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Preface

This study is the sixth in a series concerned with the interpretation and analysis
of seismograms of strong ground motion recorded by accelerometers. The first five were
based on measurements from arrays, and dealt with the spatial variability of the ground
motions, and the estimation of inputs for multi-supported structures. Such studies
flourished after the large SMART1 data set became available after 1980.

The SMART1 array was installed in Taiwan in September 1980 and through June
1991 recorded strong ground motions (with some accelerations exceeding 0.3 g) from
over 55 local earthquakes. The first two reports in the series are: UCB/EERC-82/18 by
B. A. Bolt, C. H. Loh, J. Penzien, Y. B. Tsai, and Y. T. Yeh and UCB/EERC-85/82 by N.
A. Abrahamson. In 1988, R. B. Darragh published "Analysis of Near Source Waves:
Separation of Wave Types Using Strong Motion Array Recordings" in Report
UCB/EERC-88/08. A research summary through 1986 was published in "Earthquake
Spectra”, 3, 263-287, 1987 by N. A. Abrahamson, B. A. Bolt, R. B. Darragh, J. Penzien,
and Y. B. Tsai. Two additional recent reports are: UCB/EERC-89/06 by Hong Hao,
entitled "Effects of Spatial Variation of Ground Motions on Large Multiply-Supported
Structures" and UCB/EERC-91/07 by S. J. Chiou, entitled "Estimation of Seismic Source
Processes Using Strong Motion Array Data." A further report, giving details of the
application of attenuation and coherency relations for large multi-supported structures
has been published as, UCB/EERC-93/12 by B. A. Bolt and N. J. Gregor, entitled
"Synthesized Strong Ground Motions for the Seismic Condition Assessment of the
Eastern Portion of the San Francisco Bay Bridge."

The main thrust of the present research has been directed to the measurement of
seismic ground displacements from California earthquakes, selected from those with

published maps of the distribution of slip on the causative fault plane. The aim has been



to understand more clearly the variation of the maximum wave displacement
amplitude, and its attenuation with distance, with engineering applications in mind.

Gregor has made a comprehensive analysis of 12 California earthquakes with
strong ground motion recordings and published fault-slip distributions. Seismological
interpretation criteria were used that applied seismic wave theory before statistical
analysis. The theory is needed for selection of compatible ground wave displacements
because of the mixing of body S waves with Love and Rayleigh surface wave trains.
Seismic wave response of alluvial basins can alter dramatically the amplitudes and
durations of the long period surface wave coda in a displacement record. Also, because
peak displacements tend to have an order of magnitude longer period than peak
ground accelerations, it is necessary to relate the displacement amplitudes and phases
to the slip-history on the fault plane, rather than to the earthquake focus or some
arbitrary measure, such as the nearest horizontal distance to the causative fault trace.

In this work, the attenuation distance was taken between the instrument and the
point of largest slip known from published source mechanism inversions using
seismograms. It is usually the case that the largest displacement amplitudes, recorded
on strong ground motion instruments, occur in the predominately S wave portion of the
record. These displacements are the consequence of the elastic rebound along the
rupturing fault due to the work done in the dislocation by an equivalent force couple.
The ensuing SH shear pulses travel outward with maximum amplitudes normal and
parallel to the moving dislocation. Directivity focusing of the moving source produces
further significant amplitude and frequency modulation. Evidence for the latter effect
was found in this study.

The selected earthquakes were classified into two types: predominately reverse
dip-slip and strike-slip mechanics. The sites of recording stations were classified as

either rock or soil.
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Abstract

The attenuation of the maximum shear wave for strong ground
displacements for large earthquakes (5.4 < My < 7.2) in California was studied from
a seismological viewpoint and regression curves of attenuation were statistically
estimated. The curves were computed for two different geologic classifications of the
recording location (rock or soil), and two different fault mechanisms of the seismic
source (strike-slip or reverse-fault). The sample consisted of eight strike-slip and
four reverse-fault mechanism earthquakes with 238 soil and 100 rock
measurements.

The peak ground-motion displacements were measured from the S body-
wave portion of the seismograms (typical frequencies of 0.2 - 1 Hz) after seismic
wave-type discrimination. The peak displacement from the surface wave energy was
not considered in this analysis. A defined attenuation distance, Hslip, was used as
the distance from the recording station to the location on the fault plane of largest
slip. Two sub-samples were formed of the SH (transverse) and SV (vertical)
measurements. A total of eight atténuation relations, based on source mechanism,
site geologic condition, and horizontal (SH) versus vertical (SV) ground motion,
were statistically estimated.

For example, the SH wave attenuation curve for a reverse-fault mechanism

rock site is,
Logio (D) = -3.44 + 0.92M,, - 1.51 Logio (Hgp), o1=031,
where D is the peak ground displacement in cm and o is the standard deviation for

the sample. The resulting mean peak displacement at Hglip = 10 km for a My = 7.0

earthquake is 31 cm.



The effect of rupture directivity on the observed peak displacements causes
the greatest variation in the sample, with the largest dispersion for observations
from stations which are located close to and along the strike of the propagating
seismic rupture. These deviations can be predicted from seismological wave theory,
as well as the scatter due to the corresponding radiation patterns. Finally, in a few
cases, the individual site response of a station was observed to cause deviations
from the mean greater than one standard deviation.

The set of ground-displacement attenuation curves predict greater amplitudes
at sites classified as soil than rock sites. SH motion is larger than SV motion for both
types of seismic source mechanisms. Finally, strike-slip attenuation relationships
predict higher peak displacements for Hgjip > 30 km than comparable curves for

reverse-fault mechanism earthquakes.
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1. Introduction

1.1. Importance of Peak Strong Ground Motion Displacement

The attenuation of seismic waves with large amplitudes is of fundamental
importance in both seismology and earthquake engineering. Numerous empirical
attenuation relations for peak strong ground motion parameters (particularly peak
ground acceleration, pga) have been estimated in the last 20 years.

Much more recently, attenuation curves of peak strong-motion acceleration
as a function of frequency have also been computed (for a review of attenuation
models see, Joyner and Boore, 1988; Iai and Matsunaga, 1993). Such a dependence is
needed for quantitative structural dynamic analysis (e.g., see Miranda, 1993). This
variation of frequency spectral attenuation has been estimated based on the
numerical transformation of recorded strong ground motion time histories to
spectral acceleration and to pseudovelocity spectral response (see section 2.3). Many
of these attenuation studies have included recordings of strong ground motion
from worldwide earthquakes, while some are restricted to a specified seismically
active region.

Comparable studies of the variation of maximum ground displacement as a
function of distance and frequency are much fewer, although individual values for
maximum ground displacements, measured observationally by regular
seismographs and field strong-motion accelerometers, have been published.

Among the various strong seismic ground motion parameters that have been
defined, peak ground acceleration, velocity, and displacement are key markers in
seismic response studies of major engineered structures. Recently, the special
importance of peak ground displacement has been stressed in performance and

design considerations of certain critical structures, such as a base-isolated building



(e.g., see Buckle and Mayes, 1990; Perry et al., 1993) and multi-supported bridges (e.g.,
see Singh and Tabatabaie, 1991; Miranda, 1993; Bolt and Gregor, 1993; Kawashima
and Hasegawa, 1994).

The use of peak ground displacement in seismic hazard assessment was first
proposed by Newmark and Hall (1969). In their methodology, estimates of
engineering design spectra for critical structures, such as nuclear power plants, were
based on the three peak ground motion parameters - acceleration, velocity, and
displacement. The design spectrum was then scaled, within certain frequency bands,
by previously determined amplification values, for the various degrees of critical
damping. In general, the peak ground-motion displacement values controlled the
response spectrum for frequencies less than about 0.4 Hz.

Recently, there has been a greater demand from structural engineers for
attenuation curves for the expected peak displacement ground motion to be used in
a site specific analysis for the base isolation of a structure (Buckle and Mayes, 1990).
Engineering considerations demonstrate that the longer period velocity and
displacement ground motion (frequencies less than about 1 Hz), can be more critical
in the vulnerability assessment of a large engineered structure than the higher
frequency ground acceleration. (The theory for structural response of base-isolated
structures to input seismic motion is outlined in Kelly (1990)).

The corresponding statistical regression of attenuation relations for peak
ground displacement has not progressed for a number of seismological,
instrumentation, and engineering reasons. In a full seismological description,
maximum displacement values on a seismogram describe amplitudes of either the
P and S body waves, which usually arrive during the time window of largest ground
motions, or surface waves, which with their lower propagation velocities, arrive
later in the time histories. Source extensions, lateral refraction, and scattering cause

some mixing of these wave types throughout the wave train with different



properties in each record. For this reason, discrimination of the absolute peak values
from consistent wave types requires application of criteria from seismological theory
and observational experience.

On the instrumental side, recent advances in the digitization and processing
of strong ground-motion time histories has increased the bandwidth of strong
ground-motion records. Because displacement records are derived from double
integration of the accelerograms and filter and base-line adjustment considerations
are critical, these advances have improved the reliability of peak displacement
measurements. Finally, as mentioned above, the need has arisen in the engineering
community for peak displacement attenuation curves for use in seismic hazard
assessments.

The statistical study of the attenuation properties of strong motion
displacement has been significantly enhanced in the last five years by the acquisition
of many strong ground motion records from large crustal earthquakes in California
recorded at close to moderate distances from the fault source. Specifically, the
October 17, 1989 Loma Prieta earthquake, My = 7.0, the June 28, 1992 Landers
earthquake, My = 7.2, and the January 17, 1994 Northridge earthquake, My = 6.7
contributed an increase of about 40% to the collection of strong ground motion
accelerograms which can be used for the regression of attenuation curves for peak
strong ground motion displacement.

This work gives a seismological discussion of the variability of the maximum
amplitude of ground displacement in strong ground shaking. As a substantial
component of this analysis it describes the estimation of empirical relations which
define the attenuation of peak ground displacement from 12 large crustal
earthquakes in California. The estimation involves a quantitative discussion of the
observational difficulties (see section 1.2), the theoretical seismological

interpretations of the measured seismic waves (see chapter 3), the relevant



instrumentation processing (see section 4.15), and geological uncertainties in the
estimation procedure and robustness of the results (see chapter 5).

