-
ence of baseline offsets in the accelerogram challenge the deter-
mination of permanent displacements, though several analytic
means have been suggested (e.g., Graizer, 1979; Iwan et al.,
1985).

In summary, except for records from sites at which the per-
manent displacement during an earthquake was relatively large,
the determination of permanent displacements from accelera-
tion records may not generally be practical, largely because
of sensor limitations. Though this is an important scientific
issue, it is not critical for most earthquake engineering
applications.

5.4 Cross-Axis Sensitivity and Channel
Cross Talk

A concern of long standing in strong motion is the sensitivity of
an accelerometer to motion perpendicular to its sensing direction
(e.g., Skinner and Stephenson, 1973; Wong and Trifunac, 1977).
Mechanical limits in manufacturing and mechanical coupling
effects limit how small this effect can be; common technical
specifications list 3% or less. If a cross-axis signal is as large
as this, it can be a significant noise (i.e., false signal) source. In
general, it should be held to significantly less than this, and this
and other aspects should be verified by static tilt tests (e.g., Lee,
1993) or other means.

In structural or geotechnical array configurations, where sen-
sors may be located remotely from recorders, channel-to-channel
electronic signal leaking, or cross talk, can be as important as,
and indistinguishable from, cross-axis sensitivity of sensors.
Cross talk must be prevented, before an earthquake, through sig-
nal tests and static tilt tests of individual sensors. Data analysis
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FIGURE 8 Response spectra (Phase 3 data) for the first component
of the record in Figure 4. The spectra are plotted for periods within the
filter bandwidth determined in the Phase 2 processing.

methods such as cross correlation and coherency are commonly
used to study and characterize earthquake motion. Even low
cross-axis sensitivity or channel cross talk will significantly con-
taminate these estimates.

5.5 Processing High-Amplitude Records

One continuing lesson of strong-motion recording in the last
half of the century is that the largest recorded accelerations have
continued to exceed expectations. These range from about 1.25g
in the San Fernando earthquake of 1971 to nearly 2g in the 1994
Northridge earthquake. Some of these peak acceleration values
are not of engineering significance because they are of short
duration.

For strong-motion processing purposes the key issue is that the
motion occurring be recorded and processed correctly. Recent
data show that instruments need to be capable of recording more
than 1g on the ground and 2g in certain structures. (Nearly all of
the analog film recorders, and even some of the digital recorders,
are not capable of that.) Assumptions are necessary to process
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FIGURE 9 The “Usable Data Bandwidth” for a processed strong-
motion record is the band between frequencies fy and f, the high and
low —3 dB corner frequencies. The data contains little useful informa-
tion for analyses or modeling outside this band. The amplitude of the
filter transfer function H(f) is reduced to approximately 0.7 at —3 dB
and the transmitted power is reduced to 0.5. [The 3 dB corners are well
defined for filters like the Butterworth. For Ormsby filters, they can be
determined from the ramp corner (fy., fi.) and termination frequencies
(fue, fro) using fy = fye + 0.3(fy — fue) and fp = fio — 0.3(fLc — o).
For example, the UDB for data filtered with Ormsby ramps from 0.3 to
0.6 Hz and 23 to 25 Hz is 0.51 Hz to 23.6 Hz, or 0.042 to 2.0 seconds
period.]

any record that exceeds the instrument maximum, even for a
short time. These assumptions, which can be challenged, can
taint the perception of users regarding the quality of processing
for the many other high-quality, lower amplitude records. The
most effective way to manage this problem is to field instruments
with adequate recording range at the outset.

5.6 Electronic Noise Issues

As technological equipment becomes more widespread in the
environment it can present a challenge for strong-motion ac-
celerograph stations, especially in urban situations. It has been
observed that some strong-motion sensors are susceptible to
the effects of radio frequency (RF) electromagnetic radiation.
This can cause false or phantom events, or distortion during the
recording of actual events. In most cases, the nature of RF-caused
records has allowed them to be recognizable, and the occurrence
of the events can be decreased with good field practices. Recent
years have seen an increasing amount of RF transmission, and
it may be expected that this problem will increase as communi-
cation channels continue to expand.

6. Automatic Preliminary Processing

“Civilization advances by extending the num-
ber of operations which we can perform without
thinking about them. ...”

A. N. Whitehead



Strong-Motion Data Processing

ACCELERATION
(9)

VELOCITY
(cm/sec)

DISPLACEMENT
(cm)

.03

-.03
.03

-.03
.03

.06
0
-.06
.06
0
-.06
.06
0

-.06

San Bernardino — 110/215 FF
San Bernardino — E & Hospitality Sta No. 23542
Earthquake of Mon Feb 21, 2000 05:49 PST
Frequency Band Processed: 3.3 secs to 40.0 Hz
— CSMIP Automated Strong Motion Processing (Preliminary) —

ACCELERATION (g)

— Chn 1: 360 Deg Max = -.024 g ]

- Chn 2: Up .0189:

— Chn 3: 90 Deg 024 g .

I L | L | L | L | L | L | L | L ]
VELOCITY (cm/sec)

— Chn 1: 360 Deg

.61 cm/sec |

~ Chn 3: 90 Deg —.51 cm/sec |
i 1 L 1 L 1 L 1 L 1 L 1 L 1 |
DISPLACEMENT (cm)
~ Chn 1: 360 Deg 057 cm |
~ Chn 2: Up —-.020 cm 7|
— Chn 3: 90 Deg ~019 cm:
i L 1 L 1 L 1 L 1 L 1 L 1 L 1 L |
2 4 6 8 10 12 14 16 18
23542-1.1114-00053.10 02/22/00 12:13:34 Time (sec) BA010 CSMIP v3.5 PC91

FIGURE 10 Automatic preliminary processing results—three components of acceleration, velocity,
and displacement at San Bernardino from a M4.4 earthquake that occurred on February 21, 2000.

Advances in recording technology have opened the possibility
of automated preliminary processing, and initial steps in this di-

rection show promise for the future (e.g., Figure 10). Automated  years in strong-motion processing.

processing will never approach the quality level that human anal-
ysis can yield, but the rapid results obtained are useful if treated
as preliminary. To get the best possible results, the preliminary
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processing must be followed up by professional analysis of noise
levels and possible filter settings, just as has been performed for

A recent development that has opened new possibilities in
rapid use of strong-motion recordings is communication with
recorders at remote sites via telephone lines and modems.
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With additional control at the field sites, it is possible to go
to the next step of having field instruments initiate communica-
tion with a central site upon recording an event, and transmitting
the recorded data. This has been done successfully for several
years in the California Strong Motion Instrumentation Program
(Shakal et al., 1995) and the U.S. Bureau of Reclamation (Viksne
et al., 1995) and recently in the U.S. Geological Survey and
other networks. This approach has shown such promise that ac-
celerograph manufacturers have begun to include the necessary
auxiliary field components within the accelerograph itself.

For automated, preliminary processing, a process similar to
that described above may be used. For all but large-earthquake
records, a long-period filter near 3 or 4 seconds can be used as
a reasonable first estimate. Because sensors have a high natural
frequency, as noted, an approximate instrument correction as
simple as multiplication by a sensitivity factor can often be used
with little penalty. Of course, this preliminary processing must be
augmented by careful processing and filter selection by analysts
at a later time to obtain optimal quality results.

7. Summary

The processing of strong-motion recordings has undergone great
progress from the first recording in 1933 through the modern in-
struments available at the end of the century. Processing went
from tedious, manual calculations to almost completely com-
puterized processing. Some problems and issues associated with
sensors, offsets and tilts, and electronics remain, despite the great
progress. However, these problems are relatively small. The evo-
lution of automated strong-motion processing in the 1990s will
make strong-motion data increasingly useful for emergency re-
sponse and rapid post-earthquake investigation of damage as
well as for long-term research.
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Estimation of Strong Seismic

Ground Motions

1. Special Problems
of Strong-Motion Seismology

At the beginning of instrumental seismology, seismologists such
as John Milne and his colleagues in Japan endeavored to design
seismographs that could record both weak and strong wave
motion from earthquakes (see Chapter 1 by Agnew; Bolt, 1996).
As instrumental technology evolved, the paths of seismologists
recording teleseisms and of those who were concerned with
measuring large amplitude seismic waves near to an earthquake
source diverged. By the 1960s, strong-motion seismometers for
the latter purpose were largely the domain of earthquake engi-
neers, while seismographic stations operated sensitive seismo-
graphs that could record waves of order micrometer amplitude
from small local or distant earthquakes. (A 1 um displacement of
a 1 Hz frequency seismic wave from a teleseism corresponds to
a ground acceleration of only about 4 x 107%g.) In more recent
decades, the problem of wide dynamic seismograph range in
both amplitude (about 180 dB) and frequency (about 6 decades)
was solved with the advent of digital recording with 18 bits or
greater (Bullen and Bolt, 1985; see also Chapter 18 by Wielandt).
Consequently, modern seismographic stations in earthquake
country are now able to record both weak and strong motions
over a very large frequency band. As a rough guide we define
strong ground motion as seismic waves with accelerations in
excess of about 0.05g to over 1g. Similar ranges are of order 10 to
200 centimeters per second in velocity, and 1 to 100 centimeters
in displacement. Examples of large strong ground motions from
crustal earthquakes are given in Table 1.

Seismologists working on strong ground motion have a num-
ber of goals that are not shared by those interpreting records
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from highly sensitive seismographs (e.g., Heaton et al., 1995;
Vidale and Helmberger, 1987). They are concerned with accu-
rate measurement of high-amplitude (even nonlinear) waves
but are not concerned with microseisms. Strong-motion seis-
mographs are often deliberately sited not only on hard rock
(normal for sensitive instruments) but on soil of various types.
Of particular interest is the progression of elastic wave motion
from linear to nonlinear behavior (e.g., Darragh and Shakal,
1991); for example, in extreme cases as soil layers “liquefy.”
Finally, in order to understand the effect of soil variabil-
ity, strong-motion instrumentation is needed throughout urban
areas, both close to, and some distance from, engineered
structures and across geological boundaries and topographic
relief.

The preceding description makes clear that strong-motion
seismology presents a number of specific scientific problems,
many of which remain unsolved. For example, seismograms
from teleseisms usually show a progression of different seis-
mic phases, such as P, PP, SSS, ScS, PKP, surface-wave modes,
etc. (e.g., see Bullen and Bolt, 1985). In contrast, strong-motion
records near to an extended rupturing fault source often have
much less easily identified wave patterns; in many cases, it is
not possible to separate clearly the elastic wave types. Typically,
the strong motions arrive at a recording site as a mix of source
and path and site responses (e.g., Mikumo and Miyatake, 1987).
The result is wave incoherency of various degrees. In estima-
tion attempts, there is also the problem of differences of strong
ground motion near to faults of different types (e.g., thrust-type
sources versus strike-slip sources; see Archuleta, 1984; Spudich
et al., 1996) and the geological complexities that produce
marked contrasts between horizontal and vertical components
of ground motion (Amirbekian and Bolt, 1998).
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TABLE 1 Examples of Near-Fault Strong-Motion Recordings from Crustal Earthquakes with Large Peak Horizontal

Ground Motions

Magnitude  Source Distance  Acceleration ~ Velocity = Displacement
Earthquake My Mechanism  km* (g) (cm/sec)  (cm)
1940 Imperial Valley (El Centro, 270) 7.0 Strike-Slip 8 0.22 30 24
1971 San Fernando (Pacoima, 164) 6.7 Thrust 3 1.23 113 36
1979 Imperial Valley (EC #8, 140) 6.5 Strike-Slip 8 0.60 54 32
Erizican (Erizican, 000) 6.9 Strike-Slip 2 0.52 84 27
1989 Loma Prieta (Los Gatos, 000) 6.9 Oblique 5 0.56 95 41
1992 Landers (Lucerne, 260) 7.2 Strike-Slip 1 0.73 147 63
1992 Cape Mendocino (Cape Mendocino, 000) 7.1 Thrust 9 1.50 127 41
1994 Northridge (Rinaldi, 228) 6.7 Thrust 3 0.84 166 29
1995 Kobe (Takatori, 000) 6.9 Strike-Slip 1 0.61 127 36
1999 Kocaeli (SKR, 090) 7.4 Strike-Slip 3 0.41 80 205
1999 Chi-Chi (TCU068, 000) 7.6 Thrust 1 0.38 306 940

* rupture distance (see Figure 1).

In this chapter, we discuss recording, interpretations, and pre-
diction of strong motions in large earthquakes. The approach is
largely historical and concentrates on the direct use of recordings
of strong ground motion for estimation of seismic ground shak-
ing for engineering purposes. We address the modern success in
acquiring and analyzing strong ground motion by seismologists,
particularly those working on seismic hazard maps and geolog-
ical site response. Our emphasis is on the presently available
strong-motion recordings and a description of ground-motion
estimation methods. We do not attempt to describe in detail the
major allied seismological field of theoretical modeling of seis-
mic wave motion.

2. Growth of Significant Recordings
of Intense Ground Motion

Until the 1970s, only a small sample of ground-motion record-
ings near to sources generating large magnitude earthquakes
was available for either seismological research or engineering
use. The situation, while not yet completely satisfactory, has
recently improved. Recording programs in several countries
have produced many important records; a helpful summary has
been given by Ambraseys (1988). A further major augmenta-
tion occurred in the 1990s: We note here the ground-motion
recordings from the 1989 Loma Prieta, California, earthquake
(M6.9); the 1994 Northridge, California, earthquake (M6.7);
the 1992 Landers, California, earthquake (M7.2), and the 1995
Kobe, Japan, earthquake (M6.8). Particularly valuable record-
ings in the near field were obtained in the August 1999 Kocaeli,
Turkey, earthquake (M7.4), the November 1999 Duzce, Turkey,
earthquake (M7.2), and (an unprecedented number, over 400
digital recordings) in the September 1999 Chi-Chi, Taiwan,
earthquake (M7.6).

As this chapter was being written it became clear that stud-
ies of the major 1999 Taiwan earthquake and its aftershocks
are likely to throw light on many seminal seismological and

engineering questions (see the Dedicated Issue on the Chi-Chi,
Taiwan Earthquake of 20 September, 1999, edited by Teng et al.,
2001). The Central Weather Bureau (CWB) was operating at the
time the densest network of digital strong-motion instruments in
the world as described by Shin et al. in Chapter 64. For compar-
ison, station spacing of the free-field accelerographs in Taiwan
was about 3 km in the metropolitan areas versus a 25-km uni-
form spacing of a comparable digital system (the Kyoshin Net)
in Japan. For a description of the Kyoshin Net, please see
Chapter 63 by Kinoshita.

3. Strong Ground-Motion
Characteristics

The ground-motion characteristics depend on the seismic
source, wave propagation (attenuation), and site response. The
most commonly used method for characterizing the ground mo-
tion is through attenuation relations, but more complex numer-
ical simulations are also used. As mentioned earlier, in this
chapter we do not address the large topic of numerical simula-
tion procedures. In attenuation relations, the earthquake source,
wave propagation, and site response are typically parameterized
by the magnitude, fault-type, source-to-site distance, and site
condition. Recently, additional parameters describing the rup-
ture direction have also been used to parameterize the source
(discussed next).

3.1 Ground-Motion Parameters

Beginning about the 1960s, the most used ground-motion
parameter for quantification of ground motion was the peak
ground acceleration. The peak acceleration was picked from
accelerograms irrespective of seismic phase, wave type, or fre-
quency band. In practice, the peak horizontal acceleration occurs
in most recordings in the S-wave portion of the seismogram
with predominant frequencies typically between 3 and 8 Hz.
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The peak vertical acceleration occurs sometimes in the P wave
and sometimes in the S waves, with predominant frequencies
typically between 5 and 20 Hz. More recently in engineering
risk assessment, more emphasis is given to values of maximum
velocity and displacement (see Bolt, 1996; Gregor and Bolt,
1997). A sample of some of the largest ground motions (in
terms of peak acceleration, velocity, or displacement) is given in
Table 1.

In addition to peak acceleration, velocity, and displacement,
a descriptive construct special to the field of strong-motion seis-
mology is that of seismic response spectrum, first proposed by
Benioff (1934) and developed by Housner (1959). This spec-
trum is defined as the maximum response of a damped harmonic
system to input motions. While the ground motion may be rep-
resented fully by Fourier spectra, the response of the structure
is better represented by a response spectrum. It is common for
modern attenuation relations to include relations for response
spectral accelerations as well as peak acceleration.

Another commonly used ground-motion parameter is the
duration of shaking. While it is generally agreed that duration
canimpact the response of soils, foundations, and structures, par-
ticularly when strength or stiffness degradation is encountered,
there is not general agreement as to how the duration of shaking
should be parameterized. This is evidenced by the 30 different
definitions of strong-motion duration reviewed by Bommer and
Martinez-Pereira (1998). A thorough description of the ground
motion for engineering applications should include an estima-
tion of the duration of strong motion, but given the wide range
of duration measures currently being used, it is important to be
clear as to how the specified duration is defined.

3.2 Independent Parameters Used
in Attenuation Relations

The most common source, ray path, and site parameters are mag-
nitude, distance, style-of-fault, and site classification. In some
studies, additional parameters are used: hanging wall flag, rup-
ture directivity parameters, focal depth, and soil depth. These
independent parameters are discussed subsequently.

Different measures of earthquake magnitude are used in dif-
ferent regions of the world. At the International Workshop on
Strong Motion Data held in 1993 in Menlo Park, California, vari-
ous researchers working on ground-motion attenuation problems
agreed to the recommendation that moment magnitude (M)
should be universally adopted as the measure of earthquake size.
Moment magnitude has been adopted in most recent attenuation
relations developed in the United States and New Zealand, but
this is not the case worldwide. In many regions, region-specific
attenuation relations are still developed for magnitudes other
than My, making it difficult to compare relations from different
regions.

Whereas agreement was reached on the preferred magnitude,
no such consensus was developed for the definition of distance
used in attenuation relations, but there was a recommendation
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from the 1993 workshop that some form of “closest” distance
to the rupture be used rather than epicentral or hypocentral
distance. A variety of measures of the closest distance from
the rupture to the site are used in various attenuation relations.
Some examples of closest distance measures used in attenuation
relations are listed in Table 2. These different distance measures
are shown graphically in Figure 1 for a vertical fault and for

TABLE 2 Alternative Definitions of Distance That Are Used in
Attenuation Relations

Examples of Attenuation
Relations Using the
Distance Measure

Distance Definition Distance Measure

Shortest horizontal
distance to the
vertical projection
of the rupture

“Joyner-Boore” distance Joyner and Boore (1981),
Boore et al. (1997),

Spudich et al. (1996)

Closest distance to
the rupture surface

Rupture distance Sadigh et al. (1997),
Abrahamson and Silva

(1997), Idriss (1995)

Closest distance to Campbell (1997)
the seismogenic part

of the rupture

Seismogenic distance

Closest distance to
the hypocenter

Hypocentral distance Atkinson and Boore (1995)

Closest distance to Centroid distance Crouse (1991)
the centroid
Vertical Faults
i
A
I'rup
I'seis Seismogenic
Depth
rhypo
Hypocenter (
Dipping Faults
fp="0 "ib
A
Tup
Iseis) Seismogenic A
Thypo Depth Thypo
Hypocenter Hypocenter

FIGURE 1 Source-to-site distance measures for ground-motion
attenuation models (after Abrahamson and Shedlock, 1997).
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a dipping fault. It is important to use the appropriate distance
measure for a given attenuation relation.

Differences in site classification schemes in different regions
also make comparison of ground motions and attenuation re-
lations difficult. Most attenuation relations use broad site cat-
egories such as “rock,” “stiff-soil,” and “soft-soil.” Recently,
there has been a move toward using quantitative site classifica-
tions based on the shear-wave velocity measured at the strong-
motion site, which would provide a standard site classification.
The most commonly used parameter is the average shear-wave
velocity over the top 30 m (e.g., Boore et al., 1997). The difficulty
with using quantitative site descriptions is that the information
is not available for the majority of strong-motion sites that have
recorded strong motions. This situation is improving as studies
are now being conducted to systematically collect and compile
shear-wave velocities at strong-motion sites.

The style-of-faulting parameter is used to distinguish between
different source types. For crustal earthquakes, ground motions
systematically differ when generated by strike-slip, thrust, or
normal mechanisms (e.g., Somerville and Abrahamson, 1995;
Spudich et al., 1996). Given the same earthquake magnitude,
distance to the site, and site condition, the ground motions from
thrust earthquakes tend to be larger than the ground motions
from strike-slip earthquakes (about 20-30% larger), and the
ground motions from normal faulting earthquakes tend to be
smaller than the ground motions from strike-slip earthquakes
(about 20% smaller). For subduction earthquakes, the ground
motions systematically differ when generated by interface or
intraslab earthquakes (e.g., Youngs et al., 1997). Again, for
the same magnitude, distance, and site condition, the ground
motions from intraslab earthquakes tend to be larger than the
ground motions from interface earthquakes (about 40% larger).

Other independent parameters used in some attenuation rela-
tions include hanging wall, rupture directivity, and soil depth.
Rupture directivity is discussed in detail in Section 4 and is not
discussed here.

For thrust faults, high-frequency ground motions on the
upthrown block (hanging wall side of a thrust fault) tend to
be larger than on the downdropped block (footwall) (e.g.,
Somerville and Abrahamson, 1995). This increase in ground
motions on the hanging wall side is in part an artifact of using
a rupture distance measure. If a site on the hanging wall and
footwall are at the same rupture distance (see Figure 1), the site
on the hanging wall side is closer to more of the fault than the
site on the footwall side. Using the Joyner-Boore distance mea-
sure implicitly accounts for this geometric difference because
all sites over the hanging wall of the rupture are at a Joyner-
Boore distance of zero. This distance definition effect does not
account for all of the differences between the ground motions
on the hanging wall and footwall.

Most attenuation relations simply use a site category such as
“deep soil”’; however, this broad category covers a wide range
of soil depths from less than 100 m to several km of sedi-
ments. Some attenuation relations (e.g., Campbell, 1997) use an
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additional site parameter to describe the depth of the soil. This
additional parameter improves the model predictions of long-
period (T > 1 sec) ground motions.

3.3 Development of Attenuation Relations

For a selected ground-motion parameter and set of independent
parameters (magnitude, distance, etc.), attenuation relations are
typically developed using regression analyses. The first issue is
the selection of the assumed functional form of the attenuation.
There are in general two types of magnitude scaling that are used
in attenuation relations (Figure 2). In the first case, the shape of
the attenuation with distance is independent of magnitude. A
typical form of this type of model for rock site conditions is
given in Eq. (1).

Ln YOM, R, F) = ¢; + coM 4 ¢sM? 4+ ¢4 In(R 4 ¢5) + c6F (1)

where Y is the ground-motion parameter (peak acceleration or
response spectral value), M is the magnitude, R is the distance
measure, and F is a flag for the style-of-faulting (reverse, strike-
slip, normal). This is one of the simplest forms used for atten-
uation relations. An example of an attenuation model that uses
this form is Boore et al. (1997).

An alternative form allows the shape of the attenuation re-
lation to depend on magnitude with the curves pinching to-
gether at short distances (Figure 2). This saturation of the ground
motion implies that at short distances, moderate magnitude
earthquakes produce similar levels of shaking as large magnitude
earthquakes. Some attenuation relations use a combination of
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these two models with constant attenuation shapes for moderate
magnitudes (e.g., M < 6.5) and saturation for large magnitudes
(e.g.,M > 6.5).

This type of saturation of the ground motion at short dis-
tances has been parameterized in two ways as shown in Eq. (2)
and Eq. (3): replacing cs in Eq. (1) with a magnitude-dependent
term, f;(M); or replacing the distance slope, c4, in Eq. (1) with
a magnitude-dependent slope, f(M). For rock ground site con-
ditions, two commonly used forms of the attenuation relation
are

LnY(M, R, F)
=c; + M+ csM? + ¢y In[R+fiM)]+cF (2)

and

Ln YM, R, F)
= ¢+ M+ c3M? + (cq + M) In(R +¢5) +c6F  (3)

An example of an attenuation relation based on the model in
Eq. (2) is Sadigh et al. (1997). A common form of the function
fiM) is

fi(M) = ¢7 exp(csM) “

If ¢3 = 0 (which is common for high frequencies) and cg =
—Cy /¢4, then the ground motion at zero distance is independent
of magnitude and the model is said to have 100% magnitude
saturation. If cg > —c;/cq4, then the model is said to be oversat-
urated. In that case, at short distances, the median ground motion
is reduced as the magnitude increases. An example of an attenu-
ation relation based on the model in Eq. (3) is Abrahamson and
Silva (1997). A common form of the function f,(M) is f,(M) =
coM. In this case, the model has 100% saturation if cg =
—cy/In(cs). If cg < —c;/In(cs), then the model is oversaturated.

At distances less than about 50 km, these two different func-
tional forms of the attenuation relation lead to similar curves,
but at large distances, they become different (Figure 3). As most
of the focus of attenuation relations for shallow crustal earth-
quakes in active tectonic regions has been on distances less than
50 km, these differences in slopes at large distances have not
been subject to detailed studies. Part of the reason for this is that
distant stations from moderate magnitude earthquakes were not
available because the instruments did not trigger or the ground
motions were too small to digitize. With the new digital recorders
with wide dynamic range, we should be able to distinguish
between these two alternatives.

In the eastern United States, it is common to incorporate a
variation in the distance slope of the attenuation relation, which
accommodates the increase in ground motions due to supercrit-
ical reflections from the base of the crust (e.g., Atkinson and
Boore, 1995; Saikia and Somerville, 1997). This is usually done
by incorporating a multi-linear form of the attenuation relation
with different c4 terms for different distance ranges. This typi-
cally leads to a flattening of the attenuation curve at distances of
about 100 km (Figure 4). This is most significant for regions in
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which the high-activity sources are at a large distance from the
site.

An important statistical issue in developing attenuation rela-
tions is the uneven sampling of the data from different earth-
quakes. For example, in some cases, an earthquake may have
only one or two recordings (e.g., 1940 El Centro), whereas
some recent earthquakes have hundreds of recordings (e.g., 1999
Chi-Chi earthquake). Should the well-recorded earthquakes
overwhelm the poorly recorded earthquakes? Should the poorly
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recorded earthquakes be given equal weight to the well-recorded
earthquakes? Weighting schemes are typically used as a way to
account for this uneven sampling problem. There are two ex-
tremes: Give equal weight to each data point or give equal weight
to each earthquake. We do not attempt to cover all of the various
weighting procedures here, but two commonly used methods are
the two-step procedure and the random effects method. The two-
step regression procedure first used by Joyner and Boore (1981)
gives equal weight to each earthquake. The random effect model
(Brillinger and Preisler, 1984) uses a weighting scheme that is
between equal weight to each earthquake and equal weight to
each data point depending on the distribution of the data. As
the number of data points from each earthquake becomes large,
these two methods give the same result.

In addition to the median ground motion, the standard devi-
ation of the ground motion is also important for either deter-
ministic or probabilistic hazard analyses. Worldwide, it is most
common to use a constant standard deviation, but recently,
several attenuation relations have incorporated magnitude or
amplitude dependence to the standard deviation. For example,
Abrahamson and Silva (1997) allow the standard deviation to
vary as a function of the magnitude of the earthquake. The result
is that the standard deviation is smaller for large magnitude earth-
quakes (Youngs et al., 1995). Campell (1997) allows the standard
deviation to vary as a function of the amplitude of the ground
motion. The result is that the standard deviation is smaller for
larger amplitudes of ground motion. Both of these models can
significantly affect the development of design ground motions.

3.4 Regional Differences in Attenuation

Many published studies have found significant differences in
attenuation between various tectonic regions and also for vari-
ous geologic conditions and seismic sources (e.g., Ambraseys
and Bommer, 1991, 1995; Raoof et al., 1999). Results for North
America were recently summarized (Abrahamson and Shedlock,
1997). In the latter summary paper it was found useful to group
the attenuation relations into three main tectonic categories:
shallow crustal earthquakes in active tectonic regions (e.g.,
California), shallow crustal earthquakes in stable continental
regions (e.g., eastern U.S.), and subduction zone earthquakes.

In some regions of the world, there are recordings from both
crustal earthquakes and subduction earthquakes (e.g., Japan,
New Zealand, Taiwan). It has been common to lump these
data together in developing attenuation relations. Because peak
ground motions from subduction zone earthquakes generally
attenuate more slowly than those from shallow crustal earth-
quakes in tectonically active regions, ground motions from these
different types of sources should be modeled separately.

As the number of recordings of strong ground motion
increase, there has been a trend toward developing region-
specific attenuation relations rather than just using the global
average models developed for the broad tectonic categories.
Often, there is a tendency to overemphasize region-specific data
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in developing region-specific attenuation. Typically, there is not
enough data in a specific region to completely determine the
attenuation relation. In particular, there is often not enough data
close to the fault to constrain the behavior of the attenuation re-
lation at short distances, or not enough earthquakes to constrain
the magnitude scaling.

One way to address regionalization of attenuation relations
is to only update parts of the global attenuation relations. For
example, the simplest update is to estimate a constant scale factor
to use to adjust a global attenuation model to a specific region.
(This can reflect differences in the earthquake source or differ-
ences in the site categories.) If there is enough data over a range
of distances, the slope of the attenuation could be updated while
maintaining the magnitude scaling of the global model. As more
strong-motion data become available, additional parameters can
be made region specific. An example of this approach to region-
alizing attenuation relations is McVerry and Zhao (1999).