The results are in the form of empirical attenuation equations which
summarize the sample of measurements. These equations can be used in seismic
vulnerability assessments to estimate the mean peak ground displacement that may
occur at a given site of interest in a large earthquake of given source mechanism.
The attenuation equations are computed for two separate site classifications, soil and
rock, as well as for two types of earthquake faulting, strike-slip and reverse.
Inferences are drawn concerning the significance of computed differences between
the mean values of pairs of the eight cases, and a seismological explanation is

advanced for outlying values.

1.2 Seismological Considerations

Seismological considerations are basic to the selection of peak ground
displacement for the development of empirical attenuation relations. Maximum
amplitudes on seismograms can be caused by either the P and S body-wave energy,
or the surface-wave energy, or in the near field a mixture of both. Many empirical
attenuation relations for peak ground acceleration (see Iai and Matsunaga, 1993)
have been estimated without regard to the type of seismic wave attributable to the
peak. The peak values of ground acceleration usually arrive during the direct S
wave train and subsequent S wave coda but seismic wave types are mixed. In the
same way, the peak ground displacements often are a superposition of S and
disperse surface wave components traveling along extended crustal paths, and these
waves are significantly modified by their propagation through complex geologic

structures and alluvial basins.



As an example, the east-west components of ground acceleration, velocity,
and displacement are shown in Figure 1.1 from the 1994 Northridge earthquake
recorded at the Obregon Park site in the Los Angeles basin (Darragh et al., 1994b).
The epicentral distance for the site is about 38 km (see Figure 4.18). The peak
acceleration, velocity, and displacement values are marked on the time histories. As
is clear on the records, the peak acceleration and velocity amplitudes occur in the
body wave portion of the records at an arrival time of about 10 seconds. However,
the largest peak ground displacement occurs in the seismic surface wave train at
about 23 seconds. In the present study, travel-time and wave properties are used to
discriminate between the predominate S wave and surface wave (Love and Rayleigh
waves) portion of the records. Regression results for the sample of S wave maxima
only are presented so that the peak ground displacement value of approximately 2.5
cm, which occurs during the seismic S body wave train, would be selected in the
results given here.

Even when a correct interpretation of wave type is made, there is a basic
difficulty in trying to estimate an empirical attenuation relation based on the
different types of waves. The attenuation of surface waves is proportional to the
inverse of the square root of the distance from the source while the attenuation of S
waves is proportional to the inverse of the distance from the source (see section 3.1
and 3.2). This kinematic constraint entails that peak ground-displacement values
from S body-wave pulses and from surface waves should not be mixed in the
observational analysis if a mechanical interpretation of the attenuation properties in
terms of geometrical spreading and intrinsic viscous damping is to be made. The
different geometrical proportionality factors lead to surface waves being, on average,
more pronounced at larger distances from the source (e.g., distances of the order of
102 km) and for sites located on deep alluvium or in sedimentary basins. The

mixing of measurements from different wave types is minimized in this study by



first analyzing each displacement time history in terms of seismic wave theory and
subsequently selecting the maximum peak ground-displacement value from the S
body wave portion of the recorded ground motion. The empirical attenuation
curves are then regressed separately for the transverse (SH) and vertical (SV)
components of motion.

Throughout the studies of the variation of wave amplitude with distance, a
serious problem in the regression process has been the choice of an appropriate
measure of source-to-station distance. Indeed the definition of distance used in
independently published attenuation relations can be quite different. In recent
acceleration attenuation relationships (see section 2.1), the distances used are either
the closest distance from the station to the projection of the slipped fault plane, or
the slant distance to the actual fault plane (see Joyner and Boore, 1988, for a review
of different distance definitions used in attenuation models).

The usual wave frequency of peak ground acceleration is above 5 Hz while for
peak ground displacement it is below 1 Hz. The corresponding characteristic
wavelengths between acceleration and displacement differ from short (600 meters)
to long (3000 meters). Consequently, the largest arriving S wave displacement is
predominately generated by a much larger patch on the slipping fault plane.
Therefore, an essential aim of this study is to link the basic distance variation with
the appropriate wave generation process for S displacement pulses. The adopted
distance, Hglip, is defined as: the distance between the source and the place on the
fault plane of largest seismic slip (see Figure 4.2).

This independent variable Hslip is used in the estimation of all the following
empirical attenuation relations for peak ground displacement. Further, the
horizontal components of motion will be rotated to the transverse (SH) and radial
component relative to this hypocenter of largest slip on the fault plane for the

measurement of the largest peak displacement on the SH component. As a practical



application, the graphs of the mean attenuation curves will be plotted versus the
epicentral Hsjip distance as defined: the distance on the ground surface to the
epicentral location of largest slip on the fault plane. The curves are presented in this
fashion for the application in seismic vulnerability assessment studies where the
horizontal distance from the structure to the fault in question is the key distance

parameter.

1.3 Engineering Demands

Seismic retrofitting of large structures, such as bridges, now requires the
consideration of ground displacement in seismic hazard assessments (Singh and
Tabatabaie, 1991; Miranda, 1993). A recent illustration is the seismic hazard
assessment for the eastern span of the San Francisco Bay bridge (Bolt and Gregor,
1993). Synthetic time histories were generated for acceleration, velocity, and
displacement ground motions. The peak acceleration and velocity values were
determined from previously published attenuation curves and the displacement
values were determined from a simple regression of peak displacement data from
the 1989 Loma Prieta and the 1992 Landers earthquakes. These ground motion
parameters were used as input parameters in the development of the synthetic time
histories. Similar use of displacement time histories and ground wave displacement
scaling of response spectra are needed for many base-isolated structures.

Base-isolated buildings are becoming more common in the regions of
California that are susceptible to large earthquakes (e.g., Los Angeles and the San
Francisco Bay region). A review of world-wide base-isolated structures is presented
in Buckle and Mayes (1990). The seminal question for the designing engineers is the
amount of spacing, D, to allocate between the seismic dampers and the stops

(usually concrete walls) at the foundation of the building (see Figure 1.2). Damage



can occur to the building if the spacing is too small and pounding develops between
the isolators and the building stops. The effect of pounding can lead to a peak
ground motion which is greater than what would be experienced if there were no
base isolators for the structure (Maison and Ventura, 1992). Because of the decision
on the amount of spacing to include in the design (Buckle, 1988), engineers need
estimates of the peak ground displacement from large earthquakes located close to
the structure. Currently the largest design spacing in practice is approximately 60 cm
(Heaton et al., 1995). However, in a case study for a hypothetical My =7.0 earthquake
underneath downtown Los Angeles (Heaton et al.,, 1995), pounding between the
isolators and the stops still occurred for a spacing of 60 cm. The statistical estimation
of peak ground-motion attenuation curves from this research will assist in

engineering studies of this type of structure.
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Figure 1.1  Peak strong ground motion acceleration, velocity, and displacement
seismograms recorded at the Obregon Park station from the 1994
Northridge earthquake. The East-West component of motion is shown
with the absolute peak acceleration, velocity, and displacement values
marked.
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Figure 1.2 Schematic diagram of a base-isolated building.
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2. Review of Attenuation Relationships

2.1 Acceleration Attenuation Relations

A central part of the present analysis is the construction of empirical peak
ground displacement attenuation curves. The recorded accelerograms that are the basis
of such relations have been greatly enhanced in the last five years because of
instrumented measurements of seismic waves obtained from the following large
earthquakes in California: 1989 Loma Prieta (My, = 7.0), 1992 Petrolia My, = 7.2), 1992
Petrolia Aftershock My = 7.0), 1992 Joshua Tree (My, = 6.2), 1992 Landers My, = 7.2),
1992 Big Bear M = 6.6), and 1994 Northridge M = 6.7). However, even this sample,
with only a small number of strong ground motion recordings for large earthquakes
My > 7.0) at close distances (r < 10 km) is limited in a number of important ways.

Several authors have estimated empirical attenuation curves for peak
acceleration of strong ground motion based on the recordings from earthquakes in the
western United States (for a review see Joyner and Boore, 1988; Iai and Matsunaga,
1993). A comparison of four different acceleration attenuation relations is made in Table
2.1. The sequence of the attenuation curves listed in the table reflects the updating of
previously published empirical equations as newly recorded strong-motion
accelerograms became available since the 1989 Loma Prieta earthquake. One common
feature of three out of the four attenuation models is the accepted use of moment
magnitude, My, for the size of each earthquake.

The moment magnitude is defined as (Hanks and Kanamori, 1979),

My =%Log(Mo) -107 @.1)

where M, is the seismic moment of the earthquake. Older attenuation relations (e.g., see

Campbell, 1987; Idriss, 1985) used the surface wave, M, and Richter local magnitude,
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M|, magnitude. However, My, provides a better representation of the physical size of
the earthquake source because of its definition with relation to the seismic moment of
an earthquake (Hanks and Kanamori, 1979). Another advantage in using M, is the lack
of magnitude saturation (i.e., an upper-limit magnitude cut-off value) for high
magnitude values. The My, saturates at a M of approximately 6.5 while the Mg under
predicts the My, magnitude for values less than My, = 6.0 (Heaton et al., 1986). For the
peak acceleration attenuation relations compared in Table 2.1, the magnitude ranges
from 4.7 < My < 7.7. For earthquakes in which a moment magnitude was not available,
Campbell and Bozorgnia (1994b) used the surface wave magnitude for Mg> 6 and the
Richter magnitude for M < 6.0; this corresponds to the approximate range in which
these magnitude scales are equal to My,.

The largest difference between the individual acceleration attenuation relations is
in the definition of source-to-station distance, a problem mentioned in section 1.2 and
denoted R in this section. For all four attenuation models, the fault plane is determined
from the location of aftershocks. The attenuation curve of Sadigh (1993) adopts R as the
closest distance from the recording station to the fault plane. The attenuation models of
Boore et al., (1993; 1994) define R as the shortest distance from the recording station to
the vertical projection of the fault plane. For a vertical dipping fault, these two
definitions of R are identical and a direct comparison of the two curves can be made.
However, for a dipping fault the defined distances vary depending on the fault-to-
station geometry. A third definition of R is employed by Campbell (1993) and Campbell
and Bozorgnia (1994b). Their R is taken as the closest distance to the fault plane below a
depth of 3 km. In a vertical strike-slip earthquake where surface rupture is observed, the
closest distance for a station located directly on top of the fault plane for these two

relationships (Campbell, 1993 and Campbell and Bozorgnia, 1994b) is 3 km, whereas for

the other curves R is zero.
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As mentioned in section 1.2 in this study of peak ground displacement a wave
source relation distance R=Hgip is used. Hgiip, is defined as the distance from the
recording station to the largest slip on the fault plane (see section 4.1.2). A limitation
with this definition of distance is the need for a fault slip inversion model for each
earthquake to determine the location on the fault plane of largest slip. When such
models are available, however, the Hgjip distance is a physically based estimate of the
distance over which the measured wave attenuation occurs.