3.5 Types of Uncertainties

In developing ground motions for design, random variability and
scientific uncertainty in ground motions are treated differently
(Toro et al., 1997). Variability is the randomness in the ground
motions that a model predicts will occur in future earthquakes.
For example, variability in ground motion is often quantified
by the standard deviation of an attenuation relation. In contrast,
uncertainty represents the scientific uncertainty in the ground-
motion model due to limited data. For example, the uncertainty
in attenuation relations is often characterized by alternative
attenuation relations. That is, uncertainty is captured by consid-
ering alternative models. In seismic hazard analyses, the terms
“aleatory”” and “epistemic” are used for variability and uncer-
tainty, respectively. To keep the notation clear, in this chapter we
will use the terms aleatory variability and epistemic uncertainty.

The distinction between aleatory variability and epistemic
uncertainty is useful for seismic hazard analysis; however, a fur-
ther subdivision is needed for the practical estimation of these
two factors, which is shown in Table 3. There are two ways that
the variability of ground-motion models is evaluated. First the
models can be evaluated against recordings from past earth-
quakes. This is called the modeling term. The second way that
a model is evaluated is by varying the free parameters of the
model. This is called the parametric term.

The modeling component is a measure of the inability of the
model to predict ground motions from past earthquakes. In gen-
eral, the cause of the modeling variability is not understood. It
is assumed to be random. If the cause of the modeling variabil-
ity were understood, then the model could be improved to fit
the observations. The parametric component is a measure of the
variability of the ground motion from causes that are understood.
Thatis, there is randomness in the earthquake source process that
isunderstood and its effect on ground motion is part of the model.

In general, both the modeling and parametric terms need to be
considered in a ground-motion model. As our understanding and
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TABLE 3 Decomposition of Variability and Uncertainty
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Aleatory Variability

Epistemic Uncertainty

Modeling Variability between model predictions of ground motions
and observations of ground-motion data.
Parameteric  Variability of ground motions due to variability of additional

earthquake source parameters.

Additional source parameters are those that are not included

in the specification of the design earthquake.

Select (and weight) alternative ground-motion models.

Results in differences in both the median ground motion and
the variability of the ground motion.

Select (and weight) alternative models for the distributions
of the additional parameters.

Results in differences in both the median ground motion and
the variability of the ground motion.

modeling of earthquakes improves, there will be a trend of reduc-
ing the modeling variability (unexplainable variability), but this
will likely be offset by an increase in the parametric variability
(explainable variability). While the total variability (combina-
tion of the modeling variability and the parametric variability)
may not be reduced significantly with improved models, there is
an advantage to understanding the causes of the variability, par-
ticularly if the model is being extrapolated beyond the empirical
data on which it was evaluated.

In empirical attenuation models, the standard deviation given
for the model is modeling variability. In most attenuation
models, there is no parametric variability component to the
aleatory variability, but this is not necessarily the case. As new
attenuation models are developed, they may begin to include a
parametric variability component. For example, if an attenua-
tion relation used the static stress-drop as an additional source
parameter, then the variability of static stress-drop would be
treated as parametric variability. Typically, for empirical atten-
uation relations, epistemic uncertainty is addressed by consid-
ering alternative attenuation relations.

4. The Special Case of Near-Fault
Ground Motions

Near-fault ground motions often contain large long-period pulses
in the ground motion. There are two causes of long-period pulses
in near-fault ground motions. One is constructive interference of
the dynamic shaking due to rupture directivity effects. The other
is due to the movement of the ground associated with the perma-
nent offset of the ground. This is the velocity of the ground due to
the elastic rebound proposed by H. F. Reid after the 1906 earth-
quake. These two causes of long-period pulses attenuate very
differently from one another. To keep these two effects separate,
the terms “directivity pulse” and “fling-step” are used for the
rupture directivity and elastic rebound effects, respectively.
Rupture directivity effects occur when the rupture is toward
the site and the slip direction (on the fault plane) is aligned with
the rupture direction (Somerville et al., 1997). As described
in the next section, it is strongest on the component of motion
perpendicular to the strike of the fault (fault-normal component).
Fling-step effects occur when the site is located close to a fault
with significant surface rupture. It is polarized onto the com-
ponent parallel to the slip direction. For strike-slip earthquakes,

rupture directivity is observed on the fault-normal component
and static displacement effects are observed on the fault-parallel
component. Thus, for strike-slip earthquakes, the rupture direc-
tivity pulse and the fling-step pulse will naturally separate them-
selves on the two horizontal components. For dip-slip earth-
quakes, it is more complicated. The rupture directivity effect
will be strongest on the fault-normal component at a location
direct updip from the hypocenter. The fling-step will also be
observed on the horizontal component perpendicular to the strike
of the fault. Thus for dip-slip faults, directivity-pulse effects and
fling-step effects occur on the same component.

The horizontal recordings of stations in the 1966 Parkfield,
California, earthquake and the Pacoima station in the 1971 San
Fernando, California (Bolt, 1971) earthquake were the first to be
discussed in the literature as showing near-fault velocity pulses.
These cases, with maximum amplitudes of 78 and 113 cm/sec,
respectively, consisted predominantly of horizontally polarized
SH wave motion and were relatively long period (about 2-3 sec).
These velocity pulses were due to rupture directivity.

Additional recordings in the near field of large sources have
confirmed the presence of energetic pulses of this type, and
they are now included routinely in synthetic ground motions
for seismic design purposes. Most recently, the availability of
instrumented measured ground motion close to the sources of the
1994 Northridge earthquake (Heaton ez al., 1995), the 1995 Kobe
earthquake (Nakamura, 1995), and the 1999 Chi-Chi earthquake
(Lee et al., 2001) provided important recordings of the velocity
pulse.

4.1 Directivity

In the case of a fault rupture toward a site at a more or less con-
stant velocity (almost as large as the shear-wave velocity), most
of the seismic energy from the extended fault rupture arrives in a
short time interval, resulting in a single large long-period pulse of
motion, which occurs near the beginning of the record. This wave
pulse represents the cumulative effect of almost all of the seismic
radiation from the moving dislocation. In addition, the radiation
pattern of the shear dislocation causes this large pulse of motion
to be oriented mostly in the direction perpendicular to the fault.
Coincidence of the radiation pattern maximum for tangential
motion and the wave focusing due to the rupture propagation
direction toward the site produces a large displacement pulse
normal to the fault strike (see Bullen and Bolt, 1985, p. 443).
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The directivity of the fault source rupture causes spatial varia-
tions in ground-motion amplitude and duration around faults and
produces systematic differences between the strike-normal and
strike-parallel components of horizontal ground-motion ampli-
tudes (Somerville et al., 1997). These variations become signif-
icant at a period of 0.6 seconds and generally grow in size with
increasing period. Modifications to empirical strong ground-
motion attenuation relations have been developed (Somerville
et al., 1997) to account for the effects of rupture directivity on
strong-motion amplitudes and durations based on an empirical
analysis of near-fault recordings. The ground-motion parame-
ters that are modified include the average horizontal response
spectral acceleration, the duration of the acceleration time his-
tory, and the ratio of strike-normal to strike-parallel spectral
acceleration.

The results are that when rupture propagates toward a site,
the spectral acceleration is larger for periods longer than 0.6
seconds, and the duration is smaller. That is, the duration and
long-period amplitude are inversely correlated. For sites located
close to faults, the strike-normal spectral acceleration is larger
than the strike-parallel spectral acceleration at periods longer
than 0.6 seconds in a manner that depends on magnitude, dis-
tance, and azimuth.

As in acoustics, the amplitude and frequency of the direc-
tivity pulse have a geometrical focusing factor, which depends
on the angle between the direction of wave propagation from
the source and the direction of the source velocity. Instrumental
measurements show that such directivity focusing can modify
the amplitude velocity pulses by a factor of up to 10, while
reducing the duration by a factor of 2. The pulse may be single
or multiple, with variations in the impetus nature of its onset
and in its half-width period. A widely accepted illustration is
the recorded ground velocity of the October 15, 1979, Imperial
Valley, California, earthquake generated by a strike-slip fault
source (see Figure 5). The main rupture front moved toward El
Centro and away from Bonds Corner.

4.2 Fling-Step

Prior to the 1999 Turkey and Taiwan earthquakes, nearly all
of the observed large long-period pulses in near-fault ground
motions were caused by rupture directivity effects. The Lucerne
recording from the 1992 Landers earthquake contained a direc-
tivity pulse on the fault-normal component and a very long-
period fling-step pulse on the fault-parallel component. The
ground-motion data from the 1999 Turkey and Taiwan earth-
quakes contain large long-period velocity pulses due to the
fling-step. As an example, the east—west components of velocity
from selected recordings of the Chi-Chi earthquake are shown
in Figure 6. The ground motions at station TCUO068, located on
the hanging wall near the northern end of the rupture, had the
largest peak velocities ever recorded (300 cm/sec). The velocity
pulse from the fling-step effect is one-sided. Most of the very
large velocity at TCUOQ68 is associated with the fling-step. If
the fling-step is separated from the dynamic shaking, the peak
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velocity of the dynamic component of shaking is reduced to
about 100 cm/sec (Figure 7). The very large fling-step velocity
pulses do not attenuate at the same rate as the directivity pulses
such as seen in Northridge and Kobe. Fling-step ground motion
should not be simply thrown into the strong motion data set con-
sisting of dynamic shaking. Separate attenuation relations will be
needed for the fling-step and dynamic parts of the ground motion.

Models for the peak velocity from the fling-step have not
been developed at this time. This represents an area of strong
ground motion that can benefit from theoretical seismology. In
displacement, the fling-step can be parameterized simply by the
amplitude of the tectonic deformation and the rise time (time it
takes for the fault to slip at a point).

5. Numerical Computation of Strong
Ground Motion

Because of the lack of a complete library of strong ground
motions and spectra from appropriate earthquakes, extrapolation
from the available records is needed for estimation of large and
unrepresented seismic motions. Confidence in such numerical
predictions relies on the theoretical side of strong ground-motion
seismology and from calibrating numerical techniques against
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empirical data. Important developments have occurred in this
area in the last decades. In this section we briefly summarize
some aspects of numerical computations of ground motions.
This field is a major topic unto itself, which we only briefly
cover here.

Numerous methods and examples of synthesizing seismo-
grams numerically from source and wave theory in the near
field of a large seismic source have been published (see, for
example, Bolt, 1987; Irikura, 1983). Because the computation of
site-dependent and phased-time histories is not unique, a number
of alternative methods are available (see, e.g., Joyner and Boore,
1988; Vidale and Helmberger, 1987; Gusev, 1983; Mikumo and
Miyatake, 1987; Panza and Suhadolc, 1987).

A more empirical approach is often adopted for engineering
design practice (e.g., Bolt, 1994). The first step is to define,
from geological and seismological information, the appropriate
earthquake sources for the site of interest. The source selection
may be deterministic or probabilistic and may be decided on
the grounds of acceptable risk (Bolt, 1999a). Next, specification
of the propagation path distance is needed, as well as the P-,
S-, and surface-wave velocities in the zone. These speeds allow
calculation of the appropriate wave propagation attenuation and
angles of approach of the incident waves.

The construction of realistic motions consists of a series of
iterations from the most appropriate observed strong-motion
record already available to a set of more specific time histo-
ries that incorporate the seismologically defined wave patterns.
Where feasible, strong-motion accelerograms are chosen that
satisfy the seismic source (dip-slip, etc.) and path specifications
for the seismic zone in question.

The iterative synthesis process is controlled by applying seis-
mological (e.g., Kanamori, 1971; Anderson, 1997; Zeng et al.,
1994) and engineering constraints. For example, the response
amplitude spectra might be required to fall within one standard
error of a specified target spectrum obtained, say, from previous
data analysis or an earthquake building code. Similarly, each
seismogram is restricted to prespecified statistical bounds of
peak-ground accelerations, velocities, and displacements. The
durations of each wave section (mainly, P-, S-, and surface-wave
portions) of each time history should also satisfy prescribed
source, path, and site conditions. At the conclusion, experience
with observed seismograms and knowledge of seismic wave
theory are needed as a check on the results.

Arguably, currently, the most reliable estimation is based on
a stochastic model of earthquake ground motions. This model
uses simplified, yet physically based, representations of seismic
energy release and wave propagation to obtain predictions of
ground-motion amplitude for given values of earthquake size
and depth, distance to the site, and model parameters. Tests are
needed to confirm that any adopted stochastic model is consis-
tent with recorded ground motions for the frequency, distance,
and magnitude range of interest (i.e., the bias in the model
predictions should be essentially zero for most frequencies,
considering statistical uncertainty). The key parameters for rep-
resentative stochastic models are stress-drop, crustal velocity
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structure, crustal anelastic attenuation (Q), near-site anelastic
attenuation (x or kappa), and focal depth. Adopted values for
these parameters have considerable uncertainties in most cases.

Finally, we would like to stress that much of the modeling
in the seismological literature depends on assumptions on a
range of key model parameters (see Boore et al., 1997; Brune
and Anooshehpoor, 1999) and has until recently been restricted
to two-dimensional structures (see cases in Bolt, 1987; Boore
and Joyner, 1997; Takei and Kanamori, 1997). Significant sur-
face topography has been shown to affect ground motions (e.g.,
Spudich et al., 1995; Bard, 1982). Now, recent work has begun
to produce synthetic ground motions based on realistic three-
dimensional geological and source mechanics models (e.g.,
Olsen and Archuleta, 1996; Olsen et al., 1995; Stidham ef al.,
1999). There is clear observational evidence of the importance
of three-dimensional structural variation in the surface motions,
as observed, for example, in the isoseismal maps of the 1906
San Francisco earthquake (see Bolt, 1999b) and in the irregular
patterns of seismic intensity in alluvial basins. O’Connell (1999)
has addressed the key tradeoffs between nonlinear wave ampli-
fications and linear scattering from crustal and basin velocity
variations. A case has been published (Lomax and Bolt, 1992)
that illustrates a significant lateral diffraction effect from the
varied geology of the San Francisco Bay Area. We reproduce in
Figure 8 the recordings of strong-motion displacements (trans-
verse wave component) along three profiles that demonstrate
the basin effect; the comparison is with synthetic motions cal-
culated using the regional geological structures. In a follow-up
study, Stidham et al. (1999) used full seismic-wave theory and
three-dimensional modeling also to simulate the 1989 Loma Pri-
eta earthquake. Their results demonstrated the significant vari-
ability in the radiated wave pattern due to different rock types
across the San Andreas fault, the directivity focusing effect,
and the azimuthally dependent amplification due to the Tertiary
basin. Such physical predictions are likely to be a vigorous part
of strong-motion research in seismology’s future.

6. Seismic Strong-Motion Hazard
and Design Ground Motions

It is now usual to use the word hazard to describe the actual
danger itself (that is, in this discussion, the earthquake), and
risk for the result of this hazard applied to vulnerable struc-
tures. The most commonly mapped ground-motion parameters
are horizontal and vertical peak ground accelerations (PGA),
peak ground velocity (PGV), and 5% damped spectral accel-
eration (SA) for a given site classification. The 1996 U.S.
National Hazard maps include PGA and 0.2, 0.3, and 1.0 sec
period SA with a 10%, 5%, and 2% chance of exceedance in
50 years (Frankel ef al., 2000), assuming a “firm rock” site (see
http://geohazards.cr.usgs.gov/eq/).

There are two basic approaches to developing design spec-
tra: deterministic and probabilistic. The deterministic approach
uses selected individual earthquake scenarios (magnitude,
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cordings of the 1989 Loma Prieta, California, earthquake (solid) and
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ted to the same scale; the observed traces are bandpass filtered from 1
to 8 sec and shifted in time to align the interpreted direction SH arrival
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distance, directivity, etc). The ground motion is then computed
using appropriate attenuation relations with a specified prob-
ability of not being exceeded given that the specified scenario
earthquake occurs. Typically, a probability of nonexceedance of
either 0.5 (median) or 0.84 (median plus one standard deviation)
is used.

The engineering seismic risk analysis (Cornell, 1968) differs
from the probabilistic approach in that it considers the rate of
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occurrence of each scenario and variability of the ground motion
(number of standard deviations above or below the median) and
its associated probability distribution. The hazard curve gives
the probability that any of the scenarios will produce a ground
motion exceeding the ground-motion test value (ground motion
on the x-axis). For probabilistic analyses, the design ground
motion is typically given by an equal hazard spectrum. A
description of probabilistic hazard analysis is given by Reiter
(1990).

An equal hazard spectrum gives at each spectral period the
response spectral value that has the specified return period. Equal
hazard spectra are constructed by first computing the hazard
at each spectral period independently (using response spectral
attenuation relations, see Section 3). Because the hazard analysis
is done independently at each period, an equal hazard spectrum
may not correspond to the same earthquakes at both short and
long periods. The equal hazard spectrum may not be physically
realizable in a single event, but is meant to represent reasonable
design criteria.

7. Design Time Histories

The construction of strong-motion seismograms is now an
essential part of the definition of hazard for the design and test-
ing of critical structures. There are two main approaches used
to develop design ground motions: (a) scaling ground motions
and (b) adjusting ground motions to match a design spectrum.

Scaling refers to multiplying a recorded or simulated time
history by a constant factor at all time points. This approach
has the advantage that the time histories maintain the natural
phasing of the recorded motion and realistic peaks and troughs
in the spectral shape; the disadvantage is that a large number of
time histories need to be used to get a reliable estimate of the
average response of the structure (e.g., 10 sets of time histories
may be needed). The suite of time histories should be scaled
such that their ensemble average is close to the design spectra
over the critical period range of the structure.

Spectrum-compatible time histories refers to time histories
that are modified in terms of their frequency content to match
the entire design spectrum. Various methods have been devel-
oped to modify a reference time history so that its response spec-
trum is compatible with a specified target spectrum. A review
of spectral-matching methods is given by Preumont (1984). A
commonly used method adjusts the Fourier amplitude spectrum
based on the ratio of the target response spectrum to the time his-
tory response spectrum while keeping the Fourier phase of the
reference time history fixed. While this approach is straightfor-
ward, it has two drawbacks. First, it generally does not have good
convergence properties, particularly for multiple damping spec-
tra. Second, it can alter the nonstationary character of the time
history if the shape of the Fourier amplitude spectrum is changed
significantly.

There are two alternative approaches for spectral matching.
The first is a frequency domain approach in which the Fourier
amplitude spectrum of the initial motion is replaced by a Fourier
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amplitude spectrum that is consistent with the target spec-
trum based on random vibration theory. The second alternative
approach for spectral matching adjusts the time history in the
time domain by adding wavelets to the reference time history.
A formal optimization procedure for this type of time-domain
spectral matching was first proposed by Kaul (1978) and was
extended to simultaneously match spectra at multiple damping
values by Lilhanand and Tseng (1988). While this procedure is
more complicated than the frequency-domain approach, it has
good convergence properties and in most cases preserves the
nonstationary character of the reference time history.

If spectrum-compatible motions are used, then a small number
of sets of time histories can be used and still provide a reliable
estimate of the average response of the structure (e.g., 3 sets may
be adequate).

7.1 Selection of Initial Time Histories

The selection of the starting time histories for use in either scal-
ing or spectral matching is important due to nonlinear response
of the soil and structure. Potential motions should be based on
their duration, site characteristics, event magnitude and record-
ing distance, and general character of the displacement history.
In particular, for near-fault time histories, the character of the
displacement pulse as either one-sided, two-sided, or multi-sided
should be considered so that the selected motions will have dis-
tinctly different time-signatures to thoroughly test the structural
design. If the scaling approach is used, then selecting records
with a similar site condition to the project site is also an impor-
tant factor. However, if the spectral matching approach is used,
then the site condition of the initial time history is not critical
because the spectral matching process will adjust the frequency
content to match the project site conditions to the extent that
they are captured by the design spectrum.

8. Special Case for Extended
Structures

For most engineering applications, the ground motion is defined
at a single point. In reality, for viaducts, large bridges, and dams,
out-of-phase wave motions over inter-support distances cause
differential ground accelerations and differential rotations along
the base of the structure.

The spatial variation of seismic ground motion results from
several effects: non-vertical wave propagation (wave passage
effect), scattering and complex 3—-D wave propagation (spatial
coherency effect), variable distance to the fault rupture (attenu-
ation effect), and variable site conditions (local site effect). The
variable site condition can be considered in the site response
calculations, which are not discussed in this chapter. Studies
of the spatial variation of strong ground motions from array
observations have been published (see Abrahamson ez al., 1987),
and the results have been incorporated into structural response
analyses for some large critical structures.
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8.1 Wave-Passage Effect

The wave-passage effect is due to non-vertical wave propagation
that produces systematic time shifts in the arrival of the seismic
waves at the support locations. The wave-passage effect depends
on the apparent velocity of the waves along the axis of the bridge.
This requires information on both the apparent velocity of the
waves in the direction of the wave propagation and the orienta-
tion of the structure with respect to the earthquake. Studies of
strong- and weak-motion array data have shown that the appar-
ent velocity of § waves is typically in the 2.0 to 3.5 km/sec range
(Abrahamson, 1992b). In other studies, numerical simulations
have been used to estimate the horizontal wave speed. These
numerical simulations typically lead to higher horizontal wave
speeds than measured from array data. The discrepancy may be
due to the use of simplified crustal models in the simulations.
The array measurements of the wave speeds are considered to
be more reliable than the numerical simulations.

The wave-passage effect is included by applying systematic
time shifts to the time histories. Although the P, S, and sur-
face wave will have different phase velocities, the S-wave phase
velocity is applied to the entire time history. The rationale for
this approach is that the S waves generally contain the strongest
shaking. Therefore, for an engineering analysis, it is adequate to
simply model the S-wave wave-passage effect. More complex
wave propagation methods can be used if the differential motion
caused by the P wave and surface waves are considered to be
important for the structural response.

8.2 Spatial Coherency Effect

The scattering and complex wave propagation result in varia-
tions in both Fourier amplitude and Fourier phase of the ground
motions (Hao et al., 1989). The phase variations can be included
through a spatial coherency function. The coherency is a com-
plex number. The absolute value of the complex coherency is
called the “lagged coherency” because it is equivalent to lining
up (lagging) the ground motion at the two locations so that the
wave passage effect is removed. The lagged coherency does not
restrict the alignment of the ground motions to be consistent
from frequency to frequency; that is, the apparent wave speeds
can be different at each frequency. At high frequencies, the wave
speed implied by the complex coherency becomes more random.
However, in the application of the wave-passage effect, a
constant wave speed is typically used for all frequencies. To
be consistent with such an application, the coherency function
needs to correspond to the coherency that would be computed
by aligning the ground motion to a single wave speed. This
coherency is called the “plane-wave coherency.” Generic em-
pirical models for the plane-wave coherency were developed
from worldwide dense array recordings. An example of the co-
herency model for the horizontal component is given in Figure 9.
Additional details of the coherency model are given in Fugro
Earth Mechanics (1998).
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FIGURE 9 Plane-wave coherency model for the horizontal compo-
nent.

8.3 Attenuation

For sources near to the structure, the different distances to the
various support locations can result in different ground motions
due to attenuation of the ground motion. The attenuation effect
can be estimated simply using the attenuation relations with
different distances to the controlling source for different parts
of the structure.

8.4 Site Response

The effect of variable site conditions along extended structures is
accommodated by conducting site-specific estimates of the site
response using the appropriate rock motion for each location
along the structure.

9. Example Application of Strong
Ground-Motion Estimation to
Critical Engineered Structural
Design

In this concluding section, we briefly describe a recent applica-
tion of the preceding methods to the estimation of the strong-
motion parameters for a major bridge over San Francisco Bay,
California. The details of the application are given in a report
to the California Department of Transportation (Caltrans, Office
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of Structure Foundations) (Fugro Earth Mechanics, 1998). The
San Francisco—Oakland Bay Bridge consists of two bridges: an
East Crossing and a West Crossing. This example is for the East
Crossing. The bridge lies between two major active faults: the
Hayward fault 8 km to the east and the San Andreas fault 15 km
to the west.

9.1 Design Spectrum

A design spectrum was derived based on a probabilistic seismic
hazard. A response spectrum with a return period of 1500 years
was selected as a “Safety Evaluation Earthquake.” The dynam-
ics of near-source effects, discussed in Section 4, are crucial in
this application. Therefore, the hazard analysis must include the
effects of rupture directivity. This was done by modifying the
attenuation relations to include directivity focusing and modi-
fying the hazard computation to include variability of rupture
direction. The equal hazard spectrum for fault normal motion is
given in Figure 10.

The hazard for the 1500-year return period was deaggregated
to determine the controlling earthquakes (Bazzurro and Cornell,
1999). In this case, the deaggregation indicated that the seis-
mic hazard at the bridge is dominated by a M7.8 earthquake
at about 20 km distance on the San Andreas fault and a M7.0
earthquake at about 10 km distance on the Hayward fault. The
deaggregation also showed that at a spectral period of 3 sec-
onds (a critical period for the bridge foundations), the 1500-year
return period ground motion is dominated by forward rupture
directivity.
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FIGURE 10 Comparison of the design spectrum and the spectrum
of the modified time history (5% damping).
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9.2 Design Time Histories
for Rock Site Conditions

In order to allow for aleatory variability in the time histories
associated with the design spectrum (see Section 3.5), three sets
of three-component seismograms (time histories) were com-
puted for each of the dominant sources (three sets for San
Andreas fault sources and three sets for Hayward fault sources).
Because forward directivity dominated the long-period hazard
for the design return period, forward rupture direction was as-
sumed for all six sets of ground-motion time histories.

Next, available recorded accelerograms from earthquakes
with magnitudes greater than 6.5 and recorded at distances less
than 15 km were evaluated (Tables 4a, 4b, 4c). Both rock and
soil time histories were considered for selection because the
response spectral matching adjusts to a large extent for the wave
frequency differences at soil and rock sites (Aki, 1988). These
candidate time histories were rotated to their principle directions
(in displacement) and then classified in terms of the character of
the displacement waveform: one-sided pulse, two-sided pulse,
multiple pulses. Because the bridge will undergo significant non-
linear response under the design ground motions, it is important
to get a range of nonstationary characteristics of the near-fault
ground motions to represent a range of possible ground motions
from future earthquakes in order to adequately test the perfor-
mance of the bridge.

For the Hayward fault sources, suitable empirical time histo-
ries could be found and used directly as initial time histories;
however, for the San Andreas source scenarios, there are as yet
no recorded time histories that are directly applicable to the
required magnitude and distance range. As an alternative, two
procedures were used to develop the initial ground motions:
splicing together empirical time histories and numerical sim-
ulations. As an example, the initial displacement time history
for the fault-normal component derived by splicing the El Cen-
tro #6 recording from the 1979 earthquake onto the end of the
1940 EI Centro recording (to increase the duration) is shown in
Figure 11.

The selected initial time histories were modified to match
the design response spectra using a time domain spectral-
matching procedure (e.g., Lihanand and Tseng, 1988). The
spectrum-compatible time histories are shown in Figure 12 and
the fit to the spectrum is shown in Figure 10. Comparing the
time histories in Figures 11 and 12 shows that this spectral
matching procedure preserves the gross nonstationary charac-
teristics of the acceleration, velocity, and displacement time
histories.

9.3 Coherency and Multiple Support
Time Histories

After development of the reference rock motions that are spec-
trum compatible, multiple-support rock ground motions were
generated at all support points for the bridge structure to
characterize the spatial variation of the rock ground motion
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TABLE 4a Candidate Time Histories Considered for the Bay Bridge: One-Sided Displacement

Pulses
Rupture Distance Major Axis

Earthquake Station (km) Site (degrees)
1940 Imperial Valley, CA El Centro #9 8.3 Soil 255

1985 Nahanni, Canada Site 1 6.0 Rock 310
1989 Loma Prieta, CA Corralitos 5.1 Rock 055

1989 Loma Prieta, CA Gilroy—Historic Bldg 12.7 Soil 260

1989 Loma Prieta, CA Gilroy Array #3 14.4 Soil 105

1992 Cape Mendocino, CA Cape Mendocino 8.5 Rock 005

1992 Landers, CA Lucerne 1.1 Rock 275

1994 Northridge, CA Arleta 9.2 Soil 055

1994 Northridge, CA W. Lost Canyon 13.0 Soil 075

1994 Northridge, CA W. Pico Canyon 7.1 Soil 051

1994 Northridge, CA Sylmar Converter Stn (east) 6.2 Soil 092

1994 Northridge, CA Sylmar Converter Stn 6.1 Soil 333
TABLE 4b Candidate Time Histories Considered for the Bay Bridge: Two-Sided
Displacement Pulses

Rupture Distance Major Axis

Earthquake Station (km) Site (degrees)
1978 Tabas, Iran Tabas 3.0 Soil 045

1989 Loma Prieta, CA Gilroy—Gavilan College 11.6 Rock 097

1989 Loma Prieta, CA Gilroy #1 11.2 Rock 045

1989 Loma Prieta, CA Saratoga, Aloha Ave. 13.0 Soil 070

1992 Erzinkan, Erzinkan 2.0 Soil 045

1992 Cape Mendocino, CA Petrolia 9.5 Soil 100

1994 Northridge, CA Jensen Filter Plant 6.2 Soil 012

1994 Northridge, CA Newhall 7.1 Soil 160

1994 Northridge, CA Pacoima Dam, Upper Left 8.0 Rock 199

TABLE 4¢ Candidate Time Histories Considered for the Bay Bridge: Multiple Displacement

Pulses
Rupture Distance Major Axis

Earthquake Station (km) Site (degrees)
1996 Gazli, USSR Gazli 3.0 Rock 035
1986 Superstition Hills, CA El Centro, ICC 13.9 Soil 045
1986 Superstition Hills, CA Westmoreland Fire Station 13.3 Soil 240
1989 Loma Prieta, CA Bran 10.3 Rock 085
1989 Loma Prieta, CA Capitola 14.5 Soil 070
1989 Loma Prieta, CA Gilroy #2 12.7 Soil 145
1989 Loma Prieta, CA Los Gatos Pres. Center 6.1 Rock 100
1992 Landers, CA Joshua Tree 11.6 Soil 005
1994 Northridge, CA Montebello, Bluff Rd 12.3 Soil 211
1994 Northridge, CA Cold Water Canyon 14.6 Soil 195
1994 Northridge, CA Pacoima Dam Downstream 8.0 Rock 305
1994 Northridge, CA Kagel Canyon 8.2 Rock 360
1994 Northridge, CA Rinaldi Receiving Station 7.1 Soil 298
1994 Northridge, CA Sepulveda VA 8.9 Soil 290
1994 Northridge, CA Simi Valley, Katherine Rd. 14.6 Soil 115
1994 Northridge, CA Sun Valley, Roscoe Blvd 12.3 Soil 045
1994 Northridge, CA Sylmar, Olive View Med. 6.4 Soil 055
1995 Kobe, Japan KIMA 0.6 Rock 050
1995 Kobe, Japan Kobe Univ. 0.2 Rock 075
1995 Kobe, Japan Amagasaki 10.2 Soil 030

Bolt and Abrahamson
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FIGURE 11 [Initial fault-normal time history for the San Andreas event based on splicing

together empirical recordings.

(see Section 8). The spatial variation of the rock motion resulted
from several effects: non-vertical wave propagation (wave-
passage effect) scattering and complex 3-D wave propagation
(spatial coherency effect), and variable distance to the fault rup-
ture (attenuation effect). Because most of the Bay Bridge sup-
ports are founded on piles driven into deep mud, the actual input
motions also include spatial variability due to variability of the
soil profile along the bridge. (Such site response variability in
this project was incorporated using 1D site response calcula-
tions. In this chapter we only discuss the rock ground motions.)
The steps in developing the incoherent rock ground motions
were fourfold:

Step 1: Generate coherency compatible time histories at each
support location.

Step 2: Modify the incoherent time histories to be compatible
with the target spectrum using a frequency-domain approach.

Step 3: Apply a baseline correction to the incoherent time
histories.

Step. 4: Apply the wave passage and attenuation effect.

9.3.1 Generation of Multiple Support
Ground Motions

Multiple support time histories were generated at a total of
30 pier locations along the bridge using the procedure by
Abrahamson (1992a). This procedure modifies the Fourier phase
angles at each support location, using a relation between the spa-
tial coherency and the degree of randomness in the phase angle.

9.3.2 Wave-Passage Effect

Based on the array data measurements, an apparent wave-speed
of 2.5 km/sec for S waves was used. This velocity was selected
because it is toward the lower end of the range of measured
speeds and leads to somewhat conservative estimates of the
differential motions. The wave propagation was projected along
the axis of the bridge with apparent velocity along the bridge,
Vbridge» given by

Vbiidge = Va/ sin(6) (5
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FIGURE 12 Spectrum compatible fault-normal time history.

where V, is the apparent wave velocity and 6 is the angle between
the line perpendicular to the bridge axis and the line connecting
the closest point of the fault and the center of the bridge. (Of
course, waves arrive from all fault rupture segments in addition
to waves arriving from the closest point on the fault, but here it
is approximated by a single wave direction.)

9.3.3 Attenuation across the Structure

For fault sources near to long structures, such as the San Fran-
cisco Bay Bridge, the different distances to the various support
locations result in different ground motions due to attenuation of
the ground motion. To account for this attenuation, the ground
motion at each bridge pier was scaled by the ratio of the predicted
T = 1 second spectral acceleration to the target T = 1 second
spectral acceleration using the empirical attenuation relations.
While the attenuation could have been computed separately
for each frequency, the T = 1 second spectral value was used

for all periods to allow simple scaling of the ground motions.
Because the structure is a long-period structure, this was con-
sidered reasonable.

9.3.4 Results

An example of the resulting incoherent rock ground motions for
the two ends of the bridge is shown in Figure 13. The differential
displacements are shown in Figure 14 as a function of the sep-
aration distance. These multiple supports are then propagated
through site-specific soil profiles to incorporate the local site
response.

10. Overview

An important point in summarizing the present status of
assessment of seismic strong ground motions is that in a number
of countries digital strong-motion systems linked to computer
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centers have now been installed. They provide processed obser-
vational data within a few minutes after shaking occurs. These
near real-time data can be a basis for postearthquake response
and evaluation of damage to structures, and for urgent risk deci-
sions. By the end of 1999, computer-generated maps of intensity
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were being generated in California from the network of digital
stations installed in the Los Angeles region. These displays,
called “shake maps”, available on the Internet for public use
(http://'www.trinet.org). One format of the maps contours peak
ground velocity and spectral acceleration at 0.3, 1.0, and 3.0
seconds and displays in color a ground-motion strength-
parameter called “instrumental intensity.” Similar maps were
provided immediately after the 1999 Chi-Chi earthquake in
Taiwan. The maps have a variety of applications in postearth-
quake valuation of structures, damage and loss estimation, and
in guiding emergency response but lack estimation detail.

The seismological problems dealt with in this chapter will
no doubt be much extended in subsequent years. First, greater
sampling of strong ground motions at all distances from fault
sources of various mechanisms and magnitudes will inevitably
become available. An excellent example is the wide recording
of the 1999 Chi-Chi, Taiwan, earthquake (see Shin et al., 2000;
Lee et al., 2001). Second, more realistic 3—D numerical models
will solve the problem of the sequential development of the
wave mixtures as the waves pass through different geological
structures. Two difficulties may persist: the lack of knowledge
of the roughness distribution along the dislocated fault and, in
many places, quantitative knowledge of the soil, alluvium, and
crustal rock variations in the region.

A new significant ingredient in general motion measurement
is correlation with precisely mapped coseismic ground defor-
mations. Networks of GPS instruments will help greatly in
understanding of the source problem and the correct adjustment
to strong-motion displacement records. A broad collection of
standardized strong-motion time histories represented by both
amplitude spectra and phase spectra is now being accumulated
in virtual libraries for easy access on the Internet. Such records
will provide greater confidence in seismologically sound selec-
tion of ground-motion estimates.

Additional instrumentation to record strong ground motion
remains a crucial need in earthquake countries around the world
(seee.g., Bolt, 1999b; Frankel, 1999). Such basic systems should
measure not only free-field surface motions, but downhole
motions to record the wave changes as they emerge at the Earth’s
surface.

Many contemporary attenuation estimates will no doubt be
updated as more recorded measurements are included, ren-
dering earlier models obsolete. To keep abreast of changes,
ground-motion attenuation model information may be found
at http://www.geohazards.cr.usgs.gov/earthquake.html. Click
on Engineering Seismology, then on Ground Motion Infor-
mation.
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Editor’s Note

Please see also Chapter 57, Strong-Motion Seismology, by
Anderson; Chapter 58, Strong-Motion Data Processing, by
Shakal et al.; Chapter 60, Strong-Motion Attenuation Relations,
by Campbell; and Chapter 61, Site Effects of Strong Ground
Motions, by Kawase.
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Strong-Motion Attenuation Relations

1. Introduction

An evaluation of seismic hazards, whether deterministic (sce-
nario based) or probabilistic, requires an estimate of the expected
ground motion at the site of interest. The most common means of
estimating this ground motion in engineering practice, including
probabilistic seismic hazard analysis (PSHA), is the use of an
attenuation relation. An attenuation relation, or ground-motion
model as seismologists prefer to call it, is a mathematical-based
expression that relates a specific strong-motion parameter of
ground shaking to one or more seismological parameters of an
earthquake. These seismological parameters quantitatively char-
acterize the earthquake source, the wave propagation path be-
tween the source and the site, and the soil and geological profile
beneath the site.

In its most fundamental form, an attenuation relation can be
described by an expression of the form

Y — CleczM R—C3€—C4r€C5FeC(,SeS (1)
or by its more common logarithmic form
InY =ci+coM —c3InR —cyr + csF 4+ ¢S + ¢ 2)

where “In” represents the natural logarithm (log to the base e),
Y is the strong-motion parameter of interest, M is earthquake
magnitude, r is a measure of source-to-site distance, F is a
parameter characterizing the type of faulting, S is a parameter
characterizing the type of local site conditions, € is a random
error term with zero mean and standard deviation equal to the
standard error of estimate of In Y (o, y), and R is a distance term
often given by one of the alternative forms

r 4 c7exp(cs M) or
R= (3)
Vr? +ler + explesM)

Alternatively, the regression coefficients c3, cg, and c7 can be
defined as functions of M and R.
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The mathematical relationships in Egs. (1) to (3) have their
roots in earthquake seismology (e.g., see Lay and Wallace, 1995,
and contributions in this volume). The relationships ¥ oc e©?¥
andInY o ¢, M are consistent with the definition of earthquake
magnitude, which Richter (1935) originally defined as the log-
arithm of the amplitude of ground motion. The relationships
Y « R™% andInY o« —c3In R are consistent with the geometric
attenuation of the seismic wave front as it propagates away from
the earthquake source. Some attenuation relations set ¢z = 1,
which is the theoretical value for the diminution of amplitude
with distance from a point source in a half space, referred to as
spherical spreading. If not constrained in the regression analy-
sis, c3 will be typically larger than unity. Sometimes c3 is varied
as a function of distance to accommodate differences in the at-
tenuation rate of different wave types (e.g., direct waves versus
surface waves) and critical reflections off the base of the crust
(e.g., the Moho). The relationships ¥ o« e™*" and In Y o< —car
are consistent with the anelastic attenuation caused by material
damping and scattering as the seismic waves propagate through
the crust. The relationship between Y and the remaining param-
eters has been established over the years from ground-motion
observations and theoretical ground-motion studies.

The mathematical relationships defined in Eq. (3) are used
to incorporate the widely held belief that short-period ground
motion should become less dependent on magnitude close to
the causative fault. Schnabel and Seed (1973) were the first to
model this behavior theoretically using simple geometrical con-
siderations. Since then similar results have been obtained us-
ing theoretical finite-source models (e.g., see Anderson, 2000).
Campbell (1981) was one of the first investigators to identify
and model this behavior empirically. Since then many other in-
vestigators have adopted similar models.

The remainder of this chapter defines the strong-motion and
seismological parameters commonly found in an attenuation
relation and provides a brief discussion of the various factors
that can affect these parameters. The discussion specifically
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addresses issues regarding the use of attenuation relations to
estimate strong ground motion in engineering practice, includ-
ing PSHA. Particular emphasis is placed on the estimation of
peak time-domain and peak frequency-domain parameters. A
more general discussion of strong-motion seismology is given
in Chapter 57 by Anderson. The development of earthquake time
histories and other related engineering estimates of ground mo-
tion is the topic of Chapter 59 by Bolt and Abrahamson. The
estimation of seismic hazards, including PSHA, is the topic of
Chapter 65 by Somerville and Moriwaki. Due to length limita-
tions, this chapter can only provide a brief introduction to the
attenuation relation and its constitutive strong-motion and seis-
mological parameters. A contemporary guide to some recent
attenuation relations and their use in engineering practice is in-
cluded on the attached Handbook CD (hereafter referred to as
the Contemporary Guide). This Contemporary Guide includes a
comprehensive list of references to previous discussions on the
empirical and theoretical prediction of strong ground motion
as well as a selected compilation of recently published attenu-
ation relations and guidance on their use in engineering prac-
tice. Most notable amongst these, because of their recency and
comprehensiveness, are those of Douglas (2002), which cover
relations developed from empirical methods, and Boore (2002),
which cover relations developed from seismological models.
Also included on the attached Handbook CD is an interactive
electronic workbook that allows the user to evaluate the attenua-
tion relations presented in the Contemporary Guide for a variety
of seismological parameters.

Although this chapter is not intended to give a complete his-
tory of the attenuation relation, it would be remiss not to mention
some of the pioneers whose early and continued development
of attenuation relations first led to their widespread acceptance
in engineering, particularly in the then-fledgling field of PSHA.
These pioneers include (listed alphabetically) Neville Donovan,
Luis Esteva, George Housner, Ed Idriss, Bill Joyner, Kiyoshi
Kanai, Robin McGuire, H. Bolton Seed, and Mihailo Trifunac.
Many others have followed in their footsteps, many whose con-
tributions are significant and noted in the remainder of this
chapter.

2. Strong-Motion Parameters

Strong-motion parameters represent in simple terms a specific
characteristic of an earthquake time history (peak time-domain
parameters) or its frequency-domain equivalent (peak frequency-
domain parameters). A brief description of these two types of
strong-motion parameters is given next.

2.1 Peak Time-Domain Parameters

Historically, peak ground acceleration (PGA) and to a lesser
extent peak ground velocity (PGV) and peak ground displace-
ment (PGD) have been the most common peak time-domain
parameters used to describe strong ground motion in engineering
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practice. They represent the maximum absolute amplitude of
ground motion scaled from a recorded or synthetic acceleration,
velocity, or displacement time series. They serve as a simple
representation of the short-, mid-, and long-period components
of ground motion, respectively.

2.2 Peak Frequency-Domain Parameters

As seismic design procedures have become more sophisticated,
engineers have begun to incorporate the natural period of a
structure into its design through the use of a response spec-
trum (Chapter 68 by Borcherdt et al.). A response spectrum is a
plot versus undamped natural period of the maximum response
of a viscously damped, single-degree-of-freedom (SDOF) sys-
tem subjected to ground-motion input at its base. (For a more
complete description see Chapter 67 by Jennings.) The most
common response-spectral parameters are pseudoacceleration
(known variously as PSSA, PSA, or SA) and pseudovelocity
(known variously as PSRV, PSV, or SV). The terms PSA and
PSV are used throughout this chapter to represent pseudoaccel-
eration and pseudovelocity in order to avoid confusion, noting
that Gupta (1993) prefers the terms SA and SV. However, the
latter notation has been used in the past to define absolute accel-
eration and relative velocity, which are similar, but not identical,
to PSA and PSV (see Chapter 67 by Jennings or any text on earth-
quake engineering for a description of these parameters). PSA
and PSV are related to one another and to relative displacement
(SD) by the expression

2
PSA = 2_71 PSV = (2_71) SD 4)
T, T,
where 7, is the undamped natural period of a SDOF system.
Relative displacement is the maximum absolute displacement
of a SDOF system relative to its base.

Response spectra can be developed from PGA alone or from
PGA, PGV, and PGD (Newmark and Hall, 1982; Campbell,
2002; see also Chapter 67 by Jennings), or they can be devel-
oped from one or two key response-spectral ordinates, such as
PSA at T,, = 0.2 and 7, = 1 sec (Leyendecker et al., 2000;
see also Chapter 68 by Borcherdt et al.). Such procedures are
typically used in building codes and other seismic regulations
where a simple prescribed method for estimating a seismic de-
sign spectrum is required. However, ithas become more common
in engineering practice to develop a design response spectrum
directly from attenuation relations representing individual spec-
tral ordinates of PSA or PSV.

3. Earthquake Source Parameters

Earthquake source parameters describe a characteristic of an
earthquake’s source, such as its size, mechanism (type of fault-
ing), stress drop, source directivity, or radiation pattern. Some
common source parameters are discussed next.
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3.1 Magnitude

Magnitude is used to define the “size” of an earthquake. There
are many different scales that can be used to define magnitude.
Some of the more common magnitude scales used in attenu-
ation relations are moment magnitude (M or My ), surface-
wave magnitude (M), short-period body-wave magnitude (i),
local magnitude (M, ), Lg-wave magnitude (my, or my), and
JMA magnitude (M,). The symbol My used by engineers and
engineering seismologists is used to denote moment magnitude
throughout this chapter, noting that many seismologists prefer
the symbol M. Network operators in different parts of the world
will use one of the just-mentioned magnitude scales as a standard
for quantifying magnitude in their region. However, it should be
noted that even the use of the same magnitude scale can lead to
different regional estimates of magnitude due to the way mag-
nitude is locally defined and calculated. The mathematical def-
inition of all peak time-domain magnitude scales can be given
by the expression (e.g., Lay and Wallace, 1995)

M =log(A/T)+ f(R, hhypo) + G+ G 5

where “log” represents the common logarithm (log to the base
10), A is the recorded ground displacement of the seismic phase
on which the amplitude scale is based, T is the period of the sig-
nal, f(R, hnypo) is a correction for the distance from the earth-
quake source to the instrument (R) and the focal depth (/ipypo),
C; is a correction for the siting of the instrument, and C, is a
correction for the source region. Figure 1 gives a comparison of
the different magnitude scales. A more thorough discussion of
magnitude scales is given in Chapter 44 by Utsu.

There is an increasing tendency to adopt My as the world-
wide standard for quantifying magnitude because of its strong
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FIGURE 1 Comparison of magnitude scales (after Heaton et al.,
1986).
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physical and seismological basis (Bolt, 1993). By definition,
My is related to seismic moment M, which is a measure of the
energy radiated by an earthquake (Kanamori, 1978; Hanks and
Kanamori, 1979). Seismic moment can be defined as

My = puA;D =2uEs/Ac (6)
where i is the shear modulus of the crust, A f is the rupture area
of the fault, D is the coseismic displacement averaged over the
rupture area, Ao is the static stress drop averaged over the rup-
ture area, and E is the radiated seismic energy. The definition
based on A ;D allows M to be derived from geological faulting
parameters that can be measured in the field. The definition based
on Eg/Ac allows M to be derived from seismological data.

3.2 Type of Faulting and Focal Mechanism

The type of faulting, or focal mechanism, characterizes the ori-
entation of slip on the fault plane, known as the rake, and the dip
of the fault plane. Although rake is a continuous variable repre-
senting the angle between the direction of slip and the strike of
the fault (the orientation of the fault on the Earth’s surface), the
type of faulting is typically classified into two or more categories
for convenience. These categories will typically include strike
slip (horizontal slip), reverse (dip slip with hanging-wall side
up), thrust (same as reverse but with shallow dip) and normal
(dip slip with hanging-wall side down). The values of rake cor-
responding to the pure form of these mechanisms are 0° (left-
lateral slip) and 180° (right-lateral slip) for strike-slip faulting,
90° for reverse faulting, and 270° for normal faulting (Lay and
Wallace, 1995).

Campbell (1981) was the first to empirically demonstrate that
reverse and thrust-faulting earthquakes have relatively higher
ground motions than strike-slip or normal-faulting earthquakes.
All subsequent empirical and theoretical studies have found sim-
ilar results (e.g., see the Contemporary Guide and Chapter 57
by Anderson). It has been common practice in the past to lump
strike-slip events and normal-faulting events in the same cate-
gory. However, a recent empirical study by Spudich ez al. (1999)
suggests that normal-faulting events, or for that matter strike-slip
events in an extensional stress regime, might have lower ground
motion than other types of shallow crustal events, an attribute
first suggested by McGarr (1984). A preliminary interpretation
of precarious rock observations by Brune (2000) suggests the
presence of relatively low near-fault ground shaking on the foot-
wall of normal faults, possibly due to a combination of faulting
mechanism and footwall effects (see Section 4) that is not cur-
rently incorporated in any known attenuation relation (see the
Contemporary Guide).

There has been a great deal of interest in blind-thrust faults
after unusually large ground motions were observed during
the 1987 Whittier Narrows, California, earthquake, the 1988
Saguenay, Canada, earthquake, and 1994 Northridge,
California, earthquake. Whether similarly high ground motions
can be expected from all future blind-thrust earthquakes is spec-
ulative. However, considering the current limited observational
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database, it cannot be ruled out. The higher ground motions ob-
served during these earthquakes have been found to correspond
to higher-than-average dynamic stress drops (see Section 3.3),
which have been speculatively attributed to a lack of surface
rupture (Somerville, 2000) or a relatively low total slip on the
causative faults (see Chapter 57 by Anderson). More theoreti-
cal and empirical studies will be needed before there is a clear
understanding of why these earthquakes produced high stress
drops and how such events might be identified in the future.

3.3 Stress Drop

Stress drop, or more correctly dynamic stress drop, is the amount
of stress that is relieved at the rupture front during an earth-
quake. Theoretical studies have shown that higher stress drops
correspond to higher ground motion. It has been shown theoret-
ically (e.g., Boore and Atkinson, 1987) and implied empirically
(Campbell and Bozorgnia, 2000) that stress drop has a larger
effect on short-period ground motion, including PGA, than on
long-period ground motion. The author is not aware of any cur-
rent attenuation relation that explicitly includes stress drop as a
parameter (see the Contemporary Guide). However, stress drop
is one of the parameters that must be included either explicitly
or implicitly in the theoretical calculation of ground motion.
A more thorough discussion of this parameter is given in the
Contemporary Guide.

As mentioned in Section 3.2, high stress drops are the likely
cause of the relatively high ground motions observed during
some recent blind-thrust earthquakes. On the other hand, low
stress drops might be the cause of the relatively low short-period
ground motions observed during the 1999 Chi-Chi (My 7.6),
Taiwan, earthquake (Tsai and Huang, 2000; Boore, 2001) and the
1999 Kocaeli (My 7.4), Turkey, earthquake (Anderson, 2000).
The observation of relatively low ground motions during the
Chi-Chi earthquake is particularly significant, because it is a
large thrust earthquake, which had been expected from previ-
ous empirical and theoretical studies to have relatively large
ground motions. The relatively low stress drops implied for the
Taiwan and Turkey earthquakes could be caused by the large
total slip on the causative faults (see Chapter 57 by Anderson)
or because they ruptured the Earth’s surface (Somerville, 2000).
More study will be needed to better understand the phenomena
that might have contributed to these low ground motions. If these
earthquakes are found to be typical of similar large earthquakes
worldwide, then the implication is that the current attenuation
relations overpredict short-period ground motions from large
earthquakes, an attribute suggested from observations of pre-
carious rocks near great earthquakes on the San Andreas fault
(Brune, 1999).

3.4 Source Directivity and Radiation Pattern

Radiation pattern is the geographic asymmetry of the ground
motion caused by the faulting process. It is closely related to
the focal mechanism of the earthquake. The radiation pattern
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can be perturbed by source directivity, which is an increase or
decrease in the ground motion caused by the propagation of
the rupture along the fault. Ground-motion amplitudes in the
forward direction of rupture propagation will be increased while
those in the backward direction will be decreased due to source
directivity. This effect is particularly important during unilateral
faulting for sites located close to the fault (Somerville et al.,
1997). Source directivity has its largest effect at long periods
(periods greater than about 1 sec) on the horizontal component
oriented perpendicular or normal to the fault plane.

Rupture directivity is a well-known seismological principle
(Lay and Wallace, 1995). It has been observed or proposed as a
factor in controlling the azimuthal dependence of ground motion
during the 1979 Imperial Valley earthquake (Singh, 1985), the
1980 Livermore earthquakes (Boatwright and Boore, 1982),
the 1989 Loma Prieta earthquake (Campbell, 1998), and the
1992 Landers earthquake (Campbell and Bozorgnia, 1994).
Somerville et al. (1997) and Abrahamson (2000) present general
empirical models for estimating the effects of source directivity
and radiation pattern on the prediction of the fault-normal and
fault-parallel components of the response spectrum. Somerville
et al. also provide a list of near-source time histories that they
believe to incorporate these effects. These models, along with
a graphical description of the concept of radiation pattern and
source directivity, are given in the Contemporary Guide.

Somerville (2000) suggests that the empirical models pro-
posed by Abrahamson and Somerville ef al. might be too simplis-
tic. He has found that the near-fault directivity effects observed
in several subsequent large earthquakes appear to manifest them-
selves as narrow-band pulses whose period markedly increases
with increasing magnitude. This increase in period can actually
lead to lower response-spectral ordinates at mid periods (7, ~ 1
sec) as earthquakes exceed a magnitude threshold of around 71/4.
This observation is inconsistent with the assumptions made in
the Abrahamson and Somerville et al. directivity models that
imply that directivity effects increase monotonically with mag-
nitude at all periods. However, the directivity pulse model needs
more development before it is ready to be used in engineering
practice. Until then, the empirical models of Somerville et al.
(1997) and Abrahamson (2000) remain the state of the art in the
engineering characterization of source directivity effects.

4. Hanging-Wall and Footwall Effects

Generally speaking, the hanging wall is that portion of the crust
that lies above the rupture plane of a dipping fault and the
footwall is that portion of the crust that lies below this plane.
The exact definitions of these two crustal regimes differ de-
pending on the particular application. The definitions used to
characterize hanging-wall and footwall effects on strong ground
motion are given in the Contemporary Guide. Somerville and
Abrahamson (1995, 2000), Abrahamson and Somerville (1996),
and Abrahamson and Silva (1997) found empirical evidence to
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indicate that sites located on the hanging wall of a reverse or
thrust fault generally exhibit higher-than-average ground mo-
tion. Furthermore, Somerville and Abrahamson (1995) found
that sites located on the footwall generally have lower-than-
average ground motion. Although based on limited data, both
hanging-wall and footwall effects were clearly demonstrated in
the 1999 Chi-Chi, Taiwan, thrust earthquake (Shin and Teng,
2001). The hanging-wall effect is probably caused by a combi-
nation of radiation pattern, source directivity, and the entrapment
of seismic waves within the hanging-wall wedge of the fault. The
authors present a generalized empirical model for estimating the
effects of the hanging wall and footwall on the estimation of
strong ground motion. These models, together with a graphical
description of the concept of hanging-wall and footwall effects,
are given in the Contemporary Guide.

5. Source-to-Site Distance

Source-to-site distance, or simply distance, is used to character-
ize the decrease in ground motion as it propagates away from
the earthquake source. Distance measures can be grouped into
two broad categories depending on whether they treat the source
of an earthquake as a single point (point-source measures) or as
a finite rupture (finite-source measures). A brief description of
the distance measures commonly used in attenuation relations
is given next.

5.1 Point-Source Distance Measures

Point-source distance measures include epicentral distance (rep;)
and hypocentral distance (rpypo). Hypocentral distance is the dis-
tance from the site to the point within the Earth where the earth-
quake rupture initiated (the hypocenter). Epicentral distance is
the distance from the site to the point on the Earth’s surface di-
rectly above the hypocenter (the epicenter). Generally speaking,
Tepi and 1y, are poor measures of distance for large earthquakes
with extended ruptures. They are primarily used for character-
izing small earthquakes that can be reasonably represented by
a point source or for characterizing large earthquakes when the
fault-rupture plane cannot be identified for past or future (de-
sign) earthquakes. Experience shows that attenuation relations
that use point-source measures should not be used to estimate
ground motion from large earthquakes unless there is absolutely
no other means available.

5.2 Finite-Source Distance Measures

There are three finite-source distance measures that are com-
monly used in attenuation relations: 7j,, the closest horizontal
distance to the vertical projection of the rupture plane, introduced
by Joyner and Boore (1981); ryp, the closest distance to the rup-
ture plane, introduced by Schnabel and Seed (1973); and 7js, the
closest distance to the seismogenic part of the rupture plane, in-
troduced by Campbell (1987, 2000a). The distance measure 7js
assumes that fault rupture within the near-surface sediments or
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the shallow portions of fault gouge is non-seismogenic, as sug-
gested by Marone and Scholz (1988). These different distance
measures are compared in Figure 1 of Chapter 59 by Bolt and
Abrahamson.

The distance measure rj, is reasonably easy to estimate for a
future (design) earthquake. On the other hand, ry,, and s are
not as easily determined, particularly when the earthquake is not
expected to rupture the entire seismogenic width of the crust. In
such cases, the average depth to the top of the inferred rupture
plane (dyp) or to the seismogenic part of this rupture plane (deis)
for an earthquake of moment magnitude My can be calculated
from the equation (generalized from Campbell, 1997, 2000b)

1[Hiop + Hoor — Wsin(y)] ford; > H;
d; = 7)

H; otherwise

where i = rup or seis, Hypy is the depth to the bottom of the
seismogenic part of the crust, H, is the depth to the top of
the fault, Hs is the depth to the top of the seismogenic part of
the fault (to be used with the distance measure r;s), ¥ is the fault
dip; and W is the down-dip width of the fault-rupture surface.
The down-dip width of the rupture plane can be calculated from
the expression (Wells and Coppersmith, 1994)

logW = —1.01 4+ 0.32My 8

where W is in km and the standard deviation of log W is 0.15.

Campbell (1997) recommends dsis > 3 km, even when the
fault ruptures the Earth’s surface. This recommendation is based
on the following factors: (1) observations of aftershock distri-
butions and background seismicity, (2) slip distributions from
earthquake modeling studies, and (3) an independent assessment
of seismogenic rupture by Marone and Scholz (1988). Repre-
sentative values of dy, and dj;s are given in the Contemporary
Guide.

6. Local Site Conditions

Local site conditions describe the materials that lie directly be-
neath the site. They are usually defined in terms of surface and
near-surface geology, shear-wave velocity, and sediment depth.
The latter two descriptions are preferred because they represent
parameters that can be related directly to the dynamic response
of the site profile from vertically propagating body waves or hor-
izontally propagating surface waves. Different classifications of
local site conditions used in recently published attenuation rela-
tions are defined in the Contemporary Guide. A general descrip-
tion of these classifications is presented next. A more complete
description of site effects is given in Chapter 61 by Kawase.