A preliminary study was needed of the local geology near the recording sites of
the measured wave displacements. A detailed geologic profile of most strong ground
motion recording sites in California is presently not available, partly because the
classification of recording sites into separate geological categories is not uniform for all
competing attenuation models. The acceleration attenuation curves of Sadigh (1993) are
restricted to rock site conditions. Campbell and Bozorgnia (1994b) subdivide the rock
sites into soft rock and hard rock as well as alluvial site conditions. Boore et al., (1993;
1994) have classified the site conditions based on the seismic S wave velocity in the

upper 30 meters below the site. These four site classifications are listed in Table 2.2.

Table 2.2 Boore, Joyner, and Fumal (1993;1994) site classification.

Site Category Shear wave velocity in upper 30 meters
A Vs > 750 m/sec
B 360<Vs<750 m/sec
C 180<Vs<360 m/sec
D Vs<180 m/sec

Because the seismic velocity profile in the upper 30 meters directly under the site was
not always available, site classifications were performed by correlating the seismic

profile with recorded borehole measurements in similar geologic materials (Boore et al.,
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1993; 1994). The acceleration attenuation models were not developed for site
classification D because of the limited number of strong ground motion recordings. It
should be noted that the B site classification contains both rock and soil sites with the
sample approximately 1/3 rock and 2/3 soil sites. Deep alluvium sites are now
classified as site C.

For peak ground displacement values, the site specific classification based on the
shear wave velocity in the upper 30 meters is not as crucial as it is for acceleration. A
characteristic wavelength of 500 meters would be estimated for a frequency of 1 Hz,
which is a typical frequency for the observed peak ground displacement of the body
waves, and a shear wave velocity of 500 m/sec (site B). The amplitude of these seismic
waves, which have wavelengths greater than 30 meters by an order of magnitude, will
not be greatly modified on the basis of the geological structure of the upper 30 meters.
This classification, however, can be important for the analysis of peak acceleration,
which is of a higher frequency content (and therefore shorter wavelengths) than
displacement.

Recent attenuation curves for peak ground acceleration (see Table 2.1) take into
account the type of earthquake faulting. All of the curves except in the Boore et al.,
(1993; 1994) study are computed from sub-samples formed by subdividing the strong
ground motion accelerograms for strike-slip and reverse mechanisms earthquakes;
separate attenuation curves are then estimated for each type of earthquake fault
mechanism. In this work also, separate attenuation models were constructed for
different types of faulting mechanism. A total of eight strike-slip and four reverse

earthquakes were examined (see sections 4.2 and 4.3).
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2.2 Velocity Attenuation Relations

A similar regression analysis for peak ground velocity versus distance from large
earthquakes was made by the usual procedure for peak ground acceleration. For
example, Boore et al., (1980) computed a set of empirical attenuation curves for peak
ground velocity from a limited sample of strong ground motion recordings. The
observations were divided into two separate groups corresponding to 5.3 <Mp, <5.7 and
ML = 64. A simple equation of the form, Log10(PGV) = a - b Logio R, was used for the
regression. Similar results for magnitudes greater than My, = 6.4 were prevented by the
unavailability of observations from larger earthquakes. Only 25 measurements of the
peak ground velocity were available at the time for the statistical fit.

After the 1979 Imperial Valley earthquake, Joyner and Boore, (1981) updated the
velocity attenuation curves to include the new strong ground motion measurements.
The enhanced sample consisted of 38 points from the 1979 Imperial Valley earthquake
as well as 68 points from other earthquakes. The observed peak velocity measurements

were regressed with a modified equation of the following form,

Log (PGV) =a1 + apMw - Log r + agr + a4S + 0.26P, 2.2)

where r = (d2+h2)05, PGV is the peak ground velocity in cm/sec, d is the closest
distance to the surface projection of the fault plane, and S is 1 for soil sites and 0 for rock
sites, and P is zero for the 50th percentile and one for the 84th percentile. The form of
(2.2) is magnitude dependent and accounts for both anelastic attenuation (the a3
coefficient) and an assumed geometrical spreading attenuation of the simple inverse of
the distance (the negative unit coefficient of log r). The values of a; (i =1, 2, 3,4) and h
are listed in Table 2.3. This empirically estimated attenuation relation for peak ground

velocity is valid for predicting peak velocity from earthquakes between 5.3 < M, <7.4.
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More recently, Joyner and Boore (1988) updated their attenuation curves for velocity.
The main difference between these curves and the previous curves is the use of a second

order polynomial in magnitude in the later curves.

Table2.3  Regression parameters from the Joyner and Boore (1981) attenuation
model for peak ground velocity.

Parameter Value
al -0.67
as 0.489
as -0.00256
a4 0.17
h 40

Campbell (1987) has estimated competing empirical attenuation models for the

peak ground velocity by regressing on a sample with the form,
Ln (PGV) = a + bM + dLn[r + hjexp(hpM)] + kr +s, (2.3)

where PGV is the peak ground velocity in cm/sec, M is the surface wave magnitude
(M) for values equal to 6.0 or greater, and My, for values less than 6.0, r is the closest
distance to the seismogenic zone, and the value of k, which represents the anelastic
attenuation of seismic energy, was adopted as 0.0059 for the regression on the sample
(Campbell, 1987). The final term, s, in equation (2.3) was included to incorporate the
effects of fault type, fault rupture directivity, soil type, and building size. The algebraic

form of s was assumed to be,

s = e1Kj + epK> + ezKstanh(egD) + e5(1-K3)tanh(egD) , 24
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where D is the depth to crystalline basement rock.

Table 2.4  Regression parameters from the Campbell (1987) attenuation model for

peak ground velocity.
Parameter Value
a -1.584
b 1.18
d -1.24
hy 0.00907
hy 0.951
el 0.49
e 0.99
e3 0.53
€4 041
e5 0.60
€6 0.88
k 0.0059
K1 1 Reverse fault mechanisms
0 Strike slip fault mechanisms
K> 1 Rupture toward site
0 Other
K3 1 Shelters and buildings less
than 5 stories
0 other
OLny 0.27

For the attenuation of peak acceleration, equation (2.4) does not include the depth to
crystalline rock dependence (see, Campbell, 1987) indicating a stronger dependence on
the amplitudes of relatively longer period velocity waves to the sediment layers located
directly beneath the recording site. The values of a, b, d, h; (i=1, 2), k, K; (i=1, 2, 3) and ;
(i=1, 2, 3,4, 5, 6)are listed in Table 2.4.
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In recent years, substantial emphasis has been placed on the construction of
empirical attenuation relations based on recordings from recent large earthquakes. The
tendency has been to construct spectral attenuation curves which provide attenuation
values at preferred frequencies. Present seismic response assessment of substantial
structures usually relies on the estimated response spectra from large ground shaking
(e.g., see Singh and Tabatabaie, 1991).

The response spectrum is defined as the maximum response to a single degree-
of-freedom oscillator, for a given set of frequencies and a specified damping value, to a
given input strong ground motion (Housner, 1970). Attenuation models for the pseudo-
spectral velocity from large earthquakes have been statistically estimated recently (see
section 2.4) and are replacing the use of empirical attenuation curves for peak ground
velocity. However, complete seismic assessment studies for engineering purposes
(Singh and Tabatabaie, 1991; Geomatrix, 1992; Miranda, 1993) must consider the peak

velocity values in scaling synthetic time histories of strong ground motion.
2.3 Spectral Attenuation Relations
One aspect for the seismic vulnerability and resistance seismic assessment of
large engineered structures is the need to examine the response of the structure in the
frequency domain rather than the time domain. Consider a simple linear oscillator with
a mass M and a stiffness k (Figure 2.1). The equation of undamped motion is given by,
My"(®) + ky(t) =-Mz"@®) , (2.5)
where y(t) is the relative displacement and z"(t) is the acceleration of the base. If the

oscillator has viscous damping then the response is given by,

19



t
y(t,on) = —(g—n— z"(t)eneont-Dgin oy (t-1) dt , (2.6)
0

where n is the fraction of critical damping and @, = ©(1-n2)0:5. For values of critical
damping less than 0.2, wn = ®. The displacement response spectrum, Sy, is defined as
the maximum value of displacement, |y(tm,®,n) |, which will occur at the time tpy
(Housner, 1970). The corresponding velocity response Spectrum, ly'(tm,@,n) 1, is
defined as the maximum velocity at time ty. Unlike the maximum velocity and
displacement values, the maximum relative acceleration is of little direct engineering
use. However, the linear combination of the relative acceleration and the acceleration of
the base of the structure is of engineering interest. The absolute maximum acceleration

spectrum is defined as (Housner, 1970),
Sa = (k/M)Sq = @2y, 2.7)

and attenuation curves based on the recorded seismograms of large earthquakes (e.g.,
see Sadigh, 1993; Boore et al., 1993; 1994) have been computed.

Another spectral response of engineering relevance is the pseudovelocity spectral
response spectrum, Spy. Physically, this response corresponds to the maximum relative

velocity at a given frequency and is defined as (Housner, 1970),
Spv = (1/0))Sa = (DSd . (2.8)

As is the case for the S, response spectrum, empirical attenuation models for the Spy
response spectrum have been computed from a select set of recorded strong ground
motions (e.g., see Boore et al., 1993; 1994; Bozorgnia and Niazi, 1993; Sadigh, 1993). The

regression of the sample indicates that the shape of the pseudovelocity response
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spectrum is distance, as well as, magnitude dependent (Bozorgnia and Niazi, 1993). For
this reason, the scaling of the entire response spectrum by a single peak strong ground-
motion parameter (e.g., peak ground acceleration) is incomplete and large deviations
from the pseudovelocity relations estimated at separate frequencies can develop for
periods of approximately 0.3 second and longer (Joyner and Boore, 1991). To help
alleviate this problem, a statistical estimate of peak ground motion displacement can be
used to estimate the scaling of long-period motion in a response spectrum.

Because of the increased demand for spectral attenuation in the last ten years,
further estimation and updating of existing attenuation relationships for peak ground
velocity has lagged. Perhaps surprisingly, the variability of peak ground displacement, -
which is usually of longer period than the observed velocity, has not been the subject of
quantitative study in the last ten years even though the available data set of relevant
strong ground motion displacement records is large enough to perform robust statistical

regressions.