6.1 Surface and Near-Surface Geology

Traditionally, local site conditions have been classified as either
soil or rock. Many attenuation relations still use this simple clas-
sification. Campbell (1981) proposed that soil should be further
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subdivided into shallow soil, soft soil, Holocene or firm soil,
and Pleistocene or very firm soil, and that rock should be fur-
ther subdivided into soft or primarily sedimentary rock and hard
or primarily crystalline rock. Although this more refined ge-
ological classification has generally not been used, Campbell
and Bozorgnia (2000) empirically demonstrate the importance
of this more refined classification scheme in the estimation of
near-source ground motion. Park and Elrick (1998) and Wills
and Silva (1998) have also shown that a more refined geologi-
cal classification might be warranted based on measurements of
shear-wave velocity for different geologic units in California.

6.2 Shear-Wave Velocity

There are typically two methods for classifying a site in terms of
shear-wave velocity (Vy). The first is the average value of Vg in
the top 30 m (100 ft) of a site profile, known as 30-meter velocity.
The second is the average value of Vs over a depth equal to a
quarter-wavelength of the ground-motion frequency or period
of interest, known as effective velocity. A brief description of
these two velocity-based site parameters is given next.

6.2.1 30-Meter Velocity

The 1997 Uniform Building Code (UBC), the 1997 NEHRP (Na-
tional Earthquake Hazard Reduction Program) Recommended
Provisions for Seismic Regulations for New Buildings and Other
Structures, and the 2000 International Building Code (IBC) have
all adopted the 30-meter velocity (V) as the primary basis for
classifying a site for purposes of incorporating local site con-
ditions in the estimation of strong ground motion (see Chapter
68 by Borcherdt et al.). Seven site classes, designated S4 or A
(Hard Rock) through Sg or F (Soft Soil Profile), are defined in
terms of v, (Table 1). The value of ¥, is determined from the
formula

M=
N

Il
_

€))

el

d;[vsi

i=1

where d; is the thickness and vy; is the shear-wave velocity of
site layer i. The summation in the numerator must equal 100 ft
(30 m).

Boore et al. (1993) were the first to use site categories based on
v, in the development of an attenuation relation. In 1994, these
same authors were the first to use v, directly as a parameter in

TABLE 1 Site Classes Defined in the U.S. Building Codes

Site Class  Soil Profile Name  30-Meter Velocity, ¥s m/sec (ft/sec)
SporA Hard Rock >1500  (>5000)
Sp or B Rock 760-1500 (2500-5000)
Sc or C Very Dense Soil 360-760 (1200-2500)
and Soft Rock
Sp or D Stiff Soil Profile 180-360 (600-1200)
Sg or E Soft Soil Profile <180 (<600)
Sfpor F Soil Requiring Site-Specific Evaluation
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an attenuation relation (this same attenuation relation was later
published in Boore et al., 1997). Because of its adoption by the
building codes, v, has become the preferred site parameter to use
in engineering practice. According to Boore and Joyner (1997),
v, = 310 m/sec and v, = 620 m/sec are reasonable estimates
of 30-meter velocity for generic soil and generic rock sites in
western North America. An approximate correspondence among
values of Vg, their related site classes, and the site parameters
used in recently published attenuation relations are given in the
Contemporary Guide.

6.2.2 Effective Velocity

Joyneretal. (1981) proposed a Vs-based site parameter that is re-
lated to the nonresonant amplification produced as a result of the
energy conservation of seismic waves propagating vertically up-
ward through a site profile of gradually changing velocity. This
parameter, which was later referred to as effective velocity by
Boore and Joyner (1991), is defined as the average velocity from
the surface to a depth corresponding to a quarter-wavelength of
the ground-motion period or frequency of interest. Effective ve-
locity can be calculated from Eq. (9) by summing to a depth
corresponding to a quarter-wavelength rather than to 30 m. This
depth is given by the expression

Dyja(f) = —=r

4f > di/vsi
i=1

where T = 1/f is the period of interest. Progressively deeper
soil layers are included in the summations until the equality
Yo /vy = 1/(4f) is met.

Effective velocity is expected to represent site response better
than 30-meter velocity because of its direct relationship to the
period of the ground motion. Joyner and Fumal (1984) are the
only investigators to include it as a parameter in an empirical
attenuation relation (this same attenuation relation was later pub-
lished in Joyner and Boore, 1988). Effective velocity has found
widespread use in the calculation of site response in the stochas-
tic simulation of ground motion (see the Contemporary Guide).

i d;
- (10)

6.3 Sediment Depth

Sediment depth, also referred to as basin depth, is the depth
to basement rock beneath the site. Basement rock is a geolog-
ical term that is used to describe the more resistant, generally
crystalline rock beneath layers or irregular deposits of younger,
relatively deformed sedimentary rock. It was introduced as a
site parameter by Trifunac and Lee (1979) and later used by
Campbell (1987, 2000a) to quantify the response of long-period
response-spectral ordinates. All of these investigators have con-
tinued to use this parameter in their more recent studies (e.g.,
Trifunac and Lee, 1989, 1992; Campbell, 1997). Recently, its
importance has been recognized by several seismologists (e.g.,
Field, 2000; Lee and Anderson, 2000). Based on empirical and
theoretical considerations, Joyner (2000) found that sediment
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depth appeared to be a reasonable proxy for the effects of travel-
ing surface waves generated at the edge of a sedimentary basin.
Field and the SCEC Phase III Working Group (2000) found
that sediment depth could be used as a proxy for the three-
dimensional response of the Los Angeles basin.

7. Site Location

Attenuation relations are intended to provide estimates of strong
ground motion on level ground in the free field. This means that
the strong-motion recordings used to develop these relations
should not be located on or near a large structure, in an area of
strong topographic relief, or below the ground surface. All of
these situations have been shown to significantly modify free-
field ground motion in some situations (e.g., Campbell, 1986,
1987,2000a; Stewart, 2000). To avoid these effects, most investi-
gators exclude certain recordings from their database. However,
not all of these investigators agree on which types of recordings
should be excluded. Also, because the majority of the available
strong-motion recordings were obtained in or near a structure, it
is impossible to restrict the database to truly free-field recordings
without decimating it to the point where there are an insufficient
number of recordings for a robust statistical analysis.

It has been shown both empirically and theoretically that
recordings obtained in a large building, especially when located
on soil, or on an embedded instrument, reduce the amplitude
of ground motion at high frequencies. Therefore, it is clear that
such recordings should be excluded. The effects of other site lo-
cations are not so easily quantified. Stewart (2000) has proposed
some quantitative criteria that will help to identify which record-
ings should be excluded in the future. Different data selection
criteria used to develop some recently published attenuation re-
lations are described in the references to the attenuation relations
provided in the Contemporary Guide.

8. Tectonic Environment

The tectonic environment has a significant impact on the
amplitude and attenuation of strong ground motion. Tectonic
environment can be classified into four basic types as follows:
(1) shallow-crustal earthquakes in active tectonic regions,
(2) shallow-crustal earthquakes in stable tectonic regions,
(3) intermediate-depth earthquakes (also known as Wadati-
Benioff or intraslab earthquakes) within a subducting plate, and
(4) earthquakes on the interface of two subducting plates. The
shallow-crustal environment can be further divided into com-
pressional and extensional stress regimes. Subduction interface
earthquakes occur on the seismogenic interface between two tec-
tonic plates, where one plate (usually oceanic crust) thrusts, or is
subducted, beneath another (usually continental crust). Depend-
ing on the age of the subducting plate, this interface can occur
at depths ranging anywhere from 20 to 50 km. Wadati-Benioff
earthquakes occur within the subducting plate as it descends
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within the Earth’s mantle below the subduction interface zone.
Recently published attenuation relations representing these dif-
ferent tectonic environments are given in the Contemporary
Guide. Moores and Twiss (1995) provide a general discussion of
the different tectonic environments that are found throughout the
world. Johnston (1996) gives a map that shows the location of
stable continental regions throughout the world. Zoback (1992)
and Chapter 34 by Zoback and Zoback provide a map that shows
the distribution of compressional and extensional stress regimes
throughout the world.

9. Random Error

Random error is the scatter of the observed values of ground
motion about their predicted values. It is derived from Eq. (2)
by performing a regression analysis and calculating the stan-
dard error of estimate of In ¥ from the resulting residuals. The
basic assumption in this process, which is rarely tested statisti-
cally, is that In Y can be represented by a normal, or Gaussian,
distribution (i.e., Y is lognormally distributed).

9.1 Regression Analysis

Whether developed from empirical observations or theoretical
“data,” all attenuation relations are derived from a statistical
fitting procedure known as regression analysis. This analysis
is used to determine the best estimate of the coefficients ¢
through cg in Egs. (2) and (3) using a fitting procedure such
as least squares or maximum likelihood. Traditionally, there
have been three different methods used to perform this analysis:
(1) weighted nonlinear least-squares regression, introduced by
Campbell (1981); (2) two-step regression, introduced by Joyner
and Boore (1981) and later refined by Joyner and Boore (1994);
and (3) random-effects regression, introduced by Brillinger and
Preisler (1984). Each of these methods has its strengths and
weaknesses, but they all have the same goal of reducing the bias
introduced by the uneven distribution of recordings with respect
to magnitude, distance, and other seismological parameters. The
advantage of the latter two methods is that they provide a direct
estimate of the intra-earthquake and inter-earthquake compo-
nents of randomness (see Section 9.2).

9.2 Standard Deviation

The difference between a ground-motion observation and its
predicted value is known as a residual. The standard deviation of
the residuals is called the standard error of estimate of regression
and represents a measure of aleatory variability (randomness) in
the estimate of the ground motion. The standard deviation of
InY is calculated from the expression

1 n
Ony = |—— ) (¥ —In¥? (11)
(S
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where n is the number of observations, p is the number of re-
gression coefficients, In ¥; is the ith observation, and In ¥; is the
predicted value of the ith observation. A plot of the residuals
versus a seismological parameter can be used to identify a trend
or bias in the regression model. A bias that is observed either
visually or statistically using a hypothesis test can indicate a
problem with the functional form of the regression model or the
need to include another parameter in the model.

Itis often convenient to segregate oy, y into its intra-earthquake
and inter-earthquake components, traditionally designated ¢ and
7. Abrahamson and Youngs (1992) and Joyner and Boore (1993,
1994) give specific algorithms that can be used to estimate
intra-earthquake and inter-earthquake standard deviations from
random-effects and two-step regression analyses, respectively.
Furthermore, if the regression analysis is performed on the ge-
ometric mean of the two horizontal components of a ground-
motion parameter, equivalent to the average of the logarithms of
these two components, and the variability between these compo-
nents is desired, an additional component-to-component random
error term is needed. Referring to the three random error terms
as Gintra» Ointer ANd Geomp, the total standard deviation of In ¥ can
be given by the expression

Oy = \/Oi%ller + Uiﬁtra + o’czomp (12)

The standard deviation of In Y has been found to be a function
of magnitude (e.g., Youngs et al., 1995) and the amplitude of
ground motion (introduced by Donovan and Bornstein, 1978,
and later statistically defined by Campbell, 1997). However, not
all attenuation relations take these dependencies into account in
defining the value of oy, y. These dependencies can be signifi-
cant and will always result in relatively lower estimates of o, y at
larger magnitudes or higher ground-motion amplitudes. Lower
estimates of standard deviation can lead to a significant reduc-
tion in deterministic estimates of ground motion at the upper
percentiles of the ground-motion distribution and in probabilis-
tic estimates of ground motion at the longer return periods of
the seismic hazard curve.

9.3 Predicted Value

Because the predicted value of ground motion from Eq. (2) is the
logarithm of Y, it represents the mean of In ¥ or equivalently the
SO‘h-percentile (median value) of Y. The median is the value of
Y that is exceeded by 50% of the observations and is, therefore,
the value of Y that is expected to have a 50-50 chance of being
exceeded by a future recording. The 100(1 — o)-percentile esti-
mate of the mean of n( future observations of In Y is statistically
defined by the expression (Draper and Smith, 1981)

2

InY,_o =InY +1,(x) Tiny + o2

1o Y (3)

where #,(o) is the Student’s ¢-statistic for an exceedance proba-
bility of o and for v = n — p degrees of freedom (this statistic
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can be found in any statistics book) and op, is the standard
error of the mean value of In ¥ excluding random error (Draper
and Smith, 1981). The 100 (I — o)-percentile estimate of a sin-
gle future observation of In Y, the most common application of
Eq. (13), is calculated by setting ny = 1.

Equation (13) is most commonly used to calculate the
100(1 — o)-percentile estimate of a single future value of In ¥ by
setting o7 = 0 and replacing the ¢-statistic with the standard
normal variable, giving

InY,_o, =InY 4+ z 01y (14)

where z,, is the standard normal variable for an exceedance prob-
ability of o (this variable can be found in any statistics book).
Although statistically incorrect, the use of Eq. (14) does not
result in significantly different results, except when the regres-
sion model is based on very few recordings, in which case the
t-statistic should be used, or when the predicted value is based
on an extrapolation of the regression equation, in which case the
value of o3 cannot be neglected.

The most common application of Eq. (14) is to estimate the
median or 50th-percentile value of Y (o = 0.5) by setting z,, = 0,
or to estimate the 84th-percentile value of Y (o = 0.16) by set-
ting z, = 1. The 84th-percentile is often used as a conservative
estimate of Y to use for the design of important facilities. Epi-
stemic uncertainty in these estimates is usually incorporated by
using more than one attenuation relation to estimate Y.
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Editor’s Note:

Due to space limitations, a supplemental contemporary guide to
strong-motion attenuation relations is included as a computer-
readable file on the attached Handbook CD under the directory
\60Campbell. Also included in this directory is a supplemental
electronic workbook that can be used to evaluate the attenuation
relations and other engineering models that are presented in this
Contemporary Guide.
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Site Effects on Strong
Ground Motions

1. Introduction

Site effects play a very important role in characterizing seismic
ground motions because they may strongly amplify (or deam-
plify) seismic motions at the last moment just before reaching
the surface of the ground or the basement of man-made struc-
tures. Because of the high level of amplification caused by site
effects, which can be almost two orders of magnitude, we can-
not neglect them in engineering practice. The purpose of this
chapter is to review the essential aspects of site effects on strong
ground motions.

For much of the history of seismological research, site effects
or the effects of surface geology have received much less atten-
tion than they should, with the exception of Japan, where they
have been well recognized through pioneering works by Sezawa
and Ishimoto as early as the 1930s (Kawase and Aki, 1989). A
typical example can be found in a paper by Hudson (1972), who
found no strong correlation between the strength of observed
ground motion and the surface geology of the stations for the
San Fernando earthquake dataset. The situation was drastically
changed by the catastrophic disaster in Mexico City during the
Michoacan, Mexico earthquake of 1985, in which strong ampli-
fication due to extremely soft clay layers caused many high-rise
buildings to collapse despite their long distance from the source.
The real cause of the observed long duration of shaking during
the earthquake is not well resolved yet even though considerable
research has been conducted since then (e.g., Bard et al., 1988;
Kawase and Aki, 1989; Singh and Ordaz, 1993; Chavez-Garcia
and Bard, 1994; Furumura and Kennett, 1998). However, there
is no room for doubt that the primary cause of the large ampli-
tude of strong motions in the soft soil (lakebed) zone relative
to those in the hill zone is a simple one-dimensional (1-D) site
effect of these soft layers.

Hiroshi Kawase

Graduate School of Human Environment Studies, Kyushu University, Fukuoka, Japan

The time was right when the joint working group of IASPEI
and TAEE on the effects of surface geology (ESG) on strong
motions was formed in 1985 as an international task force for
promoting and coordinating research in this field (Kudo et al.,
1992). As a result of their activity, international symposia have
been held twice, both in Japan, in 1992 and 1998, where many
ongoing activities have been reported. Interested readers should
refer to the proceedings of these symposia (JWG-ESG, 1992;
Irikura et al, 1998).

There are plenty of ways to estimate site effects. The simplest
way is to characterize them in terms of soil-type classification.
Such soil-type specific amplification factors were implemented
in the first version of the Japanese building code as early as the
1950s. Problems associated with such an idea are discussed in
detail by Aki (1988), who concluded that the conventional broad
classification of soil types is not effective for characterizing site
effects. Because site amplification factors are strongly frequency
and site dependent, any averaged values for different sites with
the same site category yield relatively small and flat frequency
characteristics, which is far from the reality at any sites in that
category. Unfortunately, the soil-type approach continues to be
a favored way to characterize site effects. Because our space is
limited and further encouragement of the soil-type approach is
not appropriate, we skip a review of studies for that approach.

Another empirical approach is to obtain site amplification fac-
tors in the frequency domain directly from the observed records.
The observed ground motion itself is the final product of source,
path, and site effects, so we need a way to extract only the site
effects from the data. A basic but effective approach is to take
spectral ratios of two adjacent records with different soil con-
ditions. An ideal case is a free-field site on an intact hard rock
outcrop next to a site on soft sedimentary layers. In reality, it
is hard to find a site-effect-free reference site either because
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topographic irregularities around the site or weathered layers
below the site yield strong site effects or because such a refer-
ence site is situated far away from the target site.

If we install borehole stations just beneath the surface sta-
tion, i.e., conduct downhole measurements, then we can directly
observe wave propagation phenomena between these stations.
We should note, however, that a borehole seismogram inside
the bedrock is not the same as an outcrop rock motion. In the
borehole station we observe both incident waves coming up from
below and reflected waves going back from the surface. Spectral
ratios of surface records with respect to borehole records have
predominant peaks either due to the amplification of surface soils
or due to the interference (i.e., cancellation) of incident and re-
flected waves. Another drawback of borehole measurements is
their high cost compared to a surface implementation.

Another recent innovation for finding site characteristics is
to take ratios of horizontal to vertical components (H/V). We
only need one three-component station on the surface. However,
the physical meaning of the ratio is not so easy to interpret.
And neither borehole ratios nor H/V ratios directly represent
the real soil amplification relative to the unit input, so we also
need to simulate these observed spectral ratios through physical
modeling.

Physical modeling of the ground as a medium of seismic wave
propagation from the source to the receiver or from the reference
position to the receiver is the most rigorous approach to charac-
terizing site effects. By modeling the ground theoretically, we
can simulate ground motions for any arbitrary source of vibra-
tion. If the incident wave is so intense that soft-soil sediments go
to the nonlinear regime, then we can introduce a nonlinear consti-
tutive relationship in the physical model. If the layered structure
is very complicated and has lens-like structures here and there,
then we can construct irregular interfaces between layers to re-
produce wave propagation and scattering through these inter-
faces. Once we establish an appropriate physical model around
a target site, any kind of strong-motion prediction becomes
possible.

The down side of this approach is that we must invest time and
effort to characterize and model the ground, to develop theoret-
ical or numerical methodologies, and to collect observed data.
Once we have an initial model of the ground, an initial technique
to solve the problem, and an initial database of observed data,
we can calibrate our model and method to the observed data. If
the initial matching with data is not satisfactory, then we will
upgrade either our model or our method, or both. We may need
additional data to constrain the model more strongly. The impor-
tance of such ongoing activity in the model-oriented approach
is emphasized by Kawase (1993), who characterized the ground
modeling, numerical technique development, and strong-motion
observation as a triadic structure of the site-effect studies. We
would like to emphasize here the importance of the calibration
phase in the physical modeling approach because any results
from modeling are just hypothesized ones if not calibrated. In
this chapter we devote ourselves mainly to this modeling ap-

Kawase

proach because this is the most efficient way to quantitatively
characterize site effects in the long run.

2. Physical Modeling of Site Effects

When we model physical behavior of the actual ground by a
seismic disturbance, we must introduce some kind of simpli-
fication because the actual ground is extremely complex in a
three-dimensional manner. The simplest model of the ground
is a homogeneous full-space, in which there is no site effect
because there are no boundaries and no interfaces. The second
simplest model is a homogeneous half-space, in which interac-
tion with reflected waves may give very conspicuous amplifi-
cation in a critical incidence (Aki, 1988) and Rayleigh waves
may transport a significant part of wave energy for a shallow
source. Although theoretically interesting, these models are too
simple to be meaningful models for site-effect studies. We must
at least take into account the impedance contrast due to younger
sediments overlying older bedrock. When we assume a horizon-
tally homogeneous but vertically varying medium, we can call it
a one-dimensional (1-D) medium. Literally speaking, we could
also consider a 1-D medium varying only in one horizontal axis,
as is the case of a fault gouge deep inside the Earth. However,
for most of the cases in site-effect studies a 1-D medium means
a vertically varying structure.

If we introduce another variation in one horizontal axis, then
it will be a two-dimensional (2-D) medium. Naturally, if we have
variations in both horizontal directions then it will be a three-
dimensional (3-D) medium. As the number of varying dimen-
sions increases, the degree of complexity in wave propagation
increases and so does the difficulty of modeling and calcula-
tion. We will start from 1-D modeling of site effects, including
theoretical and observational aspects and a brief look at non-
linear problems. Then we review 2-D/3-D modeling in which
we see several interesting phenomena due to constructive (and
destructive) interference by different types of waves.

If the spatial variation is only on the surface of a homoge-
neous medium, the effects of such a surface irregularity, often
called a topographic irregularity, should be much simpler than
the variation inside the medium. In the last section we briefly
describe topographic effects.

2.1 One-D Model
2.1.1 Amplification Factor

A very simple yet quite meaningful physical model of the ground
for characterizing site effects is a single layer over a half-space
extending infinitely in the horizontal direction. The frequency
characteristics of the amplification factor for this 1-D two-
layered model can be obtained by solving a simple wave equa-
tion of sinusoidal (e'®") input. In the case of vertical incidence
of body waves, either S waves or P waves with propagation
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speeds of B, in the half-space and B, in the layer, to the layer
with the thickness of h, we have the well-known amplification
factor as

|U1(w)| = 2.0{cos’(k1h) + y? sin*(k h)} /2 )

where x¥; = /B, is the wavenumber in the surface layer and
v = pB1/poBy is the impedance contrast of two media in which
pp and p, are the densities of half-space and the surface layer. If
the angular frequency @ = 2nf becomes zero, then Eq. (1) yields
anumerical value of 2.0, the amplification due to the free surface
of a half-space. When we compare the observed spectral ratios
with respect to the outcrop motion, then we need to normalize
|U; (w)| by 2.0. We should note that at the resonant frequencies
where k;h = n(2n 4+ 1)/2(n = 0, 1, 2,...) the maximum am-
plification factor is equal to twice the inverse of the impedance
contrast, 2y~!.

If we calculate the amplification factor of the surface with
respect to the ground motion at the bottom of the surface layer,
i.e., borehole at the depth of h, then

[Ui(@)/Ug(@)| = {cosxih)} ™! @)

The amplification factor is independent of the impedance con-
trast and becomes infinite at the same resonant frequencies, i.e.,
kth=n(2n+1)/2(n =0, 1, 2,...). This is due to perfect can-
cellation of incident and reflected waves at the borehole level.
Because it does not depend on the impedance contrast of the
surface layer, even a half-space gives exactly the same amplifi-
cation factor as any two-layered structure. We should also note
that if the impedance contrast is zero, Eq. (1) becomes Eq. (2)
except for the factor of 2.0. This means that the amplification
factor relative to the borehole motion corresponds to the ampli-
fication factor of a structure with a rigid basement. In reality,
we have intrinsic as well as scattering attenuation in the media
so that the amplification factor always remains finite. Also, lay-
ering within surface sediments makes the amplification factor a
function of impedance and thickness of each layer even for the
surface/borehole spectral ratios. A complete calculation for any
multiple-layered structures for arbitrary incidence of body wave
is quite easy using the Thomson-Haskell matrix (e.g., Haskell,
1960) or the Propagator matrix (e.g., Aki and Richards, 1980).

In the case of a borehole measurement, we usually have an
advantage for modeling as a by-product. That is, we usually
conduct geotechnical as well as geophysical exploration when
we excavate a hole before installing the instrument. This in-
formation is invaluable because it is an in-situ measurement
independent from seismic observation. In particular, an S-wave
velocity profile obtained by either P-S logging or suspension
logging is important because the S wave usually has larger am-
plitude as input, stronger contrast between layers, and therefore,
greater effect on the amplification factor. Once we obtain a 1-D
structure by such an exploration, we can calculate site amplifi-
cation factors using it as an initial model. Usually a 1-D model
can give quite satisfactory results on average, but it is difficult
to have exact matching on all the peak frequencies observed.
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Before introducing more complicated 2-D/3-D modeling, we
should refine and improve our 1-D model as much as possible.
Damping factors, or Q values as an inverse of damping, of sur-
face layers are especially difficult to measure independently
so that the calibration procedure is almost the only way to get
their realistic values. Here we would like to show an example of
such a procedure to get realistic 1-D models for several borehole
stations.

2.1.2 Simulation

In the paper by Satoh er al. (1995a), the primary goal of the
analysis is to obtain the so-called “engineering bedrock waves”
from observed ground motions recorded in the borehole with
various types of soil conditions. The definition of the engineer-
ing bedrock can depend on the purpose of the study, but usually
it is Tertiary rock or hard Pleistocene commonly found in the
studied region with some constraints on its geotechnical and
geophysical properties. Satoh et al. (1995a) defined their engi-
neering bedrock as the layer of sedimentary rock of Pliocene or
earlier age with an S-wave velocity of 500 m/sec or larger and
a SPT (Standard Penetration Test) blow count of 50 or more.
From an engineering point of view, it is desirable to predict
ground motions directly on the engineering bedrock on which
foundation systems of important buildings and civil engineering
structures will be constructed. Satoh et al.’s procedure for ob-
taining the engineering bedrock waves is as follows. First they
identified a 1-D soil structure for each site using spectral ra-
tios between surface and borehole records observed at each site
among eighteen small- to moderate-sized (3.4 < Mjma < 7.1)
earthquakes. Then they calculated the theoretical 1-D transfer
function of the ground motion at the borehole level to the input
motion at the engineering bedrock level and deconvolved it from
the observed borehole record.

Dataused were recorded by twelve borehole stations deployed
in Sendai City, a cultural center of the Tohoku district, Japan, as
shown in Figure 1. Among the twelve stations, two are situated
on outcrops of the engineering bedrock so that the remaining
ten stations are the targets of deconvolution. The initial S-wave
velocity model for each site was developed from the P-S log-
ging profile. The initial damping factors are determined to be
0.1f795 for softer sites or 0.3f% for harder sites through sev-
eral preliminary tests. Depths of the ten boreholes range from
27 to 81 meters.

The scheme of inversion for an optimal S-wave velocity and
damping structure is a modified quasi-Newton method for the
residual between a theoretical spectral amplification factor and
an observed one. Layer properties between surface and bore-
hole are identified and the remaining structure is assumed to be
the same as the P-S logging. In their paper, the authors per-
formed the inversion analyses for each horizontal component
for each earthquake independently. This yields the best struc-
ture for each observed ratio and, hence, the most site-effect-free
engineering bedrock wave. In most of the previous studies based
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FIGURE 1 Twelve borehole stations deployed in Sendai City, a cultural center of the Tohoku district, Japan,

used in Satoh et al. (1995a).

on the borehole data, the average of the observed ratios was de-
termined first and then used as a target of inversion. If we use
an averaged amplification ratio, the inverted structure may be
not an averaged structure of the real ground but a smoothed one
because of the stochastic nature of observed spectral ratios. This
is especially true for the damping factor, which is very sensitive
to peak values. Once we average observed ratios for different
components for different earthquakes, the peak values are then
smeared out so that the damping tends to be overestimated. If
spectral ratios at a site are not stable and need to be averaged,
then it means that the site effect there is not simple enough to
be characterized by a 1-D model.

Figure 2 shows examples of the spectral ratios of all ten sta-
tions by one earthquake, EQ9101, for the EW component. A ver-
tical line in each figure is the upper frequency limit for which the
optimization is enforced. The matching between data and the-
ory is quite good up to this high-frequency limit, especially at
softer sites such as NAKA, OKIN, SHIR, and ARAH. Note that
the peak amplification factors reach more than 10 primarily be-
cause these factors are of surface/borehole factors as in Eq. (2).
In Figure 3, the authors compare the observed spectral ratios at
NAKA and SHIR with two theoretical ones, namely, the opti-
mal structures determined as previously mentioned and the pre-
defined ones using the P-S logging velocities and a frequency-
independent (2%) damping factor. At SHIR peak frequency shift
between the observed ratio and that of the predefined model is
apparent. Although the difference is small, this prompts us to

refine the S-wave velocity structure to get the best matching.
The differences of S-wave velocities between the initial models
(=P-S logging values) and the optimal ones are about 10% in
softer (<200 m/sec) layers and less than that in harder layers.
It is interesting to note that for most of the layers, the optimal
values are smaller than the P-S logging values. Figure 3 also
shows the importance of the frequency dependency in damping
factors to explain spectral ratios in a wider frequency range. The
obtained frequency dependency in damping factors (as power of
frequency) range from 0.46 to 1.15, mostly centering around 0.8.
The frequency dependency is not negligible because the spectral
ratio between surface and borehole is controlled by the damping
factor of soil layers between them.

Figure 4 shows the final spectral ratios at twelve stations with
respect to the engineering bedrock waves at one station, ORID,
averaged for all the data analyzed. Thick solid lines represent
ratios of engineering bedrock waves, while thin solid lines repre-
sent those of surface records, and thin dotted lines represent the
borehole records. The engineering bedrock waves are running
between these observed data and are close to unity. We should
note that the borehole records show quite deep troughs, which
is exactly as expected from Eq. (2). Amplification higher than
the lowest frequency of such troughs, shown by solid triangles,
should be real amplification due to shallow soil layers, while
amplification or deamplification lower than that, such as those
shown by small arrows, should be due to a deep basin structure
below the engineering bedrock.
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FIGURE 2 Examples of the spectral ratios of EW component between surface and borehole stations observed at all the ten stations

during an earthquake of Mjya4.7, EQ9101 (Satoh et al., 1995a).