2.4 Displacement Attenuation Relations

An early attempt to estimate empirical attenuation for displacement was made
by Boore et al., (1980) using a limited number of strong ground motion records. A total
of 25 measurements of peak ground displacement was used in a regression of
amplitudes against source-to-recorder distances. The data were divided into two
separate magnitude categories, 5.3 < My, <6.7 and My, = 6.4. The regression equation was

a simple Log - Log curve,

Log1o(PGD) =a-b Logio R, 2.9
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where PGD is the peak displacement in cm and R is taken as the shortest distance (in
km) between the recording station and the fault plane, as determined from aftershock
locations. The values for a and b are listed in Table 2.5 and the attenuation curves are
plotted in Figure 2.2. The empirical values are limited by the lack of observations for
different magnitudes and distances to such an extent that they have not been adopted
widely for seismic assessment studies. Even though the available library of strong
ground motion accelerograms has substantially increased since 1980, no further
published reference has been discovered that improves and updates these earlier

empirical attenuation curves for peak ground displacement for California earthquakes.

Table2.5  Attenuation parameters for peak ground displacement from

Boore et al., 1980.
Magnitude Range Distance Range (km ) a b
5.3-5.7 5-30 1.8 -1.2+0.6
6.4 15-55 1.5 -0.6 £0.5

Although further estimation and updating of displacement attenuation based on
seismic strong ground motions recorded in the United States have not occurred in the
last 15 years, empirical attenuation curves for other seismotectonic regions of the world
have been constructed. Kawashima et al., (1986) examined the strong ground motion
recordings from 90 earthquakes in Japan with hypocentral depths of less than 60 km. A
total of 197 sets of horizontal time histories was examined from 67 free-field sites. The
sites were categorized into three geological sets: rock, soil, and soft soil. The regression
was performed on the maximum peak ground displacement for the two combined
horizontal components. A criticism is that the selection of the peak values did not

consider the seismological aspects of the displacement waves (see section 1.2);
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consequently, the measurements represent a sample from an unknown mixture of SH,

SV and surface waves. The following equation was fit to the sample,

Log10(PGD) = f1 + fMjma + faLogio(A +30), (2.10)

where PGD is the peak ground displacement in cm, Mjma4 is the JIMA magnitude, and A
is the epicentral distance in km. (It should be noted that MjMma is approximately equal to
M,y for values of My, < 8.0 (Heaton et al., 1986)). The values of f; (i=1, 2, 3) are listed in
Table 2.6 for the three separate geologic site categories. The attenuation curves for each
geologic site condition are plotted in Figure 2.3 for a MjMa=7.0 earthquake. Each of the
site condition curves is plotted over a separate distance range corresponding to the
range of available recordings. The empirically estimated curve for soil sites predicts
higher peak displacement values than the rock curve and the attenuation model for soft
soil

sites predicts the highest peak ground displacement values for a given distance and

earthquake magnitude.

Table2.6  Attenuation coefficients for peak ground displacement from

Kawashima et al., 1986.
Site Condition f1 fr f3
Rock -0.052 0.393 -1.390
Soil -1.252 0.549 -1.179
Soft Soil -1.155 0.575 -1.224

On account of the different depths of hypocenters between Japanese earthquakes
from subduction sources and shallow crustal earthquakes from western North America,

these curves can, but perhaps should not be used in a seismic assessment study for
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tectonic regions with only crustal seismic sources. The larger depth of the Japanese
subduction seismic sources is modeled in the regression equation by the addition of 30
km to the epicentral distance in the last term of equation (2.10). This value was adopted
to model the characteristic size and location of the large subduction seismic sources for
the region (Kawshima et al., 1986).

A more recent examination of peak ground-motion displacement attenuation has
been performed for the seismically active region of Greece (Theodulidis and
Papazachos, 1992). Their sample consisted of a total of 105 horizontal component
seismograms from 36 shallow earthquakes, between 4.5 < Mg < 7.0, in Greece. Because
of the limited number of large earthquakes, 16 components of motion were selected
from 4 shallow subduction earthquakes, between 7.2 < Mg < 7.5, from Japan and Alaska.
These records were selected because of the similar seismotectonic structure between
Japan, Alaska, and Greece (Theodulidis and Papazachos, 1992). The geological site
condition for each recording station was classified as either rock or soil. The latter
category included sites located in alluvial and deep alluvial basins. Unlike the previous
attenuation model for Japan, the two horizontal peak ground-displacement values were
taken as separate data points. However, the selection of the peak ground displacement
values was made without consideration of seismic wave type. The values of peak

ground displacement were fit to,

Ln (PGD) = C1 + CoM + C3Ln(R + Rp) +C4S + o1aYP, (2.11)
where PGD is the peak ground displacement in cm, M is the surface wave magnitude
M, R is the epicentral distance in km, S is one for rock sites and zero for soil sites, and P

is zero for the 50th percentile and one for the 84th percentile. The values for C; (i=1, 2, 3,

4) and R, are listed in Table 2.7. Figure 2.4 shows the rock and soil attenuation curves
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for a Mg = 7.0 earthquake. As is seen from the previous study, the attenuation curve for

soil sites predicts higher peak displacement values than the curve for rock sites.

Table 2.7  Attenuation coefficients for peak ground displacement from
Theodulidis and Papazachos, 1992.

Parameter Value
C1 -5.92
Co 2.08
Ca -1.85
Ro 5
C4 -0.97
OLnY 1.23

Given the different strong ground motion samples, meaningful comparison
between the estimated attenuation relations is complicated by the different criteria for
selection of measurements in each study. The Boore et al., (1980) curves are not
considered for this comparison because of the limited sample used in the regression and
the simple Log-Log equation. Plotted in Figure 2.5 are the two corresponding peak
displacement attenuation curves for a magnitude 7.0 earthquake for the Kawashima et
al., (1986) (KAT86) and Theodulidis and Papazachos (1992) (TP92) relationships for rock
site conditions. As was the case before, the two curves are plotted only for epicentral
distances in which there were measurements.

There is a striking difference between the slopes and offsets of the two curves.
The TP92 curve predicts higher peak displacement values for distances less than
approximately 60 km. Beyond 60 km the greater attenuation of the TP92 curves leads to
lower peak displacement values. One possible explanation for the difference in
attenuation of the two curves is the difference in the type of seismic source between the

two relations. For the TP92 curve, the measurements of peak ground displacement were
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from predominately shallow earthquakes in Greece with a small contribution from
larger subduction earthquakes in Alaska and Japan. However, the KAT86 curve is based
solely on observations from Japanese subduction seismic sources. Different rates of
attenuation, due to the differences in the tectonics and geology of the two separate
regions, could also be expected. Finally, as was noted earlier, the KAT86 regression
equation accounts for the deeper earthquake sources with the saturation term of 30 in
equation (2.10). This leads to a saturation of the curve for short distances and can be
compared with a saturation term of only 5 (see equation (2.11)) for the TP92 attenuation
curve.

Next, a similar comparison is made for soil site attenuation curves (see Figure
2.6). The two curves are again drawn for a magnitude 7.0 earthquake. The TP92 curve
predicts higher peak ground-displacement values than the KAT86 curve for short
distances. However, the cross-over distance between the two curves occurs at a distance
of approximately 80 km for soil sites rather than 60 km for the rock sites. Both of the soil
curves predict higher values than the corresponding rock curves and the rate of
attenuation of the two soil curves is similar to that of the rock curves. The large
differences in the two soil curves, as was observed for the rock sites, can be attributed to
the differences between the regional tectonics and seismic sources of the respective
measurements of peak ground displacement used in the regressions.

Whatever the causes of the noticeable differences between the three independent
attenuation relations for peak ground displacement discussed above, some inferences
can be drawn that helped in the construction of the attenuation curves for peak
displacement ground motion in this research. The differing mean depths of earthquake
foci used in this analysis suggest that the peak displacement attenuation curves
estimated in the following sections would be expected to be more similar to the TP92
curves rather than to the KAT86 curves. The variation in ground displacement

attenuation relationships will now be examined for both rock and soil sites using strong
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ground-motion records from crustal earthquakes in California and a comparison with

the attenuation curves discussed above will be presented in chapter 6.
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Figure 2.1  Simple linear oscillator with a mass M, a stiffness of k and a base
acceleration of z"(t). See equation (2.5) for the equation of motion the
system.
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PGD Attenuation Curves, BJ (1980)
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Figure 2.2  Peak ground displacement attenuation curves from Boore et al., (1980).
The curves are graphed only for the distance and magnitude range of the
regression sample.
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Figure 2.3
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Peak ground displacement curves from Kawashima et. al., (1986) for the
three separate site classifications (i.e., rock, soil, and soft soil). The curves
are plotted for a Mjma = 7.0 earthquake and only over the distance range
of the observations.
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Figure 2.4
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Peak displacement attenuation curves from Theodulidis and Papazachos
(1992) for the two site classifications (i.e., rock and soil). The curves are
plotted for a Mg = 7.0 earthquake and only over the distance range of the
observations.
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PGD Attenuation Curves, M=7.0 (rock)
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Figure 2.5 Comparison between the KAT86 and TP92 peak ground displacement
attenuation curves. The comparison is made for a magnitude 7.0
earthquake for rock sites. Each curve is only drawn over the
corresponding distance for which there were observations.
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Figure 2.6
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Comparison between the KAT86 and TP92 peak ground displacement
attenuation curves. The comparison is made for a magnitude 7.0
earthquake for soil sites. Each curve is only drawn over the corresponding
distance for which there were observations.
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3. Seismological Wave Theory

As was discussed in chapter 1, the analysis of strong ground motion
displacement seismograms for the determination of the maximum value must take into
consideration the seismological wave type. The displacement seismogram is comprised
of a combination of P and S body waves and surface waves. Seismic wave theory and
the application of appropriate seismic wave travel times make it clear that in most
strong ground motion accelerograms, the largest ground acceleration is attributable to
the body waves (usually S waves) generated somewhere along the extend seismic
source. Large ground accelerations, however, can be recorded later in the accelerogram,
as was the case for the Pacoima Dam time history from the 1971 San Fernando
earthquake (Bolt, 1972). For peak ground displacement the largest amplitude waves can
be the later arriving surface waves (as an example see the acceleration, velocity, and
displacement time history in Figure 1.1). The appropriate seismic wave theory for body
waves and surface waves will be outlined in this chapter and references to its

application made in later chapters.

3.1 Body Waves

This work is restricted to measurements of the amplitudes of the principal S body
wave portion of the displacement seismograms. Discrimination of the wave types in
typical mixing requires surface wave properties to be considered also. The source
representation theorem (for a description see Aki and Richards, 1980) relates the
displacement in a medium to the displacement discontinuity on a slip surface. For a
homogenous, isotropic and unbounded medium, select the Cartesian axes such that the
fault slip plane lies in the (x1,x2) plane. Figure 3.1 shows the geometry of the Cartesian

A~ o~

axes (x1,x2,x3) as well as the corresponding spherical polar coordinates (t,0,9). For a
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moment tensor Mpq, equal to the integral over the fault slip region of moment density,
the displacement field is the convolution of the moment tensor with the elastodynamic
Green's function for the medium (for a proof see Bullen and Bolt, 1985),

un(x,t) = Mpq * ——a——an . 3.1

0xq

For a double-couple solution the moment tensor can be defined using a time-dependent

seismic moment,
M) = put) A , (3.2
where U is the rigidity of the medium, u(t) is the average displacement slip on the fault

plane, and A is the area of slip on the fault plane. The displacement field can now be

expressed in spherical polar coordinates as (Aki and Richards, 1980),

r/B
uy(x,t) = 4—1— AN 1 f ™™p(t-1) dt
r

Tp  Jr/a
4+ 1 1 AIP 1 M (t 1 AIS 1 M (t )
dmpo’ 12 <« 4npl3 r? B
+—1 AP LInp-L)+ 1 AP Imyi-1), (3.3)
4npa’ f * 47tpﬁ B

where p is the density of the medium, « is the P wave seismic velocity, § is the S wave
seismic velocity, and r is the distance between the source and receiver. The P and S

radiation pattern for the near-field, intermediate-field, and far-field are given by,
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AN = 95in 20 cos ¢ ?:-6(coszecos¢5-cosesin¢$)

A = 4 5in 26 cos ¢ f—2(c052600s¢6-cos6sin¢;L;)

A =3 sin 20 cos ¢ T + 3(cos 20 cos ¢ a—cosesind);)

A = sin20cos o T

AFS = cos 20 cos ¢ a-cos O sin ¢ $ (34)

The first term in equation (3.3) is the near-field term which attenuates
proportionally to r4. However, for a step-function time dependent seismic moment
M,(®), the r4 proportionality factor reduces to a r2 quadratic dependence. The second
and third term also attenuate proportionally to r2 and are called the intermediate-field
terms. Finally, the last two terms in equation (3.3) are the far-field displacement terms
and attenuate proportionally to r-1. Because of the differences in attenuation, individual
terms dominate in certain distance ranges. For distances very close, for example, less
than 15 km from the source, the near-field terms will dominate. However, at greater
distances, the near-field term decreases quite rapidly because of the quadratic
dependence on distance and the far-field terms dominate. Although the attenuation of
the intermediate terms is proportional to the inverse square of the distance, these terms
never dominate over the near-field and far-field terms.

From equation (3.3) it can be shown that depending on the distance from the
source, the time history can be composed of a combination of near-field, intermediate-
field and far-field P and S body wave motion, with each of the motions attenuating at
different rates. Any estimation of attenuation relations for peak ground displacement

must separate the different types of motion and hence theoretical attenuation. Although
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the near-field term will dominate at close distances, the available strong ground motion
data are very limited in the near field (see Figure 4.4). For a distance of 15 km, the near-
field amplitude would be less than the far-field displacement amplitude by a factor of 5
based solely on the attenuation of amplitudes as a function of distance. For a distance of
30 km, the far-field term dominate as the near-field amplitudes would be lower by an
order of magnitude. The majority of the strong ground motion acceleration time

histories are recorded at distances sufficient for the far-field term to dominate.

3.2 Radiation Pattern for the Far-Field P and S Wave Displacement

The far-field P and S wave displacement radiation patterns are dependent on the
fault geometry. (i.e., the fault strike (¢s), dip (®), and rake (A)). The strike is measured
clock-wise from North and the dip is measured down from horizontal. The rake is taken
as the angle between the strike of the fault and the slip direction. A pure vertical right-
lateral fault will have =90 and a A=180. In contrast, a pure thrust fault on a 45° dipping
fault plane will have =45 and A=90. The fault geometry and the relative location of a
station to the slip on the fault plane can greatly reduce or increase the amplitude of
ground motion.

To derive the far-field radiation pattern in terms of the fault geometry, a new set
of Cartesian coordinate directions, X = North, y = East, and 7. = vertically downward, is
adopted at the epicenter. The coordinate system is illustrated in Figure 3.2. With these
new coordinates, it can be shown that the far-field displacement terms in equation (3.3)
can be separated into the P, SV and SH body wave components of motion (Aki and

Richards, 1980),
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PVuA

uSV(x,b) = 3 ut-Hp
4npPr B
H ~
uSH(x,t) = 2 ut-Dg, (3.5)
4pB’r B

where the 7, 75V, and #5H are the radiation patterns for the far-field displacement. The
radiation patterns can be expressed in terms of the strike (¢s), dip (9), and rake (A) of the
fault plane, the angle (i¢) at which the seismic ray leaves the seismic source (measured
up from vertical), and the source to receiver azimuth (¢).
F = cos A sin & sin’ ig sin 2(¢ - ¢s)
+ sin A sin 25(cos? ig - sin? ig sin*(¢ - ¢s))

+ sin A cos 23 sin 2ig sin(¢ - ¢s) (3.6)

7V = sin A cos 25 cos 2ig sin (¢ - §s) - cos A cos d cos 2ig cos (P - ds)

+ 12-cos A sin 3 sin 2ig sin 2($ - ¢;)

- %sin A sin 25 sin 2ig(1 + sin?($ - ¢5)) 3.7)

PH = cos A cos & cos ig sin (¢ - ¢s) + cos A sind sin iz cos 2(¢ - ;)

+ sin A cos 20 cos ig cos (¢ - ¢s)
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- ;— sinA sin 2 sin ig sin 2(9 - ¢g) . (3.8)

The amplitude of the ground motion at a given site will ke modified by the
radiation pattern. As an example the radiation pattern for a vertical (5 = 90) right-lateral
(A = 180) strike-slip fault (¢s = 180) is plotted in Figure 3.3. The P body-wave radiation
pattern is drawn in Figure 3.3a and the SH and SV radiation patterns are plotted in
Figure 3.3b for a take-off angle (i¢) of 100° (typical values of i for the strong ground
motion accelerograms are 90° < i < 120°). For the fault geometry and ig, the SH
amplitude would be predicted to be larger than the SV amplitude by a factor of
approximately 5. It should also be noted that the relative locations of the radiation
pattern maxima for the SH and SV wave motion do not coincide and. are 45° apart. The
corresponding radiation patterns for a dip-slip fault (¢s=180, 3=45, .=90) are shown in

Figure 3.4.
3.3 Surface Waves

Surface wave energy is bounded by the free surface of the Earth and travels in
directions parallel to the ground surface. Two types of surface waves need to be
considered: Rayleigh waves and Love waves. The Rayleigh wave motion is elliptical in
vertical planes which are parallel to the direction of propagation of seismic motion. In
contrast, the Love wave motion is constrained to planes which are perpendicular to the
direction of propagation. Particle motion plots can be used to discriminate the arrival of
surface wave trains because of this polarization of the Rayleigh wave and Love wave
motion

For regional and teleseismic distances, the surface wave amplitude is the largest
owing to the lower geometrical spreading with distance of the surface wave train (see

equations (3.9) and (3.10)). For strong ground motion recordings located close to the
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source, the generation of coherent surface wave trains depends upon the geologic
structure and distance between the source and station. Well developed surface wave
trains, however, can be clearly identified on strong ground-motion records. As an
example, the strong ground motion displacement time histories from the 1979 Imperial
Valley earthquake (cf., section 4.2.1) recorded at El Centro #11 are plotted in Figure 3.5.
As predicted by theory, the Rayleigh wave train is clearly identifiable on the vertical
and radial components and the Love wave motion is observed on the transverse
component. Although the surface wave displacement amplitude is larger than the
corresponding body wave amplitude, the estimation of peak attenuation relations for
strong ground motion displacement will only consider peak displacements from the S
body wave portion of the seismograms. In this research, the majority of absolute peak
ground-displacement values occurs during the S body wave portion of the time history.
In only 22% of the seismograms examined, was it found that the maximum amplitude
of displacement occurred in the Rayleigh-wave portion of the time history and not the S
body-wave portion. For the Love-wave motion, only 17% of the records had the largest
observed peak-displacement value in the Love wave motion. A separate set of
attenuation curves for the largest surface-wave peak ground-displacement values can
be estimated in the future

Similar to the equation for the far-field displacement given in section 3.2 for the P
and S body waves, a set of equations for the surface-wave motion can be derived for the
displacement field generated by a point force for a vertically heterogeneous medium.

For Love waves the motion is given by (Aki and Richards, 1980),

(Fy cosd - Fx sin 9) I1(ky, h, o)
8CU11

xL, /élll(kn, z, co)ﬂ exp[i(knr +L ] , (3.9)

ulOVE = exp(-iot) )
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where l;(k,, 7, ®) is a continuos eigenfunction, kp is the wavenumber, U is the group
velocity, c is the phase velocity, Fexp(-iwt) is a point source applied at r =0 and z = h.

For Rayleigh waves the displacement field is given by,

F,ro(ky, h, ) + i(F cos + Fy sin ¢) ri(ky, h, 0)

n

8CUI1
XL /2 [ri(ky, 2, @)F + r2(ky, 2, 0)ei™/42] expliknr) . (3.10)
TV nk,

Dispersion can greatly affect the observed amplitudes of surface-wave motion.
Rayleigh-wave motion can be easily identifiable in certain cases (e.g., see Figure 3.5)
where the seismic energy is separated based on the frequency-dependent wave velocity.
However, for certain geological path structures (e.g., see section 5.5.1 of Bullen and Bolt,
1985) the Rayleigh wave dispersion can be limited in a given frequency range; this
would lead to a large amplitude Rayleigh wave pulse. The amount of vertical to radial
displacement is also dependent on the geologic structure. The Rayleigh wave motion
can either be prograde or retrograde elliptical (see Figure 5.4 of Bullen and Bolt, 1985)
depending on the frequency band of motion. The dispersion of Rayleigh waves causes a
partitioning of energy, and therefore amplitudes, between the radial and vertical
components of motion.