In conclusion, Satoh et al. (1995a) show that 1-D structures
are capable of representing the basic characteristics of the site
amplification due to shallow sedimentary layers if S-wave ve-
locities and damping factors are properly assigned. We should
note, however, that the assumed physical models in this study
are considered to be equivalent ones, which are determined to
reproduce the observed spectral ratios. For example, damping
factors obtained here range from 10% to 50% at 1 Hz, which
is quite large as a value of intrinsic attenuation of normal soft
soil. These values should be the result of many plausible factors
not considered in the simple 1-D model used, such as, 2-D/3-D
basin effects, stochastic nature of incident waves, incidence an-
gle rotation, different types of incident waves, and so on.

The effectiveness of such 1-D modeling in reproducing spec-
tral ratios between observed surface and borehole records has

also been reported by others such as Takahashi er al. (1988),
Seale and Archuleta (1989), Kinoshita (1992), Kobayashi et al.
(1992), Satoh et al. (1995b), and numbers of papers collected
in the proceedings of the second International Symposium on
the Effects of Surface Geology (Irikura ef al., 1998). In these
proceedings, a good review by Archuleta (1998) on the recent
borehole studies in the United States can be found.

2.1.3 Nonlinearity

If an input motion to soft-surface layers becomes so intense that
the shear stain built up inside the layer reaches a certain thresh-
old, then soil behaves nonlinearly. Soil nonlinearity is charac-
terized by reduction of shear rigidity and, hence, reduction of
shear wave velocity, and increase of damping factor. In terms of
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FIGURE 3 Comparisons of the observed spectral ratios at NAKA
and SHIR (thick solid lines) with two theoretical ones, namely, the
optimal structures determined by the inversion (thick broken lines) and
the predefined ones using the P-S logging velocities and a frequency-
independent damping factor of 2% (thin solid lines). Reproduced from
Satoh et al. (1995a).

site effects, this results in prolongation of the predominant pe-
riods and reduction of amplification factors. In the geotechnical
engineering field, nonlinearity in the soil as a microscopic (on
the order of centimeters) level has been real and obvious based
on laboratory experiments. Using a shear rigidity reduction fac-
tor and a damping increasing function in relation to the shear
strain established by such laboratory experiments, Schnabel
et al. (1972) proposed and distributed the famous SHAKE
computer program. SHAKE combines a multiple 1-D wave
propagation theory with these relationships as an equivalent lin-
ear method. In the equivalent linear method, iterative calcula-
tions are performed until convergence of the material properties
used in the former calculation and the material properties in rela-
tion to the calculated strain is achieved. In essence, the equivalent
linear method works if we focus our attention to only the major
part of the seismogram with maximum strain.

On the other hand, the seismological community had been
reluctant to accept the concept that nonlinearity was happening
in a pervasive manner until Chin and Aki (1992) proposed a
seismological method for finding evidence of nonlinearity in
the observed strong-motion data. In similar work, Field et al.
(1998) compared relative site responses for the mainshock and
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aftershocks of the Northridge earthquake sequence and reported
a large difference between them. Although the data in these
studies are extensive, they are indirect evidence of nonlinearity.

InJapan, borehole measurements are quite common and much
strong-motion data has been observed in boreholes embedded in
soft sediments. One example is a paper by Satoh et al. (1995b) in
which the authors inverted soil properties between borehole and
surface sensors and found quite good matching between the re-
lationships of the calculated shear rigidity and damping factors
to the shear strain and those of laboratory testing. Shear rigidi-
ties obtained by the equivalent linear method and those obtained
by the inversion also coincide with each other, and both meth-
ods explain observed surface seismograms much better than the
linear model determined by the inversion for a low strain input.
Even for quite a strong level of input, such a scheme seems to
work as Satoh et al. (1998) recently showed for borehole data
of the Hyogo-ken Nanbu earthquake.

In the case of loose sand saturated by water, soil under strong
shaking becomes liquefied because pore water pressure built up
by shear strain destroys the grain structure. After much effort by
the engineering community, we can now simulate ground mo-
tions on the surface of liquefied soil more or less quantitatively.
A good example can be found in Kawase et al. (1996), who
succeeded in reproducing Port Island borehole records during
the Hyogo-ken Nanbu earthquake based on the 1-D effective
stress analysis code developed by Fukutake et al. (1990). Many
interesting papers, including one review paper on nonlinearity,
are found in the proceedings of Irikura et al. (1998).

2.2 Two-D/three-D Models
2.2.1 Basin-induced Surface Wave

In 1-D modeling of soil layers, we assume that the soil lay-
ers are flat and extend infinitely in the horizontal directions.
In reality, soil and sedimentary rock layers are confined by the
surrounding intact rock to form sediment-filled basins. At the
edge of the basin, strong diffraction takes place due to a large
velocity contrast. In case of vertically or near vertically incident
body waves, such diffraction at the edge creates basin-induced
diffracted waves, which are transformed into surface waves very
quickly. The basin-induced surface waves will propagate in the
horizontal direction inside the basin, back and forth. Under nor-
mal circumstances these basin-induced waves will arrive later
than the direct body waves on the surface of the basin simply be-
cause aspect ratios (horizontal extent/vertical extent) of normal
basins are quite large and so surface waves have a longer distance
to travel. A site close to the edge of the basin is an exception to
this condition and if the shape of the basin edge is sharp (i.e.,
if the slope is steep), the edge-induced waves arrive at the same
time as body waves, so that a strong constructive interference
takes place. Kawase (1996) called such a phenomenon “the Edge
Effect” and attributed the damage concentration formed during
the Hyogo-ken Nanbu (Kobe) earthquake to it. Some details on
the edge effect will follow later.
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FIGURE 4 Final spectral ratios at twelve stations with respect to the engineering bedrock waves at one station,
ORID, averaged for all the data analyzed. Thick solid lines represent ratios of engineering bedrock waves. Thin
solid lines represent ratios of surface records. Thin dotted lines represent those of borehole records. Solid triangles
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probably due to the deeper basin amplification (Satoh et al., 1995a).
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used in Kawase and Aki (1989).

Let us go back to the basin-induced surface waves. Observa-
tional evidence of the basin-induced surface waves was reported
for the first time by Toriumi (1975), who found distinctive later
arrivals in the ground motions observed in the Osaka basin. At
that time, no clear interpretation of the physical entity of the
wave was given, but later it was confirmed to be basin-induced
surface waves (Toriumi, 1984; Kagawa et al., 1992). Compre-
hensive theoretical demonstration of this type of wave was made
by Bard and Bouchon (1980) using many synthetic seismo-
grams along the surface of a basin, calculated by the Aki-Larner
method (Aki and Larner, 1970). Synthetic waveforms at sev-
eral points for the same basin had been presented before (e.g.,
Boore 1972; Hong and Helmberger, 1978), but we cannot see
clear wave propagation phenomenon without dense spatial sam-
pling. Basic wave generation and propagation phenomena for a
basin subject to incident body and surface waves can be better
understood in the follow-up work by Kawase and Aki (1989),
who used the so-called discrete wavenumber boundary element
method (DWBEM) to obtain responses of a trapezoidal 2-D
basin as shown in Figure 5. The responses of the basin for verti-
cally incident SH waves with the time-domain shapes of Ricker
wavelets with two different characteristic frequencies, namely,
0.25Hz and 0.5Hz, are plotted in Figure 6. We can clearly see
that surface waves, Love waves in this case, are generated at
the edges and propagate toward the opposite side. At the other
side of the edge, a part of the surface wave energy is reflected
back to the basin and the rest passes through to the surround-
ing rock. This symmetric generation and propagation of surface
waves forms x-shaped wave patterns on the basin surface, their
amplitude gradually decreasing as time goes by. As for the di-
rect S-wave part, the amplitudes are the same on the surface of
surrounding rock and in the flat part of the basin, but they are
largest near the edges because of the constructive interference
of the direct S-wave and the basin-induced surface waves—the
edge effect.

Development of the theoretical techniques for irregular un-
derground structures, including the Aki-Larner method and
DWBEM, has been reviewed by Sanchez-Sesma (1987), Aki
(1988), Kawase (1993), and Takenaka et al. (1998), among

Kawase

others. Through the development of such techniques and rapid
increase of computational power, we have made it possible to
simulate observed ground motions using 2-D/3-D models of re-
alistic underground structures. Two examples of such simulation
studies that try to reproduce observed strong motions by physical
modeling of the ground are described following.

Kawase and Sato (1992) used strong-motion data and geolog-
ical data distributed for a blind prediction experiment conducted
by the Japanese Working Group on Effects of Surface Geology
(Kudo et al., 1992). First they analyzed observed ground mo-
tions at two stations on the soft soil inside the Ashigara basin.
Figure 7 shows observed accelerograms and their nonstationary
spectra at the station S8 during the East off Chiba earthquake.
We can see a very isolated later phase at about 40 seconds in
the N30°W component whose predominant period ranges from
1.0 to 1.5 second. Based on the polarization and an apparent
group velocity between two stations, it is interpreted to be the
basin-induced Love wave. We cannot see any similar later phases
either in the N60°E component or in the horizontal components
of the record on the surrounding rock. Kawase and Sato (1992)
constructed a 2-D model, shown in Figure 8, and obtained its
response by using their own finite element code similar to those
used by Lysmer and Waas (1972). The convolution with a nearby
rock record yielded the Fourier spectra indicated by a dashed
line in Figure 9. For comparison, synthetic spectra using a 1-D
model (dotted lines) as well as the observed spectra (solid lines)
are shown. It is clear that the 2-D model gives additional am-
plification in the N30°W component at around 1.5 Hz, which
is a little higher than the observed spectral peak at around 1
Hz; the amount of additional amplification is enough to fill the
gap between the 1-D model and the observed Fourier spectra.
Note, however, that spectral shapes of both 1-D and 2-D mod-
els coincide with the observed shapes in the frequency range
higher than 2 Hz (for 2-D up to 5 Hz, maximum frequency
for the finite element mesh). We should also note that there is
no need to introduce a 2-D model for the N60°E component.
The discrepancy of the 2-D amplification frequency between
the model and reality is attributable to inappropriate modeling
of soil layers between the edge of the basin and the site. Be-
cause the major part of the spectra is well reproduced by the
1-D model, we need to assign much softer properties for the
layers in the traveling path of the surface wave. Unfortunately,
the authors did not have any information on the properties of
layers other than the P-S logging data at two borehole sites, so
the simulation remained a qualitative one. However, the impor-
tant lesson here is that a soil column just below the site controls
the 1-D response, while the whole path from the edge to the site
controls the 2-D response. Thus, we need much wider structural
information for 2-D models than for 1-D models. This study also
suggests that 1-D response should work for most of the cases and
we should introduce 2-D/3-D models only if data show such a
necessity.

Another simulation was provided by Hatayama et al. (1995)
for an array measurement in the eastern part of the Osaka basin.
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FIGURE 6 Responses of a trapezoidal basin for vertically incident SH waves with the time-
domain shapes of Ricker wavelets with two different characteristic frequencies, namely, (a) 0.25Hz

and (b) 0.5Hz.

In Figure 10, they compared the synthetic responses at four
stations inside the basin calculated by their own 2-D boundary
element code with the observed records. The topmost traces are
for the rock motion used as a reference. The observed records
inside the basin show clear propagation of the basin-induced sur-
face waves, which is labeled as SL1 at the trace of OSA. They
confirmed that this later phase was Love wave propagating from
east to west based on a small array measurement near the OSA
station. They succeeded in reproducing the basin-induced Love
wave at OSA, but its peak amplitude was only half of the ob-
served. They used relatively high Q, 100 for sediments, so it
may be difficult to increase the amplitude by adjusting Q values.
Similar amplitude deficiency for basin-induced surface waves

in 2-D/3-D models has been commonly reported in the litera-
ture (e.g., Yamanaka et al., 1989; Graves, 1998). This suggests
that further study is necessary for the soil properties between
the basin edge and the site to better simulate the basin-induced
surface waves.

2.2.2 Edge Effect

Near the edge of a basin, generation and propagation of basin-
induced diffracted and surface waves and incidence of body
waves from the bottom of the basin are taking place simultane-
ously. If they meet in phase at some point, then constructive inter-
ference happens and amplitude of ground motion there becomes
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FIGURE 8 A two-dimensional model used by Kawase and Sato (1992) for the simulation.

much larger than a simple 1-D response. This amplification ef-
fect near the edge of the basin was named “the (Basin) Edge
Effect” by Kawase (1996). The damage concentration found in
Kobe during the Hyogo-ken Nanbu (Kobe) earthquake, often
called the damage belt because of its large length (~20 km)
compared to its small width (~1 km), was created as a conse-
quence of both source extension along the strike of the dam-
age belt and the edge effect along the northwestern edge of the
Osaka basin. Kawase (1996) used a 2-D rectangular basin to
simulate the observed strong motions in Sannomiya, downtown
Kobe, where a heavy damage concentration was formed near the
JR Sannomiya station. He showed snapshots for 1 Hz Ricker

wavelet input in the vertical cross section to delineate the mech-
anisms of constructive interference happening near the edge of
the basin. After his paper, Inoue and Miyatake (1997) showed
snapshots of surface velocity response for a moving dislocation
(strike-slip) source. They attributed the cause of the damage belt
primarily to the source effect, rather than the edge effect, because
it looks as if a high-amplitude zone is moving as rupture prop-
agates. However, in defending Kawase’s hypothesis, Kawase et
al. (1998a) showed that the edge effect is present whatever the
source of incident wave, and a 1-D response of the basin with-
out the constructive interference with the edge-induced waves is
not sufficient to cause the damage concentration seen in Kobe.
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More quantitative simulation for Kobe can be found in Mat-
sushima and Kawase (1998), where a complex rupture process
and a 3-D basin model were used in their finite difference cal-
culation. Pitarka et al. (1997, 1998) support the idea of the
basin-edge effect in Kobe. An introduction of the essential part
of the edge effect study of Kawase et al. (1998a) is presented
following.

Figure 11 shows a simple 2-D rectangular basin model used in
the analysis. Kawase et al. considered three different models: 1)
a simple 2-D model, 2) a 2-D model with a reflection layer in the
rock side, and 3) a 2-D model with a reflection layer in the basin
side. The reason for embedding a reflection layer in only one
side of the model space is to separate incident and reverberated
S waves in the basin (=1-D response) and the basin-induced
diffracted/surface waves (=2-D additional amplification). An
assumed incident wave was a vertically incident S wave with
a bell-shaped function of about 1 second of the predominant
period. The left panel of Color Plate 25 shows the whole response
of a simple 2-D model, while the center panel and the right panel
show responses of a 2-D model with rock-side reflection (called
Rock-S-cut model), and a 2-D model with basin-side reflection
(called Basin-S-cut model), respectively. In the center panel of
Color Plate 25, clear vertical propagation and reflection of the
S wave can be seen only in the basin side. This is a normal
1-D response of the basin. In the right panel of Color Plate 25,
when an incident S wave in the rock side hits the surface, strong
energy concentration appears at the edge and it radiates energy
to the basin quite efficiently. The edge-induced waves, which are
transforming themselves into surface waves quite rapidly as they

propagate, have two distinctive phases that are indicated by open
and solid triangles in the right panel of Color Plate 25. The faster
phase consists primarily of diffracted P wave and a higher mode
of Rayleigh wave, while the slower phase consists primarily of
diffracted S wave and the fundamental mode of Rayleigh wave.
The constructive interference mentioned in Kawase (1996) was
only with the faster phase. Although the lobe of the faster phase
is larger, the conspicuous amplification near the edge found for
the realistic input (Figure 6 in Kawase, 1996) is mainly caused
by the constructive interference with the slower phase. Note
that these two phases of the edge-induced waves have opposite
signs, the faster one sharing the same sign as the input. Thus for
quantitative evaluation of the interference with the slower one,
the waveform of the incident S wave is very important.

The basin-edge effect is not an extraordinary phenomenon
found only in Kobe. Any kind of a basin edge would have the
edge effect, although the degree of interference depends on the
edge shape as well as the input waveform. An example for
the northern edge of the great Los Angeles Basin near Santa
Monica was reported by Graves et al. (1998), who succeeded
in explaining velocity waveforms of the observed ground mo-
tion record at Santa Monica City Hall during the Northridge,
California, earthquake of 1994.

2.2.3 Basin-transduced Surface Wave

If a source is distant and shallow, then the incident wave to a
basin will consist mainly of surface waves. When they reach
the basin, a part of the incident wave energy is reflected back
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FIGURE 11 A simple 2-D rectangular basin model used in the anal-
ysis of the basin-edge effect (Kawase et al., 1998a). In addition to the
normal basin, two variations are considered. One has a reflection layer
only below the rock surface (Rock-S-cut model) and the other has the
same reflection layer only below the basin (Basin-S-cut model).

but the rest is impinging into the basin. At the edge, complex
transformation from one mode of surface waves for the sur-
rounding rock to different modes for the basin sediments, i.e.,
mode conversion between two different media, is taking place.

Kawase

Kawase (1993) called these types of surface waves inside the
basin basin-transduced surface waves. In this case, we do not see
two distinctive phases as seen in the case of the basin-induced
surface wave. Instead, we see continuous arrivals of long-period
waves from the beginning because mainly basin-transduced sur-
face waves exist.

The existence of basin-transduced surface wave is reported
by Hanks (1975), who showed a series of displacement seis-
mograms recorded during the San Fernando, California, earth-
quake of 1971. For the rock sites near the source, the duration
of displacement records is short and the waveform is sim-
ple, while those inside the Los Angeles basin are quite long
and dispersed. Hanks (1975) noted that despite the relatively
short distance from the fault, the observed waveforms inside
the basin have the characteristics of surface waves. Continu-
ous arrivals of relatively short period (~3 seconds) waves are a
clear indication of basin-transduced surface waves. Later, Vidale
and Helmberger (1988) succeeded in simulating these observed
velocity seismograms in the San Fernando and Los Angeles
basins. Figure 12 shows the comparison of filtered transverse
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FIGURE 12 Comparison of filtered transverse components of the
observed velocity records in the San Fernando and Los Angeles basins
during the San Fernando earthquake of 1971 with those of the synthetics
by Vidale and Helmberger (1988).
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components of the observed velocity records with those of the
synthetics. The matching of the synthetics with the data is gen-
erally very good. But we should note that source properties are
controlled so as to match the synthetics with the observed at
D068 and therefore the synthetics are not fully theoretical but
similar to the convoluted ones with a reference record. Complete
physical modeling of source, path, and site could be possible for
simulation with basin-transduced surface waves because their
predominant period tends to be longer than a few seconds. One
pioneering work of this kind was done by Sato (1990, repro-
duced in Kawase, 1993), who succeeded in simulating long-
period basin response of the Osaka basin during Kita-Mino,
Japan, earthquake of 1961 by using the so-called thin-layer
element method (TLEM) combined with reciprocity. Recently,
Sato et al. (1999) show remarkably well-reproduced results of
the displacement records observed at Tokyo during the Kanto
earthquake of 1923, which is shown in Figure 13. They used a
small recent earthquake that occurred near the hypocenter of the
Kanto earthquake as a calibration event to refine the basin struc-
ture used in their 3-D finite difference calculation. 3-D basin
effects can be clearly seen in Figure 14, in which they com-
pare the observed records with 1-D and 3-D calculations. Note
that before using the 3-D basin structure, they calibrated source,
path, and site effects very carefully using 1-D models (Sato
et al., 1998a, 1998b), without which the good matching seen in
Figures 13 and 14 could not be achieved.
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2.2.4 Focusing Effects

In case of a basin with an irregular bottom shape subject to a body
wave incidence below, we will see focusing effects in which seis-
mic rays propagating in different paths meet together at certain
points on the surface. At these points, there will be amplification
or deamplification depending on their phases. Because such aray
concept is a high-frequency approximation, the focusing effects
should emerge in the high-frequency amplification characteris-
tics. Hartzell ef al. (1996) attributed conspicuous amplification
and large damage difference along the southern edge of the San
Fernando Valley to such focusing effects created by irregular
layer boundaries supposedly underlying the observation sites.
We should note, however, that under normal circumstances the
frequency range of our interest remains relatively low, a few Hz
for most of the cases, and so the diffraction plays a major role
in wave propagation and a simple ray concept would not always
work.

2.3 Topographic Effects

Topographic effects have been reviewed in some detail by Geli
et al. (1988), Aki (1988), and Kawase (1993). Because there
are so many different observations on the strength of the topo-
graphic effect, we cannot draw clear conclusions. However,
many studies in the past suggest that even a rock site has strong
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FIGURE 13 Comparison of the restored records observed at Tokyo during the Kanto earthquake of 1923 and the 3-D basin response

calculated by Sato et al. (1999).
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FIGURE 14 Comparison of the observed records used as a calibration event with 1-D and 3-D theoretical calculations by Sato et al.

(1999).

site effects due to the subsurface structure below (e.g., Steidl
et al., 1996; Spudich et al., 1996) so it may be difficult to
distinguish the effects of the subsurface structure and those of
the topography from observed site effects, unless we know the
subsurface velocity structure of the site in detail. Theoretically
speaking, the pure topographic amplification factor will be 2 at
most, because constructive interference between two arrivals of
different waves, either diffracted waves, surface waves, or body
waves, is likely to happen but more than two arrivals with the
same phase rarely meet at the same location. Besides, strong to-
pography can be found only in the mountain area, where ampli-
fication itself is basically low compared to the basin surface and
so practically speaking pure topographic effects are of secondary
importance.

3. Empirical Modeling of Site Effects

If we obtain site effects directly from observed data, such an
approach is called an empirical modeling approach. In the em-
pirical modeling of site effects we must observe strong or weak
ground motions due to one or more earthquakes and analyze
data to extract site effects. It seems straightforward to extract
site effects from data. It is, only if we have a very good refer-
ence site near the target site, as mentioned in the Introduction
section. Here, we briefly review two empirical approaches for
site-effects studies, namely, a separation method (sometimes
called an inversion method) and a method based on coda and
microtremors.

3.1 Separation of Source, Path, and Site

Empirical approaches to characterizing site effects have had a
long history if we include studies of soil-type-specific amplifi-
cation factors. Such an approach has been very common for en-
gineering purposes. Over the last fifteen years we have been ex-
tracting site-specific empirical amplification factors from many
observed data for different sites and different earthquakes. In a
pioneering work, Andrews (1986) proposed a method to sepa-
rate source effect, S;(f), path effect, Pj;(f), and site effect, G;(f),
by asingular value decomposition of the whole data space of ob-
served Fourier spectra, Aj;(f). The basic equation of the method
is quite simple, as follows:

Aji(f) = Si() Pyj(H) G;() 3

where i is a suffix for earthquake and j for site, while f is a
frequency. If we assume S-wave propagation, P;(f) could be
expressed in terms of a geometrical spreading factor with respect
to Rj;, the representative distance between a source and a site,
and attenuation due to the intrinsic and scattering Q(f) as

P;j(f) = R;;'exp(—7{R;;/BQ(D) )

where B is the representative S-wave velocity of the whole path.

This technique has an important problem we need to note;
it requires at least one independent constraint either on source,
path, or site factors. Andrews (1986) assumed the logarithm of
the sum of all the site factors to be zero, which physically means
the average site factor should be a reference. Following An-
drews, Iwata and Irikura (1988) used the same technique but a
different constraint, in which they assumed any site factors to be
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more than 2.0. This physically means that a site with the least
site factor among others should be a reference. Since these pi-
oneering studies, many similar studies have followed as strong-
motion databases have been expanding in different areas of the
world (e.g., Kato et al., 1992; Satoh et al., 1997; Bonilla et al.,
1997). We should note that the scheme of the singular value
decomposition is equivalent to the first step of the two-step de-
composition used in the attenuation analysis for peak ground
values (Joyner and Boore, 1981; Fukushima and Tanaka, 1990).
Because decomposed source or site effects depend on the con-
straint, we should always be careful of its appropriateness. In an
idealistic situation we can assume one station among all to be
site-effect free so that the Fourier spectra at the reference site
should consist of only source and path factors. If it is not the
case, resultant source factors are directly biased by the site ef-
fect at the reference site. Such an example was reported in Kato
et al. (1992). They used a hard-rock site, which was thought
to be a good reference site from its surface S-wave velocity of
2.2 km/sec. After the separation, however, they found signifi-
cant site effect present due to the V-shaped canyon topography
around the site. This paper teaches us one important lesson; if
we have a common frequency variation in the source (or site)
factors for different earthquakes (or sites) we should check the
validity of the assumption used as a constraint.

3.2 Microtremor and Coda

There has been a long history of using microtremors to delin-
eate site characteristics. After the pioneering work of Kanai and
his colleagues in the 1950s and 1960s in Japan, based on the
microtremor data in Tokyo (e.g., Kanai et al., 1954), different
techniques have been proposed. The latest addition is to take a
spectral ratio of the horizontal component with respect to the
vertical component (H/V), which was proposed by Nakamura
(1989) and is sometimes called Nakamura’s technique. Because
H/V ratios of microtremors often show similar site character-
istics obtained by other independent methods, the H/V method
has gained popularity quite rapidly (Lermo and Chavez-Garcia,
1993; Field and Jacob, 1995). As the method becomes widely
used, skepticism on its validity as a method for directly obtain-
ing S-wave amplification factors has arisen (e.g., Lachet and
Bard, 1994; Zhao et al., 1997). From array measurements of
microtremors, the dominant wave type in the vertical compo-
nent is found to be a Rayleigh wave (e.g., Horike, 1985; Kawase
et al., 1998b). A numbers of papers on this topic are found in
the proceedings of the second International Symposium on Ef-
fects of Surface Geology (Irikura et al., 1998); interested readers
should refer to them.

Coda, the later part of the seismograms decreasing exponen-
tially, has also been used for a long time for site correction.
Physically, coda is considered to be scattered S waves in the
whole volume between a source and a site, and is used to char-
acterize the scattering property of the volume (e.g., Aki and
Chouet, 1975; Tujiura, 1978; Sato, 1984). If the origin of coda
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is scattered S waves, then the local site amplification of coda
should be an average of S-wave amplification for incident S
waves with different azimuths and incidence angles and, there-
fore it could be more stable than that of a direct S wave (Chin
and Aki, 1991; Kato et al., 1995). From the results of studies
reviewed here it seems too simplistic to assume that coda con-
sists mainly of S waves scattered in the whole path for sites
inside a soft sedimentary basin. Most of the previous studies
on the site factors from coda draw the frequency limit in the
lower frequency end at 1 Hz or higher so that contamination of
basin-induced and/or basin-transduced surface waves may not
be significant. Yet, physically, we should always expect to have
some surface-wave contamination in the later part of the ground
motion.

Recently Satoh er al. (2001) analyzed the data observed in
Sendai, Japan, quite extensively and found that both P-coda
and S-coda at soft soil sites, especially P-coda, are strongly con-
taminated by the basin-induced surface waves. They checked the
characteristics of H/V ratios for initial parts of P and S waves,
early coda, late coda, and microtremors for both soft-soil sites
and rock or hard-soil sites. H/V ratios of coda are not the same
as the direct P or S wave and are converging rapidly to those of
microtremors. They also calculated H/H ratios with respect to
the hardest rock site and found that they are varying with time
for soft-soil sites but are stable for rock or hard-soil sites. The-
oretical simulation based on the S-wave structures determined
by array measurements of microtremors reveals that H/H ratios
of direct S wave can be explained well by 1-D responses of the
structures for the soft-soil sites and that H/V ratios of coda and
microtremors can be explained well by the Rayleigh wave H/V
ratios of the same structures. These results suggest that coda and
microtremors on soft sediments consist mainly of surface waves
so that they have amplification characteristics different from S
waves.

4. Conclusions

The essential aspects of the site-effect studies are reviewed by
focusing mainly on the physical modeling scheme to reproduce
wave propagation phenomena in the shallower part of the Earth.
The S-wave amplification can be characterized by 1-D model-
ing of soil sediments as a first-order approximation. In addition
to that, we sometimes need to consider nonlinear effect and
2-D/3-D basin effect including the basin-induced surface-wave
effect and the edge effect. In lower frequency range we need to
consider the effect of the basin-transduced surface waves and in
higher frequency range we do the focusing effect, as well.
However, no matter what is the most important effect for a
specific site of target, the physical modeling scheme for site ef-
fect needs a precise model of the actual ground. If the model
is strongly biased, then the prediction should also be strongly
biased. Thus success of this approach depends on the informa-
tion of the physical model that we can collect. The better the
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model, the better the prediction. To what precision and extent
we must explore the underground structure for desired accuracy
of prediction is an open question. A simple rule of thumb is that
any variation of a structure with the same order of one-quarter
wavelength may have non-negligible effect as Eq. (1) implies.

Physical properties of the actual complex structures of the
Earth can be obtained by various geological, geophysical, and
geotechnical methods, which can be used in the physical model-
ing scheme. Once a physical model of the whole area of interest
is calibrated to actual observation, then such a model of the
ground will be a common property of people, on which we can
depend forever. From materials we have shown here, it seems
appropriate to conclude that physical modeling of the ground
is now a realistic and effective approach for practical evalu-
ation/prediction of site effects. Needless to say, any physical
models that we create in this manner must be validated with the
observed data before we use them for prediction. Otherwise it
will be a “castle on the sand.” The advantage of the physical
modeling approach is that it can predict site amplification for
any hypothesized sources that have not yet happened but will
happen in the near future.