A comparison between equation (3.5) and equations (3.9) and (3.10) indicates the
difference in attenuation between body waves and surface waves with respect to
distance, r. Surface waves attenuate proportionally to the inverse square root of the
distance, while body waves in the far field attenuate proportionally to the inverse of the
distance. Because of this different distance dependence, the surface wave amplitude will

dominate for larger distances. As an example, for a distance of 25 km the theoretical
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surface wave amplitude due to geometrical spreading will be larger than the body wave
amplitude by a factor of approximately 5.

The selection of peak ground-displacement values from the individual
seismograms was made with the seismic-wave type taken into consideration to prevent
the mixing of peak surface wave and peak body-wave values. If the seismic wave
criteria were not used then the estimated attenuation curves would be a combination of
the body attenuation at close distances and the surface wave attenuation at larger
distances. For scaling synthetic records and spectra, this type of hybrid curve is not
satisfactory because of the variability in surface-wave energy due to the regional
geology, source mechanisms, and site conditions when a diverse set of earthquakes is

analyzed.

3.4 Basin Effects

Seismological recordings at sites underlain by different geologic structures have
shown that the presence of slow-velocity soft-sediment layers near to the surface can
greatly increase the amplitude, as well as the duration of incident seismic energy (see
Aki, 1988 for a review of effects of subsurface geology on strong ground motion).
Similarly, instrumental observations indicate that the presence of an alluvial basin can
significantly modify the incident displacement field because of the reverberations of the
seismic waves within the basin and also the generation of basin-induced surface waves.
These observations are generally in agreement with the predictions of seismic wave
theory in layered elastic structures with appropriate damping. Numerical finite-element
modeling of Love and Rayleigh wave motion incident to a nonhorizontally-layered
media indicate the surface observation of the fundamental mode of displacement will
be contamination by higher modes (Drake, 1972; Drake and Bolt, 1980). As an example,

Drake and Bolt (1980) concluded that the two-dimensional geologic structure of the
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continental boundary in California is a barrier to the propagation of fundamental-mode
Love waves. Although all of the earthquakes used in this study were crustal seismic
sources, the same modification of amplitudes of ground motion, as was seen at the
continental boundary, could be expected at the boundary of alluvial basins.

A dramatic example of the increase in amplitude and duration of incident
seismic energy occurred from the September 19, 1985 Michoacan (Ms = 8.1) earthquake.
The subduction earthquake occurred off of the western coast of Mexico in the former
Michoacan Gap (Singh et al., 1988). For strong ground motion accelerometers located
along the coast in the immediate epicentral area, the peak horizontal ground
acceleration from this earthquake was approximately 130 cm/sec? (Singh et al., 1988).
However, this earthquake is more typically referred to as the Mexico City earthquake
because of the substantial amount of damage to buildings in Mexico city, more than 350
km away from the source. This large region of damage has been discussed in terms of
the large sediment-filled valley underneath Mexico City (Singh et al., 1988).

Strong ground motion records were collected in the Mexico City area on both
rock and the sediment filled lake bed, where the majority of the damage occurred
(Anderson et al., 1986). As an example, the accelerograms from the University City
(CUIP) station, which is located on rock and is approximately 400 km away from the
epicenter, are plotted in Figure 3.6. Horizontal peak ground-acceleration values are
approximately 30 cm/sec2. In comparison, the acceleration time histories for the station
Secretaria De Comunicaciones y Transportes (SCT1), which is also located
approximately 400 km from the epicenter but on the soft alluvium basin, are plotted in
Figure 3.7 (the horizontal and vertical scaling is amplified by a factor of three for the
SCT1 station). It is evident from the comparison that the presence of a soft clay layer
beneath the SCT1 station greatly amplifies, not only the amplitude of strong ground

acceleration, but also the duration of seismic energy. The accelerogram from the SCT1



site is also more monochromatic in nature indicative of the resonance response of the
alluvial basin.

Analysis of other strong ground motion recordings in Mexico City indicated an
increase in amplitude of between 8 to 50 times between the rock sites and certain soil
sites (Singh et al., 1988). The amplification in amplitude and duration can be modeled
by introducing a slow velocity layer within the alluvial basin (Kawase and Aki, 1989).
This model explains the long durations observed at the recording sites in the basin in
terms of the amplification and resonance of seismic energy within the alluvial basin. To
match the observed amplitudes and durations, a soft-surface layer in which the seismic
P and S velocities are low must be introduced for the geologic model of the basin
(Kawase and Aki, 1989).

The effects of alluvial basins on strong ground motion have also been observed
for crustal earthquakes in Southern California (e.g., Vidale and Helmberger, 1988;
Graves, 1995). Plotted in Figure 3.8 are the displacement seismograms from the 1971 San
Fernando earthquake (cf., section 4.3.1) recorded at Palos Verdes. The disperse
Rayleigh-wave train is clearly observable on the radial and vertical components of
motion, while the Love wave is recorded on the transverse component. Vidale and
Helmberger (1988) modeled these surface waves as the conversion of direct shear waves
at the basin boundary into Love and Rayleigh waves that propagate across the Los
Angeles alluvial basin. A similar type of basin amplification was observed in the more
recent 1994 Northridge earthquake (cf., section 4.3.4) at strong ground-motion sites in
the Los Angeles basin. The displacement time histories from the strong-motion station
at Downey are plotted in Figure 3.9. This site is located in the center of the Los Angeles
basin, southeast of the epicenter. As was the case for the San Fernando time histories,
the well dispersed surface-wave trains are clearly observable in the later portion of the
seismograms. Similar to the numerical modeling results of Vidale and Helmberger

(1988) for the San Fernando earthquake, Graves (1995) numerically modeled the seismic
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wave energy of the Northridge earthquake and attributed the generation of the
observed surface waves to the conversion of body waves at the basin boundary.
Although the amplification of seismic energy due to the presence of an alluvial
basin can modify the peak ground-displacement amplitudes, the estimation of
attenuation relations for peak ground displacement presented here does not consider
the basin generated surface waves. A further complication with the basin induced
surface waves is in the location of the source of such surface waves. For these basin
induced surface waves, the source of all or part of these waves may not be the fault slip
source of the earthquake, but rather the edge of the basin. In order to avoid this
complication, measurements of peak ground displacement values were determined by
selecting the largest ground displacement values from only the S body wave portion of

the time histories.

3.5 Rupture Directivity

The effect of rupture directivity on the peak ground displacement values used for
the regression analysis will be address in this section. Rupture directivity from
seismology is similar to the Doppler effect observed in Physics and electromagnetic
wave theory (Morse and Feshbach, 1953). The effect of rupture directivity leads to the
amplification of ground motion for stations located along the direction of moving
rupture and deamplification of ground motion for stations located at a back-azimuth
from the seismic source. The spectral content of the ground motion will also be
modified with shorter period ground motion for stations in the forward azimuth
relative to the back-azimuths stations (for the spectral effects of rupture directivity on
strong ground motion, see Becker, 1993).

The corresponding equations for the radiation patterns of a propagating fault

rupture have been derived for both P and S body waves (for a full description see Ben-
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Menahem, 1982). The forms of the equations for S body waves are similar to equation
(3.5). The effect of rupture directivity mandates the introduction of amplification

function,

DM®=— 1
1-Mcos® ©.11)

where M is the seismic Mach number and @ is the angle between the strike of the
propagating rupture and the observation location. The directivity focusing effect will
only modify displacement amplitudes above the corner frequency of the seismic source.
As an example, the amplification coefficients for a vertical strike-slip fault are listed in
Table 3.1 for typical Mach numbers of 0.9 and 0.5. The values of D(M,0) were computed
for four different receiver locations: directly along the strike, perpendicular to the strike
on both sides, and along the back-azimuth of the fault. The amplitude for stations
located 180 degrees apart, along the azimuth, are predicted to be larger by a factor of
approximately 19 for a Mach number of 0.9. For a lower Mach number of 0.5, the
amplification is not as severe (i.e., a factor of approximately 3). It will be shown in
chapter 5 that the effects of rupture directivity contribute to the observed statistical

scatter in the measured values of peak ground displacement.

Table 3.1  Rupture directivity amplification coefficients.

M=09 DM, 0) M=05 DM, ®)

0=0 10.0 0=0 2.0
®=90 1.0 ® =90 1.0
® =180 0.53 ® =180 0.67
® =270 1.0 ® =270 1.0
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Seismic Source

Figure 3.1  Cartesian and spherical polar coordinate system used in the theoretical
equations for the displacement field (see section 3.1).
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Fault Plane

East
y

v Seismic Ray

Figure 3.2  Coordinate system defined for the equations of far-field P and S body
wave radiation patterns (see equations (3.6-8)). The fault strike (¢s), dip
(3), and rake (A) are indicated in the figure as well as the take-off angle (ig).
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Right-Lateral Strike-Slip
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Figure 3.3  Far-field body wave radiation pattern amplitudes for a vertical right-
lateral strike-slip fault and a take-off angle of 100°. (a) Radiation pattern
for P body wave. (b) Radiation pattern for SH and SV body wave.

50



Reverse Thrust Fault
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Figure 3.4  Far-field body wave radiation pattern amplitudes for a 45° dipping thrust
fault and a take-off angle of 1000. (a) Radiation pattern for P body wave.
(b) Radiation pattern for SH and SV body wave.
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Figure 3.5 Radial, transverse, and vertical displacement seismograms from the 1979
Imperial Valley earthquake recorded at El Centro #11. Well disperse
surface wave trains are observed on all three components.

52



Figure 3.6

Michoacan Earthquake, 9/19/1985
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Three component accelerograms (North-South, East-West, and Vertical)
recorded at the University City station (rock) from the 1985 Michoacan
earthquake.
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Figure 3.7

Michoacan Earthquake, 9/19/1985
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Three component accelerograms (North-South, East-West, and Vertical)
recorded at the Secretaria De Communicaciones y Transportes station (soft
soil) from the 1985 Michoacan earthquake (cf., Figure 3.6).
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Figure 3.8  Radial, transverse, and vertical displacement seismograms from the 1971
San Fernando earthquake recorded at Palos Verdes. Well disperse surface
wave trains are observed on all three components.
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Figure 3.9
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Radial, transverse, and vertical displacement seismograms from the 1994
Northridge earthquake recorded at Downey. Well disperse surface wave
trains are observed on all three components.

56



4. Earthquake Data Set

4.1 Earthquake Selection

The occurrence of 15 moderate-to-large size My = 6 - 7.2) earthquakes in
California in the last 10 to 15 years (e.g., 1984 Morgan Hill, 1987 Whittier Narrows, 1989
Loma Prieta, 1992 Landers, 1992 Big Bear, 1992 Joshua Tree, 1992 Petrolia, and 1994
Northridge), has easily doubled, in principle, the number of available strong ground
motion accelerations for the estimation of attenuation relations. However, the selection
of earthquakes for use in the examination of attenuation of peak ground displacement is
limited to those with a known fault slip model. For seismograms to be used in the
analysis of peak ground displacement, a published fault slip model must be computed
for the seismic source. This constraint resulted in a total of 12 earthquakes (see Table
4.1) being selected in this study. Each earthquake was classified as either a strike-slip or
reverse fault mechanisms. Moment magnitude (My) was selected as the parameter of
size because this measure does not saturate at high magnitudes (see section 2.1) and
provides a dynamically consistent estimate of the earthquake source size. The mean
moment magnitude for the class of strike-slip earthquakes in the selected set is M, =
6.35 for eight earthquakes and the mean moment magnitude is My, = 6.25 for the four

reverse-fault earthquakes.
4.1.1 Earthquake Rupture History and Mechanism
As was mention above, each selected earthquake has at least one published fault

slip rupture history. Fortunately, it is becoming routine for quantitative models of the

fault slip histories to be published now for large earthquakes (e.g. Wald et al., 1991;
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Wald and Heaton, 1994a; Wald and Heaton, 1994b). Although the resolution and

uncertainty varies considerably from case to

Table4.1  Earthquakes used in the analysis of the attenuation of peak ground

displacement.
Earthquake Mechanism Latitude Longitude Depth Magnitude
(®North) (©West) (km) Mw)
1971 San Fernando Reverse 34410 -118.400 84 6.7
1979 Imperial Valley Strike-Slip  32.614 -115.318 121 6.5
1980 Livermore MS  Strike-Slip  37.826  -121.786 8.0 5.8
1980 Livermore AS  Strike-Slip 37750  -121.712  10.0 5.4
1984 Morgan Hill Strike-Slip  37.309  -121.678 8.4 6.1
1986 North Palm Strike-Slip  33.999  -116.608  11.1 6.2
Springs
1987 Superstition Strike-Slip  33.013  -115.838 1.7 6.6
Hills
1987 Whittier Reverse 34049  -118.081  14.6 6.0
Narrows
1989 Loma Prieta Strike-Slip  37.040  -121.880  17.6 7.0
1991 Sierra Madre Reverse 34.245  -118.002  12.0 5.6
1992 Landers Strike-Slip  34.201 -116.436 4.5 7.2
1994 Northridge Reverse 34.213 -118.537  18.9 6.7

case, numerical inversions to compute the slip on the fault plane can use one or a
combination of geodetic measurements, teleseismic seismograms, or local strong-
motion recordings. For large, more recent earthquakes (e.g., the 1989 Loma Prieta and
1992 Landers earthquakes), competing inversion solutions for fault slip have been
published. In this work, only one model of fault slip for each earthquake was selected to
determine the location on the fault plane of largest slip and the corresponding Hslip

distance (previously defined in section 2.1). This choice of an individual model was
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based on a desire to maintain a consistency of resolution between seismic sources
provided by the inversion procedure and data used. Consequently, models in which
only the teleseismic seismograms were inverted for fault slip were considered only
indirectly as checks, unless there were no other inversion models available. Prior to the
inversion for fault slip from the local strong ground motion velocity records, the time
histories were bandpassed filtered by each author between the approximate frequency
range of 0.2 Hz to 2.0 Hz (the exact frequency range varies for each earthquake).
Although the individual inversion procedures for each earthquake listed in Table
4.2 differ because of the variations in the data used, fault plane grid size, and individual
constraints and assumptions, the general theory for the inversion of ground motion to
obtain fault slip is similar for all of the earthquakes studied in this research. The fault
plane is divided into a set of subfaults determined by the length and width of the fault
plane estimated from the aftershock distribution. Synthetic time histories are generated
based upon a velocity structure for the region. An over-determined system of linear

equations is formulated in matrix form,
Ax=Db, 4.1

where A is the matrix of synthetic time histories, b is the vector of the observations, and
x is the vector of dislocation for each individual subfault. Because the matrix A is ill-

conditioned, linear constraints in the following form,

oA

xs 1 X1 @.2)

where S is a matrix of smoothing constraints in which the difference in slip on adjacent
subfaults is set equal to zero, Cq-1 is an a priori data covariance matrix, and A are linear

weights, are applied to the system of equations before the inversion is computed. The
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standard resolution and information matrices are not computed for any of the inversion
models studied in this analysis.

Errors in the fit between the observed and computed waveforms for the
estimation of the fault slip on the fault plane are introduced due to measurement
uncertainty in the former and assumptions in the latter. Specifically, the synthetic
seismograms are computed based on an adopted velocity structure for the region.
However, because of the limitations of computing resources, site and path specific
velocity structure models were not incorporated in any of the 12 cases in Table 4.2. For
the local strong ground motion time histories, the fit could be improved by using
empirical Green's functions in place of the synthetic time histories (Hartzell, 1989).
However, for each earthquake studied here, empirical Green's functions from
aftershocks were either not available or not used.

In all cases, the location on the fault plane of largest slip will have some
uncertainty associated with it. An independent computation was made in this work to
assess this uncertainty for each earthquake in the up-dip and the along-strike direction
of the fault plane. (These error values are listed in Table 4.2.) For each fault slip model,
the error estimate was based on the contour of 80% of the largest slip on the fault plane.
In addition a subjective quality rating of the inversion results was attempted for each
earthquake, with a rating of A being the best fit to the observed data. This relative
judgment was based on initial analysis of each published inversion. The cases of the two
Livermore earthquakes were rated as C, for example, even though the assessed error
estimates are lower than the other earthquakes because the physical constraints were
weak and the misfit between the model seismic moments and independently measured
values (see section 4.2.3-4). At the other extreme, the case of the Northridge earthquake
was rated A because of the agreement between the model and the observations and the

agreement with other published fault slip inversion models (e.g., see Dreger, 1994).
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All of the earthquakes examined were classified into two sub-sets based on the
type of earthquake mechanisms: either strike-slip or reverse fault mechanisms. Even
though certain earthquakes, for example, 1989 Loma Prieta earthquake, contained a
substantial amount of dip slip motion (Wald et al., 1991), the overall rake for the event
(145°) indicates its classification as a strike-slip seismic mechanism. Because of the
limited number of observations for the four reverse-fault earthquakes, separation of the
sample based on the location of the recording station on either the hanging-wall or the

foot-wall was not considered in this research.

4.1.2 Distance Calculation

There are many different definitions of recorder ("site") to seismic source distance
presently used with the different sets of attenuation relations for peak ground
acceleration (see section 2.1). In the case of maximum displacement regression, there is a
strong case for a fresh consistent definition of distance. Maximum ground displacement,
which involves long wave periods (e.g., 0.5 - 2 seconds) must physically be generated
over an extended area containing the region of largest energy release on the fault
surface. This mechanism is observed on the horizontal components of displacement
from the 1987 Superstition Hills earthquake recorded at POE (Figure 4.1). The largest
displacement is generated from the large region of slip located south of the earthquake
hypocenter (see section 4.2.6 for further details). The seismic energy from the closest
portion of the fault plane is marked on the displacement time history. This basic
generation mechanism is known to be complicated in certain cases by a multiple slip
pattern giving rise to the observation of significant amplitude long wave-length motion
from separate sources on the fault plane (e.g., see the discussion of multiple seismic

sources for the 1994 Northridge earthquake in section 4.3.4).
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In the following estimations Hgjip for each site was determined based on the
location of largest slip of the fault slip model. This location of largest slip was adopted
from the published fault slip model for each earthquake and are tabulated in Table 4.3.
It should be noted that, in each earthquake the location of the largest slip never

coincided with the either the initial hypocenter or the

Table 4.3  Hypocentral location of largest slip on the fault plane for the 12
earthquakes used in the regression analysis.

Earthquake Mechanism Latitude Longitude Depth Magnitude
(°©North) (©West) (km) Mw)
1971 San Fernando Reverse 34.400 -118.333 1.8 6.7
1979 Imperial Valley Strike-Slip  32.755  -115.450 5.9 6.5
1980 Livermore MS  Strike-Slip  37.813 -121.775 7.8 5.8
1980 Livermore AS  Strike-Slip  37.756  -121.718  10.3 54
1984 Morgan Hill Strike-Slip  37.192  -121.600 6.7 6.1
1986 North Palm Strike-Slip  33.992  -116.583  10.5 6.2
Springs
1987 Superstition Strike-Slip  32.957  -115.733  10.0 6.6
Hills
1987 Whittier Reverse 34.050  -118.081 15.3 6.0
Narrows
1989 Loma Prieta Strike-Slip  37.103  -121.933 121 7.0
1991 Sierra Madre Reverse 34.245  -118.015 11.3 5.6
1992 Landers Strike-Slip  34.483 -116.508 7.1 7.2
1994 Northridge Reverse 34264  -118561  14.7 6.7

closest part of the fault plane to the site. Figure 4.2 illustrates the distance definition
used. In the figure, the fault slip model for the earthquake is contoured, with larger slip
values indicated by the darker shading. In this case there are two localized regions of

slip on the fault plane with a larger maximum slip occurring north of the initial
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hypocenter and the corresponding Hglip distance is labeled. A map view of each
earthquake showing the location of the largest slip and initial hypocenter is given in the
following sections pertaining to each earthquake (sections 4.2-4.3). Figure 4.3 is a graph
of the distribution of the sample for the eight strike-slip earthquakes of Hgip versus My.
The top figure is for soil sites (see section 4.1.4), while the bottom figure is for rock sites.
The observations are not evenly distributed over My, and Hglip, with a large majority of
strong ground motion recordings from moderately sized earthquakes (My = 6.0 - 7.0) at

distances between 10 - 100 km.