From an engineering point of view, it seems too rigorous and
cumbersome to include site-specific, spectral, or waveform rep-
resentation of site effects as described here. However, a soil-
type-specific approach commonly found in the current seismic
codes does not represent the essential part of the site effects
and, hence, the resulting engineered structures will be vulner-
able to the actual input generated by a strong earthquake close
to the site. This is exactly the case of the Hyogo-ken Nanbu,
Japan, earthquake of 1995. Most of the damage-concentrated
areas in Kobe belong to the moderate-to-stiff soil category in
the Japanese code and it was not necessary to consider much
amplification. But the damage concentration was created by the
edge effect of the deeper structure near the edge of the Osaka
basin, as reviewed here. Thus we may need to develop a way to
translate site effects evaluated by a physical modeling approach
into simple but effective engineering representations for better
seismic design of structures.
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Use of Engineering Seismology
Tools in Ground Shaking Scenarios

1. Introduction: Approaches to the
Selection of Scenario Earthquakes

Damage scenario and loss estimation studies for destructive
events represent a potentially powerful tool for enhancing the
level of earthquake preparedness and for improving disaster pre-
vention policies for densely populated areas in seismic regions.
Especially for large and complex urban environments, a fun-
damental prerequisite for such a task is the realistic estimation
of the spatial distribution of the ground-motion severity gen-
erated by scenario earthquakes. The recent cases of the 1995
Kobe (Hyogo-ken Nanbu) and 1999 Kocaeli and Duzce (Turkey)
events stand out to signal the overwhelming influence that the
spatial distribution of ground motions and its close dependence
on source characteristics, local geological structure, and soil
properties can have on the resulting damage.

A preliminary issue of critical relevance for the construction
of damage scenarios is the choice between a deterministic and
a probabilistic approach to the representation of ground shak-
ing and to damage estimation. For ease of reference, the two
approaches are briefly outlined and discussed below.

The deterministic approach develops a particular earthquake
scenario upon which a ground-motion hazard evaluation is
based. The scenario consists of the postulated occurrence of an
earthquake of a specified size occurring at a specified location,
typically a seismically active fault. The standard deterministic
approach consists of the following steps:

1. Identification of the locations and characteristics of all sig-
nificant earthquake sources that might affect the zone of
interest, typically a city. The seismic potential is quantified
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by assigning to each source a significant earthquake that
can be the maximum historical event known from that
source (Maximum Probable Earthquake, or MPE), or the
maximum earthquake that appears capable of occurring
under the known tectonic framework (Maximum Credi-
ble Earthquake, or MCE). The shortest distance from the
source to the sites in the zone of interest is generally as-
sumed, in the absence of other information.

2. Selection of the attenuation relations enabling one to es-
timate the ground shaking (e.g., in terms of intensity, re-
sponse spectral ordinates, or Arias intensity) within the
zone of interest as a function of earthquake magnitude,
source-to-site distance, and local ground conditions.

3. Definition of the controlling earthquake (i.e., the earth-
quake that is expected to produce the strongest level of
shaking). The selection is made comparing, through the
attenuation relation, the effects produced at the site by the
combination of earthquake distance and magnitude iden-
tified at step 1. The resultant earthquake will define the
seismic scenario.

However, depending on the historical seismicity of the region,
variations with respect to this standard procedure are possible.
Thus, it may be desirable to adopt more than one scenario earth-
quake, for instance, a destructive event (such as the MPE) and
a less severe, but damaging, one with a higher likelihood of
occurrence.

At the end of the process, the deterministic analysis gives as
a result one or more scenarios that represent the worst situa-
tions expected, but it does not provide any information about
their occurrence in time. In fact, this approach does not predict
the likelihood of such occurrences during the lifetime of the
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TABLE 1 Occurrence Probabilities of Earthquakes Commonly
Referred to in Earthquake Engineering

Type of occurrence Return period” Probability in 50 years

Frequent 43 0.70
Occasional 72 0.50
Rare 475 0.10
Very rare 970 0.05

¢ Based on Poisson occurrence process.

structures that make up the building and infrastructure stock in
the zone of interest.

The probabilistic approach is a typical application of Proba-
bilistic Seismic Hazard Analysis (PSHA), whose basic features
have been established since the late 1960s (Cornell, 1968). The
method has since become a worldwide standard and need not be
recapitulated here in detail. It consists of four basic steps, some
of which are partly coincident with those of the deterministic
approach, namely:

® Seismic source zone identification

® Probabilistic characterization of source zone activity

® Seclection of attenuation relation

® Integration over the whole range of magnitudes and dis-
tances for each source zone in order to obtain, for each site
of interest, the probabilistic hazard values in the form of
a cumulative distribution for the ground-motion parame-
ter(s) of interest

A certain degree of combination of the deterministic and prob-
abilistic approaches is also conceivable. For instance, in a zone
with a well-documented history of damaging earthquakes one
may choose the deterministic scenario, paying some consider-
ation to the relative frequency of past events rather than to the
MPE or MCE events. Table 1 may provide some guidance in
this respect.

The 50 years reference term in Table 1 can be roughly regarded
as the expected engineering lifetime of an ordinary building (this
lifetime would increase to about 100 years for a bridge or tunnel,
and to 100-150 years for a dam).

At a more sophisticated level, since probabilistic risk stud-
ies cover all possible damaging events in a region and estimate
the cumulative losses from all of them (e.g., in the form of the
annual loss rate), they can help in making an objective pre-
selection of the basic features of the scenario earthquake. For
instance, the latter could be the event that occurs on the seismo-
genic structure (fault or area source) that contributes most to the
risk at the chosen return period, and has the magnitude and loca-
tion contributing most to the loss (McGuire, 1995). Probabilis-
tic ground-motion maps are normally developed on a regional
basis for a single “reference” class of ground conditions, e.g.,
soft rock; one can then multiply such motions by frequency-
dependent factors depending on the site conditions. Some of the
difficulties inherent in this approach, which is not ideally suited
for scenario studies in urban areas with complex geology, have
been discussed by Frankel and Safak (1998).

Faccioli and Pessina

While the two approaches generally point to different re-
quirements on the side of risk analysts and managers (see, e.g.,
PELEM 1989), the deterministic approach is more intuitive and
may be more appealing to local administrators because it as-
sumes the occurrence of a well-defined earthquake (in terms of
magnitude and source-to-site distance) that is used as input for
all the successive steps of the risk analysis. However, it conceals
to some extent the problem that the choice of the appropriate
earthquake is a judgmental and not a quantitative issue.

Since the emphasis in this chapter is mainly on the quantifica-
tion and representation of the effects that potentially control the
ground shaking scenario within a limited area of interest, and
especially those related to the type and severity of site effects
and to the source process, such as the fault rupture geometry and
directivity, we assume the deterministic approach as the natural
underlying reference.

The practical feasibility of the deterministic approach may
in itself be a nonnegligible problem. In many earthquake-prone
areas of the world, and typically in most of the Mediterranean
region, the seismicity is governed by earthquakes with maxi-
mum magnitudes in the 6.5-7.0 range, originating on faults that
seldom generate unambiguous co-seismic surface ruptures, and
whose geometry is ill-defined. It is consequently difficult to as-
sociate a scenario earthquake in such zones with a precisely
defined tectonic lineament, as is often done in much of the west-
ern United States and Japan. This difficulty, as well as the need to
provide ground-motion estimations with tools basically acces-
sible to engineers, supports the use of simple methods. There-
fore, in this chapter we shall mostly consider ground-motion
representations obtained by combining appropriate attenuation
relations of strong-motion parameters with digital geological or
geotechnical maps of the study area. The combination is typi-
cally performed through Geographic Information System (GIS)
technology in raster version. Since the attenuation relations play
a central role, the following section is devoted entirely to an
overview of them from the viewpoint of the user interested in
scenario development.

Concerning the role of the different factors that control sce-
nario ground motions, we devote somewhat more attention to
site effects than to source effects, because the former are con-
sidered capable of causing stronger deviations with respect to
average empirical predictions. Situations in which these predic-
tions are particularly inadequate because of the occurrence of
complex site effects, such as on sediment-filled valleys, are dealt
with in Section 4.

2. Attenuation Relations for
Ground-Motion Parameters:
An Overview

The attenuation relations for ground-motion parameters are sta-
tistical regressions, either linear or nonlinear, on appropriate
sets of recorded data. Since we are not interested here in the
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TABLE 2 Distinctive Factors of Attenuation Relations

Ground-motion descriptor Tectonic regime Origin of data

e Response spectral ordinates e Shallow earthquakes e Europe

e Macroseismic intensity in active tectonic e North America

e Arias intensity regions e Japan

e Other e Stable continental o Worldwide
regions

e Subduction zones

generation aspects of these relations but rather in their use as
engineering tools, the emphasis in this section is mainly on prac-
tical application aspects.

Table 2 highlights three general criteria that can be used as
a guide in the initial choice of an attenuation relation. The se-
lection of the ground-motion parameter is linked to the scope
of the scenario study and is discussed in more detail in the
next section. The two other criteria—tectonics and geograph-
ical region—should be considered with great care, usually side
by side. Geographical origin of data usually entails not only dif-
ferences of tectonic regime affecting earthquake generation but
also different prevailing geological features, different crustal at-
tenuation properties, and to some extent, different characteristics
of recording instruments.

A sufficiently general representation of attenuation relations,
showing the specific independent physical variables that concur
to the ground shaking estimation, has the following additive
structure:

logy = fi(M,r,SD)+ fo(FT) + f3(S) + ¢ D

where

y = ground-motion parameter, e.g.: peak ground acceleration
(PGA) or velocity; response spectral ordinate (horizontal or
vertical) for a prescribed fundamental period Tof the os-
cillator and damping factor; Arias intensity; macroseismic
intensity.

M = preferably moment magnitude M,,, or equivalent in appro-
priate range (e.g., Ms, My).

r = source distance; this can be epicentral, hypocentral (ryyp,),
minimum distance from the fault rupture (ry,), or closest
distance to the vertical projection of rupture on the Earth
surface; see Abrahamson and Shedlock (1997, their figure 1).

SD = source directivity factor.

FT =fault-type factor.

S = site conditions factor.

¢ =random variable, introduced to account for the uncertainty of
the prediction, usually assumed to have a normal distribution,
with zero mean and standard deviation ojog -

The term f;(M, r, SD) is the basic form describing the depen-
dence on magnitude, source-to-site distance, and source rupture
directivity (SD). For rock sites and y = larger horizontal PGA
value (in units of g), two of the most commonly used among
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such basic forms are

fitM,r) = —0.038 4 0.216(M,, — 6) — 0.777 log R
R=(*+548)"2  0ype, = 0.205 2)

(Boore et al., 1993) and

filM,r) = —1.48 + 0.266Ms — 0.9221og R
R=@*+35H" 04, =025 (3)

(Ambraseys et al., 1996). In both cases, R and r are in kilometers.
Equation (2) is based on data from western North America, with
moment magnitude My, ranging between 5.5 and 7.0, and is valid
up to 100-km distance, while Eq. (3) is applicable in Europe and
the Middle East, with My in the 4.0-7.9 range. For M,, = Ms="7
the values predicted by Eq. (2) are 1.2 to 2.0 times larger than
those obtained with Eq. (3), depending on distance, while for
M,, = 6theratiois 0.4t00.6.In Egs. (2) and (3) attenuation with
distance is independent of magnitude. In other relations (e.g.,
Abrahamson and Silva, 1997), anonlinear magnitude-dependent
factoris introduced in the distance attenuation term that produces
faster attenuation of ground-motion amplitude at the smaller
magnitudes.

For subduction zone earthquakes, where the distances are
generally larger because of the offshore position or the depth
of hypocenter, the distance dependence is rh_y]lDO (Atkinson and
Boore, 1997). Other authors (e.g., Anderson, 1997; Youngs et al.,
1997) use instead ryp, but rpyp, is indeed a good approximation
for ryp when the rupture surface is not defined.

The directivity term SD in Eq. (1) contains typically a cosine
function of the angle between the direction of rupture propaga-
tion and that of waves traveling from the fault to the site. More
specifically, in Somerville et al. (1997) the SD term is cos 6
for strike-slip faults and cos ¢ for dip-slip faults, where 6 and
¢ are defined as shown in Figure 1. Rupture directivity causes
spatial variation in both amplitude and duration of the ground
motion. Somerville et al. (1997) introduce the directivity term
as an additive factor in existing attenuation relations, which ac-
count for the magnitude and distance dependence. Thus, using

Site
Site
[]
A Epicenter ¢

d Hypocenter

Plan view w

Y=dW
Vertical
section

FIGURE 1 Definition of rupture directivity parameters 6 and X for
strike-slip fault, and ¢ and Y for dip-slip fault (from Somerville et al.,
1997).



1034

the Abrahamson and Silva (1997) relation as a reference, the
additional directivity term is

y=C;+CyXcosf for strike-slip faults and M > 6.5

or

y=C;+CyYcos¢ for dip-slip faultsand M > 6.5 (4)

where

y = prediction residual of In(spectral acceleration) at a given
oscillator period.

X, Y =along strike and updip distance ratios, shown in Figure 1.

0, ¢ = angles previously defined.

C,, C, = period-dependent regression coefficients.

The influence of the directivity terms is significant at periods
larger than 0.6 sec and increases with period: for a strike-slip
fault, at T = 2 sec, the directivity effect on amplitude ranges be-
tween 0.6 and 1.8 times the average value neglecting directivity
(for dip-slip fault the range is 0.8—1.2).

A somewhat different, analytical approach has been adopted
to introduce directivity in an attenuation relation for the Arias
intensity I,, with parameters calibrated on strong-motion data
from the Mediterranean region (Faccioli, 1983). This relation
basically applies for a point source, and for horizontal motion
has the form

log 1, = 1.065M,, — 210g rpypo + log D,(0) — 4.63 )

where 1, is in m/sec, and 7y, is limited within the 10- to 50-km
range. Source directivity is described by the function

Faccioli and Pessina

speeds, generally assumed between 0.7 and 0.85. The effects of
directivity are best taken into account by the previous expression
in the case of vertical (strike-slip) or steeply inclined (dip-slip)
faults and rupture propagation along the strike of the fault.

The fault-type factor on the r.h.s. of Eq. (1), written out more
explicitly, is

HUFT) = Fn/rl(M7 T)+ HW(//Z(M» rrup) @)

where Fy; (M, T) accounts for the fault style: reverse and thrust
faulting generate larger high-frequency spectral ordinates than
strike-slip and normal earthquakes. F is the fault-type index:
it is 1 for reverse slip, 0.5 for reverse/oblique, and O otherwise
in Abrahamson and Silva (1997). Boore et al. (1997) use in-
stead a single coefficient to discriminate strike-slip earthquakes,
reverse-slip ones, and the case of unspecified mechanism; HWy,
(M, rvp) describes the “overhanging wall” effect in reverse-fault
ruptures. One attenuation relation showing this factor is due to
Abrahamson and Silva (1997), where HW is equal to 1 for sites
on the overhanging-wall side of the fault and O otherwise.

The third factor in Eq. (1), f3(S), quantifies the influence
of the soil profile at the site. As a starting point, it is useful
to recall the site classification of Boore ef al. (1993) based on
Vs30, 1.€., the shear-wave velocity averaged in the upper 30 m of
soil, reproduced in Table 3. A number of other commonly used
descriptions, summarized in Table 4, refer to this classification.

The simplest option one can use in the estimation of response
spectral ordinates, discriminating simply between rock and soil,
is case [ of Table 4, where Cy is a constant regression coefficient

TABLE 3 Site Classification
(from Boore et al., 1993)

D,6) = 3 —mcos6 (6) Soil profile class Vs30 [m/sec]
(1 —mcosB)2 — mcos6)?
A >750
where 6 is the angle between the direction of rupture propagation B 360-750
and the hypocenter-to-receiver direction, and m (<1) is the ratio g 1810560
between the rupture propagation and the S-wave propagation =
TABLE 4 Available Options for the Site Factor f3(S) in Eq. (1)
Case f3(8) Parameter values/note Reference
1 Cs Ss Ss = 0 for rock, Sg = 1 for soil Spudich et al. (1999)
Cs = regression coefficient (const.)
Cs = a+ b In(PGAock + ©) Abrahamson and Silva (1997)
11 CySqa+Cs Ss Rock Se=0,8Ss=0 Ambraseys et al. (1996)
where Stiff soil Sa=1,8s=0 Boore et al. (1993)
S, and Sg, or Sy, Soft soil S, =0, Ss=1
describe the soil Firm/stiff Quat. deposits > 10 m Ss=0, Sy =0 Campbell (1997)
classification and/or Soft rock Ss=1,8g=0
deposit depth Hard rock Ss=0,Sp =1
Cy, Cg are Rock S, =0, Ss=0 Sabetta and Pugliese (1996)
regression coeff. Shallow alluvium Sa=1,8s=0
Deep alluvium S, =0, Ss=1
11T Cslog(Vs30) Vs30 values Bommer et al. (1998)

Boore et al. (1997)
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depending on oscillator period (as in Spudich et al., 1999). A
considerable refinement, allowing to take into account nonlin-
earity in soil response, represents Cy as a function of expected
PGA on rock (Abrahamson and Silva, 1997). Case II of Table 4
shows three different possibilities of seismic soil classification
inspired by the four classes of Table 3; the S, and S, factors
in this case allow also to take into account the influence of the
depth of the soil deposit.

As a step toward a finer spatial resolution in the representa-
tion of soil response, one can also describe the site effects as a
continuous function of the shear-wave velocity Vs3g (case III),
if known.

Especially for soil category C in Table 3, the magnitude of
site effects estimated by the attenuation relations on response
spectra strongly depends on the period; this is illustrated in
Figure 2, which portrays the variation of the soil amplification
factor y(T;soil)/y(T;rock) for the different cases of Table 4.
For T =0 amplification is about 1.3, while the largest soil am-
plification, about 1.7, occurs at T around 1 sec. The amplification
factors of the relation by Boore et al. (1997) actually coincide
with those by Spudich ez al. (1999). Note the significantly differ-
ent amplification behavior of shallow soil deposits with respect
to deep ones, consistent with the expectations.

Finally, concerning the uncertainty of the predictions, the
standard deviation o, , is the commonly used measure of the
data dispersion about the regression mean value. The typical
range of 6y,¢ , values between 0.2 and 0.3 found in most attenu-
ation relations (for spectral ordinates it may be somewhat larger)
means that the standard error band extends between about 0.6
and 1.8 times the predicted mean value.

In reality, in an attenuation relation the standard error depends
on two different sources: (1) the statistical uncertainties due
to the random scatter of data, and (2) the so-called epistemic
uncertainties linked to the model chosen to represent attenuation.

The epistemic aspects of the standard error are difficult to
define; we illustrate in Section 3.3 one example comparing

Amplificator factor Boore ot al. 1997

2 —— Ambraseys et al., 1996
1.9 1

—— - Sabetta and Pugliese,

1.8 1 1996 (shallow alluvium)

1.7 4 —— Sabetta and Pugliese,
1996 (deep alluvium)

1.6 1

1.5 1

1.4 1

1.3 <

T
0 0.5 1 15 2 25
Period T

FIGURE 2 Variation with oscillator period of response spectral am-
plification factors of soft (category C in Table 3) and deep/shallow soil
sites with respect to rock sites for different cases in Table 4.
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alternative methods for the prediction of earthquake ground mo-
tion that can provide some quantitative appreciation of the vari-
ability to be expected from the use of different models.

About the random variability of the ground motion, a number
of authors (mainly those who use a two-stage regression method)
recognize a part of the standard error as due to the random vari-
ability of the records of the same event (Boore et al., 1993),
and a part collecting all the other (unspecified) components of
variability. Other authors, using a random effect model analy-
sis (Abrahamson and Silva, 1997) or a joint regression analysis
(Youngs et al., 1997), recognize the same intraevent variability
term and, in addition, an earthquake-to-earthquake component
of the variability. The total standard error is the square root of
the overall variance of the regression.

It was also found (Youngs et al., 1997) that the standard error
depends on the magnitude of the earthquake or on the level of
shaking (expressed by PGA), especially for PGA (Boore et al.,
1997).

3. Selection of Ground-Motion
Descriptors

3.1 Ground Motions and Damage Estimation

A basic criterion for the selection of the parameters describing
the shaking hazard in earthquake scenario studies is that the
higher the damage state, the greater is generally the need for
more detailed ground-motion information. Seismic risk scenar-
ios do not usually produce damage predictions at the structure-
by-structure level, which may require the knowledge of the full-
time history of motion, but make use of some surrogates of it
such as peak acceleration, or response spectral ordinates (related
to global strength or displacement demand), or even macroseis-
mic intensity. In addition, close to the seismic source, different
descriptors of the ground motion may be useful. Some pecu-
liar damage features observed, e.g., in Northridge 1994, espe-
cially for steel structures, have been linked to the distinct large-
amplitude velocity pulses occurring in the near field. Because
it has been found that the response spectrum cannot properly
account for the destructiveness of these motions, a new mea-
sure of damage potential has been proposed, in the form of the
drift demand spectrum (Iwan, 1994). On the other hand, integral
measures that directly account for the ground-motion duration,
such as the Arias intensity, appear as more suitable indicators
of the shaking when geological damage, such as landslides and
rockfalls, is of interest. Earthquake scenario maps using Arias
intensity are discussed in more detail in Section 3.3.

A detailed discussion on the “best” ground-motion descrip-
tor for earthquake scenarios is beyond the scope of this chap-
ter since, as previously mentioned, the choice also depends on
the parameters and methods used to estimate the damage to
structures. Traditionally, because of scarcity of strong-motion
recordings, macroseismic intensity has been used to quantify
ground motion, and damage estimation methodologies were
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TABLE 5 Ground Motion Descriptors and Damage Estimation Methods

Type of ground-motion parameter

Vulnerability (V)/damage (d) estimation

Object of estimation

Peak Ground Acceleration (PGA)

Vulnerability from score assignment,

Building and other structures

damage through empirical correlation
e.g.,d = f(V,PGA)

Acceleration or Displacement Response Spectrum

ATC-13 methodology, displacement limit state approach

Building structures

(Calvi, 1999; Faccioli et al., 1999)

Intensity (Imm, Imcs, - - -)
Arias Intensity (/)

Methods based on Damage Probability Matrices (DPM)

Empirical correlations, e.g., between I, and failure displacements
(Wilson and Keefer, 1985)

Building and other structures

Natural/artificial slopes,
ground deformation
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FIGURE 3 (a) Predicted and observed MCS intensities for the M 5.8, 1990 earthquake in eastern Sicily, including the Catania municipal
area (denoted by CT). Symbols in legend are for observed intensities, while predicted intensities appear in different shades of gray and Latin
numerals. (b) PGA values, in g, over the Catania municipal area predicted for the same earthquake using a geotechnical zonation map (see text);

shown also is the only recorded PGA value (0.24 g).

predominantly based on this parameter. In recent years, follow-
ing the vast increase of useful recorded data and the development
of reliable numerical methods for simulating ground motions,
instrumental measures have been increasingly used as ground-
motion descriptors. The damage estimation methods have been
updated accordingly, as in the US tool HAZUS (Whitman et al.,
1997) and in other approaches developed in Europe (e.g., Calvi,
1999; Faccioli et al., 1999). In practice, in addition to inten-
sity, peak ground acceleration (PGA) and response spectral ordi-
nates, both in acceleration and displacement, are the parameters
presently used in most earthquake scenario studies. For geo-
logical damage in hilly areas, as already pointed out, the Arias
intensity is a convenient descriptor. Table 5 gives a summary
of how these different descriptors of ground-motion severity
can be linked to different methods of vulnerability and damage
estimation.

Sensitivity considerations linked to the consequences on
predicted damage resulting from the assumptions made in the

creation of ground shaking maps are discussed in Section 3.4. We
illustrate in the following section aspects related to the resolution
of ground shaking maps resulting from different descriptors.

3.2 Resolution of Maps Using Different
Descriptors: Intensity and PGA

To grasp some implications of using different hazard descriptors
in terms of their spatial resolution, the comparison of predictive
maps using macroseismic intensity (MCS scale) and PGA is in-
structive. An example is provided in Figures 3 and 4 for two dif-
ferent events affecting the municipal area of Catania, in eastern
Sicily (Italy), which has a present population of about 500,000
and a historical record of destructive earthquakes. The maps in
Figure 3 are for a moderate (Ms 5.8) earthquake that occurred
in 1990, with maximum MCS intensity [y = VII-VIII. The epi-
center, shown by a star in Figure 3a, is probably associated with
a strike-slip E-W segment of a major N-S trending tectonic
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FIGURE 4 (a) As in Figure 3a, but for the M7+ event of January 11, 1693. (b) PGA map for Catania, generated assuming a 50-km-long
rupture along the Ibleo-Maltese fault shown in Figure 3a. Site S in (b) is studied in the text, Section 4.3.

lineament, known as the Ibleo-Maltese fault (or escarpment).
The relatively small size of this event allows us, for present
purposes, to represent its source as a point.

The map of Figure 3a has been generated with a “circular”
attenuation relation of the form I = f(ly, Ry, distance) whereby
I is predicted to decrease with distance only beyond the radius
Ry of earthquake effects on the built environment, and as such
does not explicitly account for site conditions, as in the map of
Figure 3a. The map area in this figure extends beyond the actual
Catania municipality (labeled CT), to show both predicted and
felt intensities in the surrounding region.

Note that the predicted variation across the Catania municipal
area exceeds one intensity degree, while it is of one degree (from
VII to VI) in the city area proper, which occupies the northern
portion of the municipality. The felt intensity in 1990 in Catania
was VL.

In contrast to the intensity map, the PGA map of Figure 3b
(limited to the Catania municipal area) makes use of a geotech-
nical zonation in the form of a digital map of Vg3p. The PGA
map itself is generated from an attenuation relation that relies
on a large set of European strong-motion data, including most
of the significant records from Italian earthquakes, and is of
type III in Table 4 as regards quantification of site conditions
(Ambraseys, 1995). Thus, the map reflects the difference in
near-surface soil properties between the city area proper, where
massive and thin lava flows (from the Mt. Etna volcano) prevail,
and the central and southern parts of the municipality, where the
sediments of the so-called Catania plain predominate. The reso-
lution (pixel size) of the latter map is 40 m, chosen on the
basis of the density of available geotechnical borings in some
city sections. The PGA values in Figure 3b correspond to the
81-percentile level; an observed value of PGA is shown for

comparison in Figure 3b at the only accelerograph recording
site in Catania.

Using a geotechnical zonation, as in Figure 3b, evidently
introduces small-scale spatial variability in the ground-motion
maps. However, in this case the distance attenuation effect pre-
dominates and the two maps in Figure 3 can be regarded as
roughly equivalent in terms of input to a damage scenario for
ordinary buildings, because of the moderate level of the ground
motions involved, and also because of the position of the earth-
quake source with respect to the city.

The difference between the two types of maps, and the advan-
tage of using an instrumental parameter, becomes much more
evident if a substantially larger earthquake is considered. In the
present example, the obvious candidate as a scenario earthquake
is the 1693 event, with an estimated M between 7.0 and 7.5. This
earthquake claimed over 10,000 victims (out of a total city pop-
ulation of 18,000) in Catania alone (Boschi et al., 1995) and may
have ruptured some 70 km of fault length on the Ibleo-Maltese
escarpment (Sirovich and Pettenati, 1999). Intensity and PGA
maps for this earthquake were constructed using the same atten-
uation relations as in Figure 3; the results, illustrated in Figure 4,
indicate that the two maps can hardly be considered equivalent
as an input for scenario damage prediction. The small-scale vari-
ability in ground motion introduced by the geotechnical zonation
is now such that the local amplification of PGA values could con-
trol in certain areas the distribution of heavy damage to some
classes of buildings. On the other hand, a hazard map such as that
of Figure 4b could only be used as a rough preliminary scenario
for emergency operations.

The same comments made on the PGA maps would qualita-
tively apply to maps of predicted spectral ordinates at periods
T #0.
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3.3 Maps of Arias Intensity

The Arias intensity /,, being proportional to the integral of the
squared acceleration values from a strong-motion record, gives
a measure of the energy released at a site by ground shaking.
Hence, I, should be a physically more meaningful parameter
than peak acceleration for evaluating the susceptibility to the
seismically induced failure of slopes in an area (see, e.g., Harp
and Wilson, 1995). Because I, varies in the far field as the inverse
of the source distance squared, one would expect the highest
concentration of slope failures to be predicted at close distances
from the source. Figure 5 provides an example of the correla-
tion observable in the M 6.9, 1995 Hyogo-ken Nanbu earth-
quake between I, values (both predicted and observed) and the
occurrence of slides and rockfalls on the slopes of the Rokko
Mountains, steeply rising behind the city of Kobe. The predicted
1, values were generated with Egs. (5) and (6), which account
for directivity effects keeping the point source representation. In
Figure 5, only the moment release on the Kobe side of the fault
rupture (Irikura et al., 1996) has been taken into account for the
prediction, and the fault geometry proposed by Wald (1996) has
been used.

The predictions of I, in the near field appear reasonable, de-
spite the simplification in the source description and the fact that
the effects of surface geology are disregarded. The distribution
of real slides is primarily controlled by slope steepness and sur-
face geology, but it is also interesting to note that it clusters in a
rather narrow strip aligned with the surface projection of the fault
rupture, in agreement with previous studies (Faccioli, 1995).

3.4 Sensitivity Considerations

Sensitivity analyses on the consequences in terms of predic-
ted damage can provide very helpful guidance to the choice
of the attenuation relation for a hazard scenario. As a matter

FIGURE 5 Predicted Arias intensities (/,), shown by different
shades of gray (in m/sec), in the Kobe area for the 1995 Hyogo-ken
Nanbu earthquake; also shown are observed I, values at selected strong-
motion stations, the sites of landslide and rockfall occurrence (Okimura,
1995), the assumed surface projection of the ruptured fault, and the
elevation contours at 100-m intervals.
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of fact, the implications of adopting one attenuation relation
in preference to another—giving apparently similar ground-
motion predictions—may not be obvious at first sight. We illus-
trate an example (Pessina, 1999) in which the scenario earth-
quake is the same considered in Figure 4a and two different
attenuation relations were considered for PGA after a prelimi-
nary selection. The first ground-motion prediction is precisely
the map of Figure 4b, while the second was generated using a
relation based on a worldwide set of data recorded in extensional
tectonic environments (Spudich et al., 1997).

Shown in Figure 6 (top) are the two predicted frequency distri-
butions of PGA across the Catania municipal area, using pixels
of 40 x 40 m. Significant differences between the two distri-
butions occur only for PGA > 0.25 g; only a small fraction of
area is affected by values exceeding 0.30 g. However, based on
fragility curves for masonry buildings in Italy, the limited dif-
ferences in the PGA distributions are strongly amplified in the
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FIGURE 6 Sensitivity of damage predictions for masonry buildings
in Catania to the ground motions for the destructive scenario earth-
quake. Top: frequency distributions of PGA in terms of percentage of
elementary land cells (pixels) having the same level of ground shaking,
predicted with the attenuation relation AMB95 (Ambraseys, 1995) and
SFHO97 (Spudich et al., 1997). Bottom: predicted damage distributions,
in percentage of buildings with a given damage index, for the previous
two PGA distributions (from Pessina, 1999).
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damage predictions. The results, portrayed in Figure 6 (bottom)
in the form of mean damage distribution as a function of dam-
age index, show a sharp increase of collapse or high damage
incidence when the PGA map of Figure 4b is adopted. This is
simply because the latter contains more pixels in the densely
built city center where the collapse accelerations assumed for
the typical masonry structures in Catania are attained.

4. Source-Related Factors

4.1 Representation of the Source Geometry

If the scenario ground shaking is to be predicted in the near-
source range of events with M > 6.0, a finite source represen-
tation is obviously preferable even if rupture directivity effects
may not be important (as is often the case of normal fault earth-
quakes). However, at larger distances an acceptable ground-
motion scenario for M ~ 7 events can be estimated with a
“circular” attenuation relation, e.g., from the epicenter, provided
an appropriate site classification is used to account for average
amplification effects. An example is presented in Color Plate 26
for the destructive M = 6.8, 1980 Irpinia earthquake in southern
Italy.

The PGA map in Color Plate 26 was generated with an atten-
uation relation widely used in Italy, which separates rock/stiff
sites from shallow alluvium sites (Sabetta and Pugliese, 1996;
see case II in Table 4 and Fig. 2). A zonation into these two
broad soil categories for the region of interest was derived from
a digital geological map of Italy (originally at 1:500,000 scale),
ignoring the detailed geotechnical characterization available for
the accelerograph sites, and the acceleration map was then gen-
erated via GIS in raster format. The instrumental epicenter, the
surface projection of the rupture area in the form of two adja-
centrectangles (slightly simplified from Cocco and Pacor, 1993),
and the area enclosed within the intensity IX (MCS) isoseism
are also shown in Color Plate 26, together with the accelero-
graph site locations and the recorded horizontal PGA values. In
the bar diagram of Color Plate 26, the observed peak accelera-
tions are compared to the values predicted using both the finite
source representation of Color Plate 26 and the distance from
the epicenter.

At most accelerograph stations the latter assumption yields
slightly better predictions. However, for the earthquake in ques-
tion none of the acceleration records was obtained near the
source, where the differences arising from the different source
representation are expected to be large.

A point worth stressing here is that if a finite source is to
be introduced for producing ground-motion maps of future
earthquakes, its geometry must be assumed a priori, and this can
prove especially difficult in the case of blind faults. In countries
with a long and well-documented historical seismicity record,
one can, however, rely on intensity maps of the strongest earth-
quakes in the region. In the last example, the intensity IX (MCS)
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isoseism appears to be a reasonable indicator of the size and po-
sition of the ruptured area, although some of its features seem
well correlated with the presence of sedimentary deposits caus-
ing amplification. The determination of the geometry of earth-
quake sources from macroseismic intensity data is supported by
a recent study on Italian earthquakes (Gasperini et al., 1999).

4.2 Source Directivity

The 1994 Northridge and 1995 Hyogo-ken Nanbu events have
provided, in different ways, strong evidence that the damage dis-
tribution occurring in the near-source region of a strong earth-
quake depends on the energy-focusing effects produced by the
directivity of rupture on the rupturing fault. The impact of this
evidence has been such that the directivity effects can now be
accounted for through appropriate attenuation relations for re-
sponse spectral ordinates; see Eqs. (1) and (4)—(6). On the other
hand, as regards engineering design, the latest versions of build-
ing codes have introduced for the highest seismicity zones a
classification of earthquake sources (in terms of magnitude and
seismic rate) and “near-source factors” that can increase by up to
a factor of 2 the ordinates of the design spectrum (ICBO, 1997).
For these reasons, we are not dwelling here any further on the
influence of directivity on the response spectra.

Unlike the response spectrum, which is rather insensitive to
the significant duration of ground motions, the Arias intensity
1,, should be affected to a greater extent by directivity effects
because it more closely reflects the influence of duration. A pre-
dictive I, map, which takes directivity into account, generated
with Egs. (5) and (6), has already been shown in Figure 5; this
prediction has been compared with that obtained for the same
earthquake by an attenuation relation for I, that disregards di-
rectivity (Wilson and Keefer, 1985). The comparison, not shown
here, indicates that the residuals at close azimuths from the fault
strike are in most cases decreased when Egs. (5) and (6) are
used.

4.3 Empirical vs Synthetic Ground-Motion
Predictions

The preferred alternative to the use of empirical relations is ob-
viously represented by numerical simulations based on realis-
tic source representations (including finite dimensions, rupture
propagation, etc.), which can be performed by a variety of seis-
mological models and computational methods for wave prop-
agation, and can produce ground-motion synthetics at any site
within an area of interest. A recent overview of such methods and
their performance has been provided in the context of a recent
international prediction experiment (see Irikura et al., 1999).
Direct modeling is especially useful in parametric studies for
the quantification of the uncertainties in the predicted spatial
distribution of ground shaking, and of their dependence on the
physical parameters of source and propagation path. Because
of computational burden and lack of resolution in the crustal
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models, these calculations are typically limited to frequencies
around 1 Hz, which leaves out a vast range of primary interest
for engineering structures. Extension to higher frequencies can
be achieved by adding an appropriate random component to the
deterministically simulated time histories.

In the aforementioned scenario studies for Catania, in addi-
tion to the empirical ground-motion predictions, three different
approaches were used to generate acceleration synthetics from
the fault geometry and earthquake magnitude assigned to the de-
structive 1693 earthquake (Fig. 4). The variability of the results
yielded by the different approaches at a given point in studies
of this nature is an empirical measure of the model-to-model,
or epistemic, uncertainty discussed in Section 2. As an illustra-
tion, we compare in Figure 7 the acceleration response spectra
predicted at a site (S in Fig. 4) located on massive lava flows,
at about 15 km source distance. The empirically predicted spec-
trum, shown in Figure 7 with its standard deviation band, has
been generated with attenuation relations based on European
data, already mentioned as an example of case II in Table 4
(Ambraseys et al., 1996, labeled ASB96). The curve labeled 2D
is the spectrum of a representative synthetic computed at point S
by a 2D high-resolution spectral element analysis along a cross
section perpendicular to the coastline (Priolo, 1999). This curve
roughly matches the mean plus one standard error bound of the
empirical prediction up to about 1 sec period. The bump of the
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T
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FIGURE 7 Comparison of acceleration response spectra generated
at site S of Figure 4, on massive lava flows, by using empirical at-
tenuation relations (ASB96, shown with plus one standard error bars),
synthetic from 2D spectral analysis (labeled 2D), synthetic from 3D
high-frequency method (labeled 3D), and empirical Green’s function
summation (labeled EGF).
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2D synthetic spectrum at longer periods is related to a strong
phase reflected at a deep interface; this is a typical example of a
feature that would be difficult to predict by empirical relations.

The curve labeled 3D in Figure 7 is generated by a high-
frequency approximation approach for the far-field analytical
Green’s functions combined with randomly generated models
of the rupture process on the fault (Zollo et al., 1997). Because
of its computational efficiency, this approach is especially useful
for obtaining estimates of the uncertainty in the spatial distribu-
tion of ground motions attached to the complexity of the source
process, but the lack in intermediate and long period components
in the associated spectrum of Figure 7 does not seem compati-
ble with a M7+ earthquake at relatively close distance. Because
of the high-frequency approximation, the model in question is
more suitable for predicting peak ground acceleration than the
full response spectra.

An independent assessment of the previous results has been
obtained by the empirical Green’s function (EGF) method, us-
ing a horizontal acceleration component recorded during the
previously mentioned 1990 earthquake at a site denoted GRR
(PGA = 0.04 g), located on the coast some 50 km north of the
epicenter, on thick lava flows from Mt. Etna. GRR is to some ex-
tent representative of the ground conditions prevailing in several
older sections of Catania, including site S under consideration.
However, since S is only about 30 km from the 1990 epicenter,
a simple distance geometrical spreading correction was applied
to the amplitude of the original record used as EGF.

Taking a record from the 1990 earthquake as EGF for the
large 1693 event seems acceptable in view of the probable loca-
tion of the 1990 epicenter on the Ibleo-Maltese fault. A random
summation scheme has been adopted to synthesize the ground
motion for the large event, of which one only needs to specify
the stress drop (Ordaz et al., 1995). The extended target source
area is approximated by a point source, whose rupture duration,
however, is in accordance with its dimension. This method was
selected in view of the uncertainty on the exact position and di-
mensions of the 1693 source and of the good results reported for
the Mexican earthquakes by Ordaz et al. (1995). Also, strong
directivity effects are not expected in Catania given its position
with respect to the most probable seismogenic fault (Fig. 4). By
taking a target seismic moment corresponding to M 7.0, and a
stress drop of 100 bar for both the small and the large events, 22
different synthetic acceleration histories were generated, from
which an average PGA of 0.28 g is obtained at the Catania site
S, with a standard deviation of 0.07 g, in rather good agreement
with the value shown on the map of Figure 4. One simulated time
history with peak value equal to the sample average was then
used to compute the EGF spectrum in Figure 7. Similar compar-
isons performed at soil sites confirm the indication of Figure 7,
i.e., that in first approximation, in the absence of strong directiv-
ity effects, the standard error band associated with the empirical
prediction is also a realistic measure of the spread of the synthet-
ics generated by different methods, i.e., of the model-to-model
uncertainty.
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FIGURE 8 SW-NE cross section of alluvium valley at IONIANET test site in Kefalonia Island (Greece); EF1, EF2, EF3, and EF4 are the
locations of digital accelerographs, while Vs denotes shear-wave velocity. Right-hand part of figure modified after Psarropoulos and Gazetas

(1998).

5. Alternative Tools for the
Treatment of Complex Site Effects

The inadequacy of zoning at a purely geotechnical level in the
presence of markedly 2D or 3D near-surface configurations,
e.g., alluvial valleys or sedimentary basins, has already been
mentioned. The quantification of seismic site effects on such
configurations can be a challenging task in a scenario investi-
gation, especially if time-consuming numerical simulations are
to be avoided for lack of sufficient geological and geophysical
data. Of particular concern is the occurrence of 2D/3D resonant
response of sediment valleys, which—although thoroughly un-
derstood from a theoretical standpoint (see Bard and Bouchon,
1985) and documented by remarkable data for weak-motion
earthquakes (e.g., Paolucci et al., 2000)—remains still scarcely
supported by strong-motion observations. On the other hand, the
main reason for the concern is the possible occurrence of soil
response spectral amplification well in excess of the empirical
values illustrated in Figure 2 as well as of those provided by
1D response analyses. We illustrate by means of two real case
histories the applicability of alternative tools for quantifying 2D
site effects: simplified analytical approaches and seismic noise
spectra.

5.1 Use of Simplified Analytical Models:
The IONIANET Test Site

The first case history stems from strong-motion observations
obtained by the IONTANET digital accelerograph network, lo-
cated on a small sediment valley in Kefalonia Island, in the most
seismically active region of Greece. A cross section of the valley
with the accelerograph location is shown in Figure 8. The valley,
about 0.8 km wide at the test site and 6 km long, is filled with
soft-to-medium dense Quaternary sediments (interbedded sand
and clay layers) and surrounded by hills of limestone and marl.
Geotechnical investigations were limited to two boreholes, one
drilled near the rock outcrops at the edges and one in the middle
of the valley, which disclosed about 46 m of soil overlying marl.

Station EF2
Station EF3

Response spectral amplification
IN o

Period (sec)

FIGURE 9 Response spectra ratios EF2/EF4 and EF3/EF4 for hori-
zontal motion in the direction normal to the plane of Figure 5, averaged
over three earthquakes. Shaded band indicates range of vibration peri-
ods where 2D resonance has probably occurred.

The shear-wave velocity values in Figure 8 were estimated from
Nspr measurements using empirical correlations.

In 1997 and 1998 IONIANET recorded four moderate earth-
quakes; three of them, with 4.2 < M < 5.2, occurred during the
same seismic sequence, at 20- to 45-km epicentral distance from
the network, with focal depth of 5-7 km. The largest peak ac-
celerations at EF4, on rock, were about 0.05 g, while on soil (at
EF2) they reached about 0.22 g during the same event.

Previous analyses of IONIANET data had shown that 2D
wave propagation and layering of the valley sediments must be
accounted for to explain the amplitudes and duration of the ac-
celerations recorded at EF3 and EF4 (Psarropoulos and Gazetas,
1998). We measure site amplification by the ratio between the
response spectra of the soil recordings at EF2 and EF3 and those
on rock at EF4, averaged over the three earthquakes. Figure 9
displays the ratios for the horizontal motion parallel to the valley
axis. The six- to tenfold spectral amplification occurring up to 1
sec period should be noted in the first place. Particularly at EF3,
a broad peak may be noted for vibration periods between about
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FIGURE 10

(Top) IONIANET site: amplification functions at selected surface receivers for antiplane (SH) motion calculated with the

simple model of triangular homogeneous valley, shown at bottom. Receivers are numbered 1 to 21, from left to right, and equally spaced. Solid
star in amplification plots indicates 2D resonance peak at 1.1 Hz. Receiver 16, exhibiting the highest peak, is between stations EF2 and EF3.
Graph in the middle depicts variation of resonant peak amplitude across the valley.

0.5 and 1.0 sec (shaded band in Fig. 9). The observed amplifica-
tion is substantially higher than the average empirical estimates
shown in Figure 2.

To investigate 2D resonance effects as a possible cause of
the high amplification observed, a very simple two-dimensional
model of the valley was analyzed, consisting of homogeneous
soil (with Vg = 400 m/sec) and having a triangular shape,
shown in Figure 10. The simplicity stems from the fact that
for specific values of the edge angles, a nearly exact solution
of the problem can be quickly obtained for a vertically prop-
agating plane SH wave (Paolucci et al., 1992). The analytical
amplification functions calculated with this method at differ-
ent points across the valley, reproduced in Figure 10, clearly
display a resonance peak common to all locations, which be-
comes very prominent in the zone where the valley sediments
are deepest. The resonance peaks are indicated by a star in the
figure. The common frequency of this peak is 1.1 Hz, while
its amplitude variation across the valley is depicted in the mid-
dle graph in Figure 10. Based on well-known studies on the
seismic response of valleys (Bard and Bouchon, 1985), the an-
alytical results in Figure 10 are consistent with the fundamen-
tal resonant mode for SH waves at the frequency of 1.1 Hz

(period 0.9 sec). Making due allowance for the approxima-
tions in the valley geometry and material properties of the sim-
plified model, we conclude that the amplification peak in the
shaded band of Figure 9 is caused by the fact that the three
recorded earthquakes have also excited the 2D resonant re-
sponse of the valley in its fundamental SH mode. As a rule of
thumb, this example indicates that the 2D amplification effects
would require, for the most critical sites, an extra multiplica-
tive factor of 2 to 3 with respect to the predictions of attenua-
tion relations (similar to those of current seismic codes such as
UBC97).

In reality, due to the moderate earthquake magnitudes in-
volved, the strongest ground response at the IONIANET site
occurred between about 0.1 and 0.3 sec period, and little en-
ergy was present in the 0.6-0.9 interval where 2D resonance ef-
fects are identified. However, the 2D resonant motion could be
strongly excited by higher-magnitude (say M > 6) future events,
such as have repeatedly occurred in the past in the Ionian Islands.
Obviously, nonlinearity of soil response should be considered
in this case.

In conclusion, the IONIANET data interpretation indicates
that relatively simple analytical or numerical models allowing
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FIGURE 11 Location of the Val di Sole site and indicative vertical cross section of the valley
along the NW-SE trace shown on the upper right map.

performance of quick parametric studies are essential for under-
standing complex site effects and determining their magnitude.

5.2 Use of Seismic Noise Spectral Ratios:
The Val di Sole Site

A powerful alternative approach to the identification of resonant
response on sedimentary valleys and basins relies on measure-
ments of seismic noise and associated use of single-station, H/V
spectral ratios (Nakamura, 1989; Field et al., 1995). In fact, sev-
eral studies show that this method can provide reliable estimates
of dominant frequencies of motion, although it tends to under-
estimate the amplitude of the response when compared with the

technique of the classical spectral ratios, it being generally ac-
cepted that the H/V ratios give alower bound of the soil response
amplitude for this frequency (see, e.g., Lachet and Bard, 1994).

Thus, to assess the capability of the H/V ratio technique in
identifying the basic features of 2D response in a real valley, a
second case history follows. The case study refers to a valley
(Val di Sole) located in the Italian Alps (Fig. 11). The valley
is filled by three types of Quaternary sediments. The oldest are
glacial sediments (moraine), while alluvial fans are present on
the hillsides of the valley, and the surface materials consist of
fine detritic sediments accumulated by the river Noce. A sketch
of the structure of the valley, based on observations made close
to the study zone, is given in Figure 11. The sediment thickness
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is estimated at more than 200 m at the valley center. The alluvial
fans have a thickness probably exceeding 50 m at some points,
while the river sediments are thinner, probably less than 20 m.
The shape ratio (thickness/half-width) of the valley is approxi-
mately 0.3.

Ambient noise was measured at 10 sites on the valley (Fig. 11),
using a three-component seismometer of 1 sec period. After per-
forming the FFT of the digitized noise recordings, the resulting
spectra were smoothed with a sliding window and the spectral
H/V ratio for each window and horizontal component was cal-
culated. Finally, the average spectral ratio on both horizontal
components was obtained. The resulting H/V spectral ratios are
presented in Figure 12.

Apart from site Sole-01, which is located over very thin soil
close to the sediment-rock (dolomites) contact, most of the re-
maining sites show an amplification peak between 1.16 and
1.77 Hz. This peak is maximum at the center of the valley
(Crov-04 and Sole-03) and decreases toward the edges, where
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applicable in the same geological context (e.g., Frischknecht
et al., 1998); Table 6 summarizes the properties used in the
models. A 1D dynamic response analysis at valley sites was
performed first, based on the cross section of Figure 11. The re-
sults (not shown here) indicated that a 1D model does not fit the
observations: computed resonance frequencies decrease from
the edge toward the center of the valley, where they are lower
than the observed one. Additionally, computed peak amplifica-
tions decrease from the edges toward the center of the valley,
while the observed ones vary in just the opposite sense.

These preliminary analyses indicate that the dynamic ground
response in the valley is more complex than in a simple 1D
case, and it is possibly related to a 2D resonance condition. Due
to the lack of data on the structure of the valley, the occurrence

TABLE 6 Mechanical Properties of the Val di Sole
Materials (estimated)

higher dominant frequencies exist with peaks of lesser ampli- Material (kg/m?) Vp (m/sec) Vs (m/sec) Q
tude (C.rov—06.and Sole-04). Theselobservatlons are in agree- Fluvial 2000 1400 200 50
ment with findings by Tucker and ng (1984) and by Bard and Alluvial fan 2100 1500 250 50
Bouchon (1985) about the characteristics of the 2D response of .
. .. . . Moraine 2100 2000 700 100
valleys. Since no in situ data are available on the material prop-
. . . . Bedrock 2500 4000 2500 200
erties of the sediments, they were estimated from correlations
Crov-01 Crov-02 Crov-03 Crov-04
10+ + + + .
5 - —+ —+ —+
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FIGURE 12 H/V spectral ratios of ambient noise measurements taken at the site shown in Figure 11.
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of a 2D resonance was investigated first with a simplified method
that allows estimation of the fundamental 2D resonance fre-
quency, but not its amplification, through Rayleigh’s approxi-
mation (Paolucci, 1999). A 2D valley model 1100 m wide was
used, consisting of two layers (20 and 190 m thick) embedded
in a half-space, with shear velocities equal to those for fluvial,
moraine, and bedrock materials, respectively. The resulting 2D
resonant frequencies vary between 0.95 and 1.10 Hz, depend-
ing on the shape of the model (elliptical, sinusoidal) and type
of wave (SH or SV) used in the analysis. Such values are only
slightly lower than those observed in the H/V ratios of noise at
the center of the valley (1.16 Hz).

Based on this evidence, a full time-domain 2D analysis was
performed next with the hybrid computer code AHNSE (Casadei
and Gabellini, 1997), and transfer functions for the surface re-
ceivers were obtained. The code can combine spectral elements
(Faccioli et al., 1997) and—in the more irregular near-surface
domains—finite elements; in 2D, it performs a P—SV propa-
gation analysis. High-velocity materials (bedrock and moraine)
were modeled with spectral elements while the low-velocity sed-
iments were discretized by finite elements. The grid size was de-
signed to propagate a maximum frequency of 9 Hz. As input mo-
tion, a plane Ricker wavelet with 3-Hz peak frequency was used.

To investigate the effect of the shape of the valley, the sedi-
ments were considered homogeneous, with properties identical
to the moraine. In the frequency domain, Figure 13 compares
the numerically computed amplification functions at different
positions in the valley with the observed H/V ratios. For this
comparison, sites Sole-01 to Sole-04 were projected onto the
profile used in the simulation, shown in Figure 11.
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The calculated fundamental frequency of resonance of the
valley at 1.12 Hz is very evident in Figure 13. At this frequency,
the maximum amplification occurs at the center of the valley
and is about 2.5 times greater than the sediment/rock seismic
impedance ratio (1D amplification); this level decreases toward
the edges of the model. Additional evidence of 2D response is the
good agreement between H/V ratios and numerical amplification
functions at stations Sole-03 and Crov-04 near the valley cen-
ter, as well as at Sole-02. This rather interesting result suggests
that the H/V ratios, in addition to being a reliable tool for deter-
mining dominant frequencies of motion, could also be used for
amplification estimates, at least for moderate excitation levels.

We may conclude from this second case history that inexpen-
sive methods based on noise measurements are among the tools
that can reliably be used to assess the effects of some basic fea-
tures of ground response on complex geologic configurations.

As an appropriate complement to the previous case histories,
in a recent study aimed at estimating a simplified “basin ampli-
fication factor” for alluvial valleys, Chavez-Garcia and Faccioli
(2000) show that, unlike the 1D site effects considered in cur-
rent engineering practice, the additional amplification caused by
2D effects may not be safely evaluated using the soil properties
in the near-surface layers, such as Vg3p. As a minimum, some
information is necessary also on the bedrock properties, to es-
timate the velocity contrast with respect to the underlying soft
sediments. According to Chdvez-Garcia and Faccioli, this con-
trast is the most significant parameter controlling the severity of
2D effects.

To make complex site effects amenable to relatively simple
empirical predictions for scenario studies, the most practical
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FIGURE 13 Comparison between H/V ratios of ambient noise (thick line) and computed 2D transfer functions (thin line). For this compar-
ison, sites Sole-01 to Sole-04 were projected to profile used in the simulation. P—SV components transverse to valley axis are used for H/V

ratios.
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way is probably to perform regression analyses (incorporating a
few simple geometrical and mechanical parameters) on the data
already recorded by the dense accelerograph arrays installed on
2D/3D geological configurations around the world. While the
use of average basin amplification factors derived from statis-
tical analyses of many numerical simulations and observations
could only be used as a rough first approximation in a scenario
study where the source-receivers geometry is assigned, some
of the general indications contained in the study by Chavez-
Garcia and Faccioli may provide useful guidelines, such as the
following:

1. 2D effects in alluvial valleys are significant only at periods
smaller than the 1D resonance period evaluated at the point
where the valley sediments are deepest.

2. For realistic values of the sediment/bedrock velocity ratio
(2.5 to 3.5), the basin amplification factor, i.e., the addi-
tional amplification factor by which one should multiply
the 1D factor, is between 1.5 and 2.5.

6. Closing Remarks

After reviewing, as a basic preliminary step, the issue of a deter-
ministic vs a probabilistic definition of a scenario earthquake,
we have summarized the features of the main tool used in the en-
gineering approach to the creation of a ground shaking scenario,
namely attenuation relations for ground-motion parameters. Al-
though such relations are discussed also in other chapters of
this handbook, we have deemed it indispensable to recall here,
from the user’s standpoint, some quantitative aspects of the pre-
dictions obtained thereby, including the measures of statistical
uncertainty.

We have subsequently discussed the selection of hazard de-
scriptors for earthquake scenarios and highlighted some features
of typical ground-motion maps generated through GIS technol-
ogy, using for illustration a few examples from recent studies,
notably those for the southern Italian city of Catania. Sensitiv-
ity analyses in terms of predicted damage are certainly apt to
provide significant guidance on the choice of the tools for pre-
dicting ground motion. Also, sophisticated geotechnical zona-
tion maps can be conveniently incorporated to produce ground
shaking maps for an area, although they cannot bring into the
picture the influence of sedimentary basins and of other nonsur-
ficial geologic structures that are likely to generate complex site
amplification effects.

One critical question in scenario studies concerns the extent
to which physical factors that are likely to have a strong in-
fluence on the spatial distribution of ground motion can be re-
alistically accounted for by the simple approach based on at-
tenuation laws. For the source-related aspects of the problem
(such as source finiteness and rupture directivity), the prediction
tools made available after the Northridge and Kobe earthquakes
can be considered adequate. However, the answer is mostly

Faccioli and Pessina

conditioned by the a priori knowledge of the geometry and
orientation of the seismogenic structures, highly uncertain in
many populated and highly seismic zones of the world. The ra-
tional exploitation of historical intensity data in regions with a
sufficiently long historical record may be the best way to tackle
this problem.

The situation is quite different for soil amplification arising
on sediment-filled valleys and basins. Alternative methods for
identifying complex site effects and determining their magni-
tude have been extensively illustrated in a specific section with
the support of two real case histories. The quantitative results in-
dicate that, although amplification factors in specific frequency
bands can be well beyond the reach of current empirical predic-
tions, some clue is already available on the values of the “basin
amplification factors” coming into play in complex geological
configurations of this type.

Regarding the relative performance of empirical predictions,
and of advanced numerical methods for generating synthetic
time histories at any desired location, the available results sug-
gest that the former are probably adequate for most scenario
studies using response spectra, in the sense that the model-to-
model variability is basically within the standard error band of
the empirical predictions.
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Editor’s Note

Please see Chapter 57 by Anderson for a general discussion of
strong-motion seismology.
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Kyoshin Net (K-NET), Japan

1. Introduction

After the Kobe (Hyogoken-nanbu) earthquake in 1995, the
Japanese government decided to increase the number of strong-
motion observation stations, to upgrade the observation network,
and to release future strong-motion records as soon as possible.
The National Research Institute for Earth Science and Disaster
Prevention (NIED) of the Science and Technology Agency was
given the responsibility to implement the program.

Kyoshin Net (K-NET) is one product resulting from this one-
year program. The word Kyoshin stands for “Strong” (Kyo)
“quake” (shin). The K-NET is a system that transmits strong-
motion data on the Internet, data that are obtained from 1000 ob-
servatories deployed all over Japan. The K-NET was constructed
on the basis of three policies. The first is to carry out systematic
observation. All of the K-NET stations use the same seismo-
graph, K-NET95, and they are all installed at free-field sites.
The second is to create a network of uniform spacing. The K-
NET consists of observatories having an almost equal station-
to-station distance. The third policy is the release of all strong-
motion records on the Internet. These easily available data files
include the soil structures of all sites, obtained by downhole
measurement.

We started to release the K-NET information, including
strong-motion data, on June 3, 1996, through our graphical user
interface on the World Wide Web. The text home page version
of the K-NET Internet site has been available for quicker distri-
bution of K-NET data since April 1, 1997. The Internet capacity
in Japan is so poor that users found it impossible to connect
to the K-NET Internet site immediately after the occurrence of
moderate earthquakes. To resolve this problem, we constructed
two new mirror sites and started to release K-NET information
through the two new sites beginning on April 1, 1997.

In this article, we report on the hardware and software config-
urations and the development of the K-NET. The many uses to
which K-NET data has been put during the last 6 years indicate

Shigeo Kinoshita

Yokohama City University, Yokohama, Japan

that the K-NET information, without any access restrictions, is
important not only before and long after a shock, but also im-
mediately after a shock, and that the data provide an effective
contribution to earthquake disaster countermeasures.

2. K-NET Instrumentation

2.1 Observation Network

The K-NET consists of 1000 strong-motion observation sta-
tions, a control center, and two mirror sites of the control center.
Figure 1 shows the distribution of K-NET stations. The average
station-to-station distance is about 25 km. This spacing of ob-
servation sites is designed to sample the epicentral region of an
earthquake with a magnitude of 7 or larger occurring anywhere
in Japan.

Each station is installed on a site 3 meters square. It com-
monly consists of a housing that is made of fiber-reinforced
plastic (FRP), a concrete base on which a strong-motion seis-
mograph s installed, facilities for electric power, a telephone line
with lightning arresters, and a fence. The housing is designed to
withstand snow of a depth of 4 m. Figure 2 shows the layout of a
typical observatory. The effects of the concrete base and instal-
lation on the recorded motion appear in frequencies exceeding
10 Hz (Ikeura et al., 1999). At sites where the temperature falls
to below —20°C, the base is constructed about 80 cm below
the ground’s surface, as shown in Figure 2. Thus, the K-NET
effectively offers a uniform, free-field, strong-motion data set
throughout Japan.

The headquarters of the K-NET is the control center in
Tsukuba city. The control center fully monitors the seismo-
graphs, acquires strong-motion data from the K-NET95 seismo-
graph by telemetry, prepares the database for the strong-motion
data files and earthquake catalogs, and releases the strong-
motion files on the Internet. The procedure of the retrieval and
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FIGURE 1 Distribution map of the K-NET strong-motion observatories. These 1000 stations, the
control center, and two mirror sites comprise the K-NET. Reprinted from Kinoshita (1998) with
permission from the Seismological Society of America.

release of data is as follows: When an earthquake occurs, the
Japan Meteorological Agency (JMA) promptly determines and
releases the source parameters (i.e., the origin time, epicenter
location, depth, and magnitude) through a JMA weather satel-
lite, provided that JMA observatories report the JMA intensity
to be more than 3. The first task of the control center is to receive
the JMA source parameters through an emergency information
receiver installed at the center. After receiving this information,
the control center automatically estimates the distribution of

maximum acceleration by using an empirical function relating
maximum acceleration to magnitude and distance (Fukushima
and Tanaka, 1990) and then starts to retrieve the strong-motion
records on the basis of the estimated maximum acceleration map.

The K-NET95 seismograph has two RS232C ports. The con-
trol center usually occupies one of the two ports and communi-
cates with the K-NET95 by a dial-up procedure. The communi-
cation rate is automatically determined by the line condition.
The maximum data transmission rate is 9600 bits/sec. The
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ground’s surface. Reprinted from Kinoshita (1998) with permission from the Seismological Society of America.

communication protocol is based on AT commands. After re-
trieving the strong-motion records obtained by the K-NET95
seismographs, the control center creates strong-motion data files
with a common header that includes the JMA prompt source pa-
rameters and then creates a database of strong-motion files. Si-
multaneously, the earthquake catalog database is updated. These
databases are maintained on a database server with a memory of
120 GB, which is installed in the control center. Finally, the con-
trol center simultaneously sends the strong-motion files to the
three WWW servers installed at the control center and the two
mirror sites. The servers make strong-motion data files available
on the Internet. Usually, the release of K-NET data on the Inter-
net is made within several hours of the occurrence of an earth-
quake in Japan. For example, in the case of the earthquake of
March 16, 1997 (M = 5.4), we obtained 209 three-component
seismograms and released these data after about 3 hours.

Another important job of the control center is to keep the
seismographs in an operational condition. The K-NET95 seis-
mograph continuously maintains a monitor file that has infor-
mation on the state-of-health of the seismograph. The control
center regularly checks these monitor files in order to maintain
the K-NET. When the control center finds abnormal data in a
monitor file, it orders a specified maintenance company to repair
the seismograph.

The other RS232C port of the K-NET95 seismograph is con-
nected to a local government office. The local government may
be able to obtain the strong-motion data more quickly than the
control center and to retrieve the data from the K-NET95 by
visiting the site if AC power is lost or the telephone line is

disconnected. This compensates for the control center’s depen-
dence on possibly unreliable telephone telemetry.

2.2 Type K-NET95 Seismograph

The strong-motion seismograph, type K-NET95 manufactured
by Akashi Co., is an accelerograph with a wide frequency band
and dynamic range. This seismograph is similar to a Kinemetrics
K2. The K-NET95 has the following specifications.

2.2.1 Sensor

The sensor, type V403BT, is a triaxial, force-balance accelerom-
eter with a natural frequency of 450 Hz and a damping factor of
0.707 (standard values). The output is 3 V/g and the resolution
is more than 0.1 mGal.

2.2.2 Recording System

The recording system of the K-NET95 consists of six parts
as shown in Figure 3. The amplification of the strong-motion
records stored on IC memory is adjusted by the gain of a DC
amplifier G(f), where f is frequency in Hz. The analog low-pass
filter F(f) is an antialias filter for the A/D converter C( f). This
filter consists of a two-stage RC filter with the corner frequencies
of 800 kHz and 160 kHz. The A/D converter C(f) is a 24-bit
type with a converter clock frequency of 1.6384 MHz. Strictly
speaking, this A/D converter consists of a 1-bit sigma-delta
modulator and the following digital decimation filter. This digital
filter is a linear phase finite impulse response (FIR) filter with
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FIGURE 3 Block diagram of the K-NET recording system. The out-
put of the A/D converter retains the causality of ground motion, and
the sampling frequency is 800 Hz. The digital decimation filter D(f)
converts the sampling frequency from 800 Hz to 100 Hz.

a tap length of 1.25 ms, and the over sampling ratio is 2048.
Thus, the output of C(f) is a signal with a sampling frequency
of 800 Hz that retains the causality of the original signal. The
digital filter D( f) is also a decimation filter. This filter is a three-
pole Butterworth filter with a corner frequency of 30 Hz, and it
also decreases the sampling frequency from 800 Hz to 100 Hz.
This filter is designed by applying the bilinear transform to an
analog Butterworth filter. Finally, the signal with a sampling
frequency of 100 Hz is stored in IC memory. A flash memory
card with a recording capacity of 8 MB is used for data stor-
age. The maximum available time for recordings is 2.5 h. The
maximum measurable acceleration is 2000 Gal. Strong-motion
signals stored in the K-NET95 are deleted only by a command
from the control center. This means that the K-NET95 keeps the
main shock data in case of an earthquake swarm.

Figure 4 shows the overall frequency response characteristics
of the K-NET95. The response characteristics are approximately
equal to those of a three-pole digital Butterworth filter with a
sampling frequency of 800 Hz and a filter corner at 30 Hz. Thus,
instrument correction may be easily performed in the Fourier
domain. However, it is difficult to execute instrument correction
in the time domain because the digital Butterworth filter with a
sampling frequency of 100 Hz does not preserve the digital But-
terworth characteristics with a sampling frequency of 800 Hz
in the frequency range from 30 Hz to 50 Hz. The reason is due
to the decimation filter used in the K-NET95 recording sys-
tem, in which the sampling frequency decreases from 800 Hz to
100 Hz.

2.2.3 Time Code

Timing in the K-NET95 is controlled by using Global Position-
ing System (GPS) satellite systems. A GPS antenna is installed
at each site, and the K-NET95 has a GPS receiver.
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2.2.4 Communication

The K-NET95 has two RS-232C communication ports. These
ports are connected to modems, and the maximum speed of
communication is 9600 bits/sec. Communication is executed
using AT commands.

2.2.5 AC and DC Power

The main power for the K-NET95 is 100V AC. The K-NET95
has a battery with a capacity of 24 Ah. This battery is charged by
atrickle-charger with a maximum current of 0.5 A at 12 V. Thus,
the K-NET95 can function for approximately 24 hours using a
fully trickle-charged battery if AC power is lost, because the
power consumption of the K-NET95 is approximately 11 VA.

2.2.6 Packaging Case

The packaging case of the K-NET95 is made of FRP and is
waterproof to a depth of 3 m. The dimensions are as follows:
180 mm (H), 380 mm (L), and 280 mm (W). The weight of the
K-NET95 is approximately 7 kg.

2.2.7 Resolution and Dynamic Range
of the K-NET95

The actual performance of the K-NET95 was tested at the fac-
tory and at a field test site, station TKN. This test yielded the
following results (Kinoshita, 1998).

Figure 5 shows the maximum acceleration amplitude at
each frequency, which is calculated from the acceleration
power spectral density. The two dotted lines, LNM and HNM,
show the USGS low- and high-noise models (Peterson, 1993),
respectively. Also, Figure 5 shows the maximum acceleration
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proposed by Peterson (1993).

amplitude of a UD component microtremor observed from the
STS-2 seismometer installed on the same concrete base simul-
taneously. The K-NET95 and the STS-2 seismometers were in-
stalled on the same base. The result obtained from the STS-2
probably represents the actual microtremor at this site, and thus
the result obtained by the K-NET95 probably consists almost
entirely of instrument noise, due to the resolution amplitude
of the K-NET95. This figure shows that the K-NET95 ampli-
tude resolution is approximately 1 mGal throughout the entire
frequency band. Thus, in this case, the dynamic range of the
K-NET95 is 126 dB because the maximum measurable acceler-
ation is 2000 Gal.

The V403BT negative feedback accelerometer has a test coil
for calibrating the K-NET95 seismograph. This calibration is
implemented by a command from the control center, and the
calibration data are stored in the K-NET95. By retrieving the
calibration file by a dial-up procedure, we can check the dynamic
range of the K-NET system including transmission lines. This
return test is performed every month.

2.2.8 Temperature Sensitivity and Temperature
Dependence of the K-NET95 Responses

The K-NET95 functions within a nominal temperature range of
—5 to 50°C, according to the specifications. However, in prac-
tice, the K-NET95 functions in a temperature range from —20 to

60°C as follows. Temperature sensitivity was measured by us-
ing an environment controller throughout a temperature range
of from —10 to 50°C. The results showed that the temperature
sensitivity of the K-NET95 is about 0.1%. The strong-motion
data files available on the Internet include the temperature in-
formation at the time of recording, which is written under the
heading of memorandum in the header part of the file.

2.2.9 DC Offset

There are two kinds of DC offset in the K-NET95. One is an
initial drift, which continues for about 2 days until the inter-
nal temperature of the K-NET95 reaches a steady condition.
The other is due to environmental temperature changes. After
the initial offset, the K-NET95 has a hysteresis loop in the DC
offset. This characteristic depends on the temperature transmis-
sion of the FRP case of the K-NET95. The average gradient of
this loop is about 1 Gal/°C and the K-NET95 kept this value un-
der a forced temperature change test within a temperature range
of from —10 to 50°C.

2.2.10 Cross-Axis Sensitivity

The cross-axis sensitivity between the three components of the
K-NET95 is measured by using a shake table. During the test,
shaking within a frequency range of from 1 to 10 Hz, the cross-
axis sensitivity was less than 1%.
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3. K-NET Information

The K-NET provides four kinds of data and one software pack-
age. These include site information, strong-motion data, a max-
imum acceleration map, K-NET95 instrument parameters, and
utility programs. The control center and the two mirror sites
send these data and software across the Internet according to the
user’s request. The Internet addresses of the control center and
the two mirror sites are as follows:

http://www.k-net.bosai.go.jp (control center in Tsukuba city)
http://www.k-net.ostec.co.jp (mirror site 1 in Osaka city)
http://www.k-net.geophys.tohoku.ac.jp (mirror site 2 in Sendai

city)

3.1 Site Information

At each K-NET station, the velocity structure beneath the site
to a depth of 10 or 20 meters was investigated by downhole
measurement. The control center and the two mirror sites pro-
vide the location, elevation, address, and soil structure including
N-values, bulk density, P- and S-wave structures, and soil pro-
file for each site as part of the station information. Figure 6
shows an example of the site information sent across the
Internet.

Kinoshita

3.2 Strong-Motion Data

The control center makes three kinds of strong-motion data files
available (UNIX, DOS, and ASCII) with a common header that
includes the quick source parameters determined by JMA for
each event. Users can select from among the three file types on
the Internet. The UNIX and DOS files are compressed by gzip
and lha compression commands, respectively.

A separate data file is made for each component of each
seismogram. The numerical data in each file are raw accelero-
grams recovered from the K-NET95, without any corrections.
The source parameters, origin time, epicenter location, focal
depth, and magnitude, written in the header of the data file, are
from the preliminary JMA report on the earthquake source. The
control center does not release the JMA final source parameters
on the Internet.

Since April 1, 1997, users have been able to download all
strong-motion data files obtained from a specific event at one
time. Such data retrieval is also possible for a set of events
selected according to a user’s request.

3.3 Maximum Acceleration Map

The map of maximum acceleration with equi-acceleration con-
tour lines will be made after an event when the control center has
recovered enough data, usually more than 50 three-component

Soil investigation
by downhole method (10-20 m)
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FIGURE 6 An example of site data sent out on the Internet.
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FIGURE 7 An example of a maximum acceleration map sent out on the Internet.

seismograms. The contour lines are smoothed by using Spline
interpolation and indicate the center point of strong motion,
which may be different from the epicenter of the earthquake.
If the control center has not recovered enough data to construct
such a map, only the table of maximum acceleration is released.

Figure 7 shows an example of a maximum acceleration map
sent out on the Internet. This map was obtained from the Eastern
Aichi prefecture earthquake of March 16,1997 (M = 5.4). From
such a map, it is possible to interpret the local characteristics of
maximum acceleration.

3.4 The K-NET95 Instrument Parameters

The control center provides the information on the K-NET95
seismograph. These are the block diagram, overall frequency
characteristics, and specifications, of the seismograph. The de-
tailed information on the K-NET95 seismograph is provided by
Kinoshita (1998) and Kinoshita et al. (1997).

3.5 Utility Software

In 1997, K-NET released utility software, which runs on
Windows 95 or NT, for preliminary studies on the K-NET95
seismograms. The released application programs are applicable
to DOS seismogram files, which are retrieved from our Web

sites and are able to calculate and plot velocity and displace-
ment seismograms in addition to the original accelerograms.
Also, the utility programs can calculate Fourier, power, and re-
sponse spectra and can implement various filtering functions.
Plotting programs for the calculated spectra are included in the
utility software. When we plot the three-component K-NET95
seismogram by using the utility program, the program simulta-
neously provides the value of the JMA intensity at the site.

3.6 Off-line Release of K-NET Information

Since April 1, 1997, individual users have been able to copy
the K-NET strong-motion data and other information on to their
MO and/or DAT media at the control center and mirror site 2.
This is a self-service. We also distributed the strong-motion data
obtained in 1996 and 2001 on ten CD-ROMSs. Such a service is
performed every 6 months.

4. Closing Remarks

From the Kobe earthquake of 1995, we learned that more in-
formation on strong motion in a hypocentral area is necessary
to investigate the generation of strong earthquake shaking and
to assess the degree of a disaster for quick mitigation response.
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The K-NET deployed in 1995 to respond to these demands.
This network was constructed on the basis of previous seismic
networks installed in the United States, Japan, Mexico, the Re-
public of China, and other countries. The construction cost was
US$40,000,000, and the maintenance cost for each year is 5%
of the construction cost. Three persons including a computer
engineer have been operating this system.

After about 1 year of operation, the K-NET has transmitted
one million data files to users on the Internet. This means that the
K-NET is responding very well to users’ requests. In the future,
the K-NET will provide even more useful information as the in-
struments and network are upgraded. The K-NET will continue
to provide even more useful information as the instruments and
network are upgraded. For example, K-NET upgraded the Web
pages in 2001, in which a concise text of strong-motion entitled,
“Fundamentals of strong-motion,” was released.
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Strong-Motion Instrumentation

Programs in Taiwan

1. Introduction

Taiwan is located on the Circum-Pacific seismic belt. On the
east side of Taiwan, the Philippine Sea plate subducts beneath
the Eurasian plate at the Ryukyu trench, while at the south end of
Taiwan, the South China Sea lithosphere subducts eastward
under the Philippine Sea plate. The active convergent margin,
connecting these two subduction zones, is characterized by rapid
crustal deformation, regional-scale crustal faulting, and high
seismicity. The densely populated western Taiwan, with high-
rise buildings as a consequence of developing economy, is
vulnerable to increasing earthquake hazard. Therefore, earth-
quake research has a high priority in Taiwan and consider-
able amounts of resources have been devoted to seismic instru-
mentation in general, and strong-motion instrumentation in
particular.

Many disastrous earthquakes have occurred in the past, the
most recent one being the 1999 Chi-Chi earthquake (Teng et al.,
2001). About 2500 people died and 300,000 were left homeless.
The importance of strong-motion instrumentation has long been
recognized, and we will summarize here the history of the strong-
motion instrumentation programs in Taiwan. The earlier instru-
mentation programs were conducted primarily by the Institute of
Earth Sciences, Academia Sinica, and have been mostly research
oriented (Tsai, 1997; see also Report of the Institute of Earth
Sciences under China (Taipei) in Chapter 79). The later efforts,
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involving an order-of-magnitude increase in the number of
instruments, were conducted primarily by the Central Weather
Bureau.

2. Strong-Motion Instrumentation
Program by IES

2.1 Strong-Motion Accelerographs
Network (SMA)

An islandwide strong-motion network was deployed by the
Institute of Earth Sciences (IES), Academia Sinica, beginning
in 1974, and by 1983, this network consisted of 72 stations.
The instruments used were the standards at that time, i.e., the
SMA-1s. The first strong-motion record obtained by this net-
work was in April 1976. The purpose of this network is mainly
to study earthquake source, structure responses, attenuation of
ground motions, and risk analysis. By 1990, accelerographs of
this network increased to 79, as a mix of analog and digital
recording units. Most of them were installed on free-field sites,
while some were on man-made structures. Most of those free-
field stations were installed on the populous plain areas. After
1990, all stations of this network have been continuously
upgraded to force-balance accelerometers with 16-bit resolution.
Numbers of accelerograph stations on plain areas were reduced,
and new stations were installed in the Central Range Mountain
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of Taiwan. The total number of stations in this network is cur-
rently 74. The purpose of the new installation is to study the
topographic effects and attenuation behavior of strong motion
in the mountainous area (Huang, 2000). Leaders of this project
include Y. B. Tsai (1974-1978), C. S. Wang (1979-1980), Y. T.
Yeh (1981-1992), and B. S. Huang (1992—present).

2.2 Strong-Motion Accelerograph Array
in Taiwan, Phase 1 (SMART-1 Array)

SMART-1 Array was set up in Lotung in 1980 and closed at
the end of 1990. This was a cooperative project between the
Institute of Earth Sciences, Academia Sinica and University of
California, Berkeley. The SMART-1 Array consisted of a central
site and accelerographs in three concentric circles, with radii of
200 m, 1 km, and 2 km, respectively. Each circle had 12 evenly
spaced sensors. All 43 accelerographs were tied to a common
time base, with timing to better than £0.01 sec. Each accelero-
graph consisted of a triaxial force-balance accelerometer, capa-
ble of recording +2 g, connected to a digital event recorder that
uses a magnetic tape cassette for recording. The accelerographs
were triggered on either vertical or horizontal acceleration at
an adjustable preset threshold. Signals were digitized with a
13-bit resolution at 100 samples per second. Each recorder had a
digital preevent memory that stored the output signals from the
force-balance accelerometer for approximately 2.5 sec before
trigger. Such accelerographs had an obvious advantage of pro-
viding synchronous time history of the ground-motion acceler-
ation. Hence, we could perform spatial and temporal correlation
across the whole array. The recorded data on digital cassettes
were played back at the central laboratory and transferred onto
a regular 9-track magnetic tape in ASCII format. During the
playback, a seismologist scanned the digital signals displayed
on a minicomputer console and made corrections for glitches,
gaps, time code errors, and offsets in DC level. A regular mag-
netic tape containing edited data was available for further anal-
ysis only hours after the recording, whereas the analog record-
ing/processing commonly used at that time would take days
to digitize and process (Tsai and Bolt, 1983). Many research
papers were published using the SMART-1 data (e.g., Loh et al.,
1982; Abrahamson, 1988).

2.3 Lotung Large Scale Seismic Test
Array (LSST)

The LSST program was set up for evaluating soil-structure
interaction effects and backfill effects. These effects are im-
portant in seismic design of nuclear reactor facilities. A quarter-
scale and a 1/12-scale model of the nuclear reactor containment
structure were constructed inside the SMART-1 Array on Oc-
tober 1985. It was closed at the end of 1990, the same time
that SMART-1 Array had completed its mission. The LSST pro-
gram was a joint project between the Taiwan Power Company
(Taipower) and the Electric Power Research Institute of USA
(EPRI), under the management of H. T. Tang. Under a contract

Shin et al.

with Taipower, IES installed and maintained the instruments, as
well as carried out data collection, reduction, and analysis. In the
initial phase, four types of sensors were installed in the fields
for data acquisition: the surface accelerometer, the downhole
accelerometer, the structural response accelerometer, and the
interfacial pressure transducer. These sensors were triaxial type,
except the pressure transducer. The output of all accelerometers
and pressure gauges was transmitted by hard wire to the central
recording unit and was recorded on cassette tapes. These tapes
were then processed and transcribed onto 9-track tapes using the
ASCII format.

2.4 SMART-2 Array

The SMART-2 strong-motion array was deployed by IES in the
northern part of the Longitudinal Valley in Hualien in December
1990, and was fully operational in 1992 (Chiu et al., 1994). It
consists of 45 Kinemetrics SSR-1 instruments as surface stations
and two sets of downhole subarrays. All sensors used in this array
are force-balance accelerometers. This array is designed to study
the rupture process of seismic faults and the characteristics of
near-source ground motions. Furthermore, the high-quality data
from SMART-2 may be used for research in seismology and
earthquake engineering (e.g., Huang and Chiu, 1996).

Chiu et al. (1995) studied the coherency of ground motions
based on the SMART-2 data and compared it with the results of
the SMART-1. A comparison of coherency functions for both
vertical and horizontal motions from a magnitude 5.5 earthquake
recorded by the SMART-2 indicated no significant difference in
the range of 1 to 10 Hz for separation distance of 400, 800, and
1500 m.

2.5 Hualien Large Scale Seismic Test
Array (HLSST)

Since 1993, EPRI and Taipower have sponsored a dense
multiple-element array, the HLSST network, located at the
Veteran’s Marble Plant of Hualien within the SMART-2 deploy-
ment area of northeastern Taiwan. This is an international joint
project operated by IES with the objectives of investigating
soil-structure interaction behavior during severe earthquakes
and verifying the validity of various analysis methods using the
strong-motion records. To serve this purpose, a one-quarter-scale
cylindrical reactor model and a cylindrical liquid-storage-tank
model were constructed in Hualien, a high-seismicity region.
The cylindrical liquid-storage-tank model was closed in July
1998.

2.6 Downhole Accelerometer Arrays
in the Taipei Basin (DART)

A research project, “Integrated Survey of Subsurface Geology
and Engineering Environment of the Taipei Basin,” was proposed
in early 1990s to collect data for the purposes of engineering
construction, groundwater management, ground subsidence
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prediction, study of the basin effects of seismic waves, and
geological sciences. This project has been sponsored by the
Central Geological Survey (CGS), Ministry of Economic Affairs
since August 1991. CGS contracted the study of the basin effects
on seismic waves to IES, which proposed the DART program,
in which one site was installed per year to analyze the varia-
tion of seismic waves propagating from the basement to ground
surface. Each site includes one free-surface accelerometer and
some downhole sensors. These force-balance accelerometers are
connected to a PC-based central recording system or a K2 digital
recording system with GPS timing and position information.

Wen et al. (1995) studied basin effects using a dense strong-
motion array in Taipei Basin. Their results showed that site
amplification is frequency dependent. They also indicated that
both horizontal peak ground acceleration and the spectral ratio
in low-frequency band are closely correlated with the geological
structure of Taipei Basin.

3. Strong-Motion Instrumentation
Program by CWB

Inthelate 1980s, Y. B. Tsai proposed an extensive strong-motion
instrumentation program for the urban areas in Taiwan. Since the
Central Weather Bureau has the official responsibility to monitor
earthquakes in the Taiwan region, the Taiwan Strong-Motion
Instrument Program (TSMIP; see Shin, 1993) was successfully
implemented during 1991-1996.

The main goal of this program is to collect high-quality instru-
mental recordings of strong ground shaking from earthquakes,
both at free-field sites and in buildings and bridges. These data
are crucial for improving earthquake-resistant design of build-
ings and bridges and for understanding the earthquake source
mechanisms, as well as seismic wave propagation from the
source to the site of interest, including local site effects.

Two types of digital strong-motion instruments were deployed
throughout Taiwan in this program, with special emphasis in
nine metropolitan areas. One type is a digital triaxial accelero-
graph for recording free-field ground shakings (Liu et al., 1999).
The other type is a multichannel (32 or 64 channels), central-
recording, accelerograph array system for monitoring shaking
caused by earthquakes in buildings and other structures (Lee
and Shin, 1997). By the end of 2000, a total of 640 free-field
accelerographs and 56 structural arrays had been deployed.
Locations of the free-field accelerographs are shown in Figure 1,
and locations for the building arrays are shown in Figure 2.

4. The Taiwan Rapid Earthquake
Information Release System

The desire for seismological observation in real time has long
been recognized, and significant advances have been made dur-
ing the past decade in many countries (Kanamori et al., 1997).
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FIGURE 1 Locations of the CWB free-field, three-component, digi-
tal accelerograph stations. The star indicates the location of the Chi-Chi
earthquake. Surface ruptures extending about 80 km north—south are
shown to the left of the epicenter.

The idea of an islandwide early earthquake warning system using
the existing telemetry in Taiwan was first proposed by T. L. Teng
in the early 1990s. The Taiwan Rapid Earthquake Information
Release System (RTD) is based on a simple hardware/software
design first introduced by Lee et al. (1989), and was subse-
quently improved and refined (Lee, 1994; Lee et al., 1996; Shin
etal., 1996; Teng et al., 1997; Wu et al., 1997, 1998, 1999). The
RTD system consists of 80 telemetered strong-motion accelero-
graphs in Taiwan (Fig. 3). Digital signals are continuously tele-
metered to the headquarters of the Central Weather Bureau
(CWB) in Taipei via 4800-baud leased telephone lines. Each
telemetered signal contains three-component seismic data digi-
tized at 50 samples per second and at 16-bit resolution. The full
recording range is £2 g. The incoming digital data streams are
processed by a computer program called XRTPDB (Tottingham
and Mayle, 1994). Whenever the prespecified trigger criteria are
met, the digital waveforms are stored in memory and are auto-
matically analyzed by a series of programs (Wu et al., 1998).
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FIGURE 2 Locations of the CWB structural strong-motion arrays
in buildings and bridges. The star indicates the location of the Chi-Chi
earthquake. Surface ruptures extending about 80 km north-south are
shown to the left of the epicenter.

The results are immediately disseminated to emergency response
agencies electronically in four ways, namely, by e-mail, World
Wide Web, fax, and a pager system (Fig. 4).

5. The Chi-Chi Earthquake
of September 21, 1999

The Chi-Chi earthquake occurred at 1:47 on September 21, 1999
(Taiwan local time) or at 17:47 on September 20, 1999 UTC.
It was the largest (M,, = 7.6) earthquake to have occurred on
land in Taiwan in the 20th century. For the main shock, 441
digital three-component, strong-motion records were success-
fully retrieved by the Taiwan Central Weather Bureau (CWB)
from about 640 accelerographs deployed at the free-field sites.
These preliminary strong-motion data from the Chi-Chi main
shock were released on December 13, 1999, in the form of a

Shin et al.
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FIGURE 3 Map showing the telemetered stations of the Taiwan
Earthquake Rapid Information Release System (RTD).

prepublication data CD (Lee et al., 1999). During the first 6
hours after the main shock, about 10,000 strong-motion records
were recovered, and since then another 20,000 records were
obtained. This is by far the best-recorded major earthquake in
the world. There are over 60 three-component strong-motion
records from within 20 km of the fault ruptures.

A preliminary report of this earthquake is given in Shin et al.
(2000), and a detailed report of the processed free-field acceler-
ation data is given in Lee et al. (2001a). These data are also
archived in Lee et al. (2001b). Characteristics of the strong
ground motion are given by Tsai and Huang (2000). At the time
of the earthquake, the Taiwan Rapid Earthquake Information
Release System (RTD) automatically determined the location
and magnitude for the main shock and prepared a shake map
within 102 seconds after the earthquake’s origin time. This in-
formation was then sent out by a pager-telephone system, by an
e-mail server, and by fax. Its performance during the Chi-Chi
earthquake and numerous strong aftershocks has been docu-
mented in Wu et al. (2000).
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FIGURE 4 A block diagram showing the hardware of the RTD
system.

6. Concluding Remarks

The Chi-Chi earthquake clearly demonstrated the usefulness
of the extensive strong-motion instrumentation in Taiwan for
purposes of emergency response and research in seismology
and earthquake engineering. Readers are referred to several spe-
cial issues and proceedings on the Chi-Chi earthquake (e.g.,
BERI, 2000; Loh and Liao, 2000; Wang et al., 2000; Teng et al.,
2001).
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