4.1.3 Rotation of Horizontal Components

Prior to the processing of the strong ground motion accelerograms, a rotation of
the two horizontal components into a radial and transverse component of motion was
performed. A difficulty arises in determining the angle of rotation for a site located close
to a moving extended source because as the rupture front passes by the site, the radial
and transverse angle changes. However, for the work presented here, the rotation was
computed relative to the largest slip on the fault plane (see Figure 4.2) to isolate the SH
motion generated from the largest slip on the fault plane onto the transverse component
of motion. However, this does not necessarily isolate the motion generated from the
other regions of slip on the fault plane. For strong ground motion stations which are
located close to the rupturing fault source (e.g., for distances less than 10 km), the effects
of rupture directivity will modify the observed amplitudes of ground motion (see
section 3.5). The rotation procedure mentioned above will not eliminate the rupture
directivity effects, which will be shown later to cause a scatter in the measured peak

ground displacement values from the mean estimates.



4.1.4 Site Selection

Based on published geological evidence, each strong ground motion recording
site was classified as either a rock site or a soil site. A comparison will be made in
chapter 6 between the mean attenuation curves for rock and soil sites. Recent
attenuation relations for peak ground acceleration (Boore et. al, 1993; 1994) have further
separated the local geological site conditions into four separate categories (A, B, C, and
D) based upon the seismic shear velocity in the upper 30 meters below the site (see
Table 2.2). As was discussed in section 2.1, this further site separation based solely on
the shear wave velocities of the upper 30 meters beneath a recording site is not as
critical for the longer wave-length displacement motion than for the shorter wave-
length accelerations motion, and is not adopted.

For the eight strike-slip earthquakes studied, the displacement time histories
from a total of 181 strong ground motion sites were used. There are more than twice as
many soil sites as rock sites, with a 122 soil sites and 59 rock sites. The distribution of
the sample for the rock and soil classification for strike-slip earthquakes is listed in
Table 4.4. It should be noted that only the 1989 Loma Prieta and 1992 Landers
earthquakes contain a sizable number of rock strong ground motion recordings.

The corresponding distribution of rock and soil sites for the four reverse fault
earthquakes are listed in Table 4.5. There are a total of 42 rock sites and 115 soil sites.
Approximately 83% of the total number of observations for the reverse earthquakes are
from the 1987 Whittier Narrows and 1994 Northridge earthquakes in southern
California. Because of this limited sampling of peak displacement measurements, the
estimated attenuation curves for peak ground displacement from reverse-fault
mechanism seismic sources should not be extended without consideration of the limited

dataset to other tectonic regions and magnitude ranges. As was the case for the strike-
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slip earthquakes, the number of soil sites is approximately twice the number of rock

sites.

Table4.4  Distribution of rock and soil strong ground motion sites for strike-slip

earthquakes.
Earthquake Magnitude Number of Rock Number of Soil
M) Sites Sites__
1979 Imperial Valley 6.5 2 32
1980 Livermore MS 5.8 1 6
1980 Livermore AS 54 1 5
1984 Morgan Hill 6.1 7 18
1986 North Palm Springs 6.2 7 11
1987 Superstition Hills 6.6 1 10
1989 Loma Prieta 7.0 27 25
1992 Landers 7.2 13 15

Table4.5  Distribution of rock and soil strong ground motion sites for reverse-

fault earthquakes.
Earthquake Magnitude Number of Rock Number of Soil
M) Sites Sites
1971 San Fernando 6.7 7 14
1987 Whittier Narrows 6.0 16 66
1991 Sierra Madre 5.6 3 3
1994 Northridge 6.7 16 32

4.1.5 Long Period Data Processing

All of the digital data were accessible in the form of acceleration time histories for
each event. The primary source was the strong motion database run by the Southern

California Earthquake Center (SCEC) (Archuleta et al., 1994). The SCEC database
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contains the digital strong motion accelerograms from earthquakes since 1993 in
northern and central America (Seekins et al.,, 1992). Additional accelerograms were
obtained from the Southern California Edison (Kelly, 1992) and TERRAscope for the
1992 Landers earthquake. Digital strong ground motion accelerograms for the 1987
Superstition Hills earthquake and the 1991 Sierra Madre earthquake were obtained
from D. Wald. The accelerograms from the Livermore earthquakes were provided by A.
Becker. The digital data for the more recent (since the 1989 Loma Prieta earthquake) was
obtained directly from the California Division of Mines and Geology (CSMIP).

Prior to the selection of the peak strong ground motion displacement, the
acceleration time history must be processed to obtain the displacement seismograms
There has always been a numerical difficulty with the process of integration of strong
ground motion accelerograms to obtain displacement time histories mainly due to the
presence of significant long period noise. To alleviate this problem, a standard
procedure was adopted for all of the time histories examined in this work. First, the
Fourier transform of the acceleration data was examined to determine the low end
corner frequency at which the signal energy is still greater than the noise energy. For the
CSMIP data, the low end frequency corner, provided from its processing procedure,
was accepted. For the larger earthquakes the low end corner frequency was
approximately 0.1 - 0.2 Hz. Moreover, this range was constant for each earthquake but
varied depending on the individual sites.

Prior to integration of the accelerograms, the time histories had the mean value
removed from them to account for any constant shift in the baseline. Next, a least-
squares fit to a straight line was fit to the data and then removed from the data to
account for any constant rate of drift in the record. Integration of the accelerogram was
first performed using the trapezoidal method to obtain the velocity time histories and
repeated again to obtain the displacement time histories. Finally, a 4-pole Butterworth

high pass filter was applied with the low corner frequency being previously
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determined. The time histories were passed through the filter twice to preserve the
phasing of the displacement records. It should be noted that this long period data
processing procedure is similar to the standard procedure implemented by CSMIP for
strong ground motion accelerograms and a comparison of the two procedures return
the same maximum displacement values.

The maximum recorded displacement was measured in the time window
specified in each case. The instrumental response ensures that this value is close to the
actual ground displacement. The distribution of peak ground displacement versus Hglip
is shown in Figure 4.4 for both soil and rock sites from just the strike-slip earthquakes.

After the occurrence of the 1992 Landers earthquake, a processing procedure for
near-field accelerograms has been proposed (Iwan and Chen, 1994) which bears on the
record resolution and consistency side of the present study. Their proposed
methodology is based upon the analysis of strong ground motion accelerograms from
the Landers earthquake recorded at a single site. This Lucerne Valley (LCV) site is
located approximately 2 km from the fault trace and is near the location of largest slip
(see section 4.2.8 and Wald and Heaton, 1994). Iwan and Chen (1994) claim to be able to
recover a permanent offset in displacement of a much as 2.6 meters with their new
processing technique.

One key aspect of the procedure used in the processing of this Landers
accelerogram was the removal of the instrument response to obtain the actual ground
motion (Iwan and Chen, 1994). To obtain the instrument response, which is not flat over
the entire frequency band, the SMA-2/EMA instrument from the Lucerne Valley station
was retrieved and placed on a shake-table at the California Institute of Technology. This
response was computed for seventeen frequencies between the values of 0.1 Hz and 40
Hz (Iwan and Chen, 1994). The instrument response begins to fall off for frequencies
lower than about 0.3 Hz. At the lowest frequency tested, 0.1 Hz (10 seconds period), the

amplification has already dropped by approximately 35%. The questions is how
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faithfully can the adopted procedure recover the very long period motion. At
frequencies lower than 0.1 Hz the amplification of the recording instrument is so low
(less than 35% at a second) that the very long period energy may not be amplified above
the long period noise. Based on Fourier analysis, the permanent offset seen in the
Landers displacement records are attributable to seismic energy at a frequency of zero
Hz. Therefore, the procedure developed by Iwan and Chen (1994) must remove the
instrument response for frequencies lower than 0.1 Hz down to zero Hz. From their
estimation of the instrument response curve from laboratory testing of the actual
instrument (i.e., frequencies greater than 0.1 Hz), this does not appear to be the case.

Another key point in the above proposed processing scheme for near field strong
ground motion records is the assumption that the ground velocity of the recorded time
history physically begins and ends at zero (Iwan and Chen, 1994). Based on this
assumption, the processing method applies a baseline fit to the beginning and end of
the time history. For strong motion instruments with pre-event memory this criterion is
valid. However, because the strong ground motion accelerograms from the site at
Lucerne Valley were recorded by a triggered SMA-2/EMA instrument the initial
assumption that the velocity is zero at the start of the record appears incorrect.

This proposed processing scheme for the strong ground motion time histories
yielded peak displacement values at the Lucerne Valley station that are substantially
higher than previously recorded and processed displacement values (Iwan and Chen,
1994). The reported value is a peak displacement of 260 cm for the transverse
component of motion and 146 cm for the longitudinal motion. In this work, based on
the uncertainties described above in the lower frequency processing of the time
histories, the standard processing procedure used for the other seismograms in the
sample outlined above was adopted for the Lucerne Valley accelerograms. Using this
standard integration and filtering procedure, the peak displacement in the transverse

component of motion is 43.7 cm for the Lucerne Valley site.
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4.2 Strike-Slip Faulting Earthquakes

The analysis of strong ground motion displacement seismograms from large
crustal earthquakes in California will be divided into two separate categories based on
the type of fault mechanism of the earthquake. Strike-slip faulting mechanism
earthquakes will be discussed first with the discussion of reverse mechanism sources
being deferred to the next section (4.3). The strong ground motion data from a total of
eight strike-slip events from California (see Table 4.1) were selected for the estimation of
peak ground motion displacement attenuation models and will be presented

individually in the following sections.

4.2.1 1979 Imperial Valley

The Imperial Valley earthquake (M = 6.5) on October 15, 1979 was generated by
rupture of the Imperial fault located in the Imperial Valley in Southern California near
the California-Mexico boarder (see Figure 4.5). The Imperial Valley region was well
instrumented with strong ground motion accelerometers which recorded the ground
motion from the earthquake. A majority of the strong ground motion stations in the
region consisted of the 13 stations of the El Centro strong ground motion array, which
runs in an NE to SW direction and transverses the Imperial Fault north of the epicenter.
Because of the alluvial conditions prevalent throughout the Imperial Valley region,
there are only two strong ground motion stations on rock which recorded the
earthquake.

The epicenter was located in Mexico at a latitude of 32.614° N, a longitude of
-115.318° W, and a depth of 12.1 km (see Figure 4.5). Examination of the large
amplitudes recorded on the El Centro array stations relative to the other strong ground

motion stations surrounding the fault source indicated a northerly propagating rupture
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on the Imperial fault (e.g., Niazi, 1982; Spudich and Cranswick, 1982). Hartzell and
Heaton (1983) performed an inversion on the strong ground motion time histories, as
well as, the teleseismic seismograms to obtain a model of the fault slip. The teleseismic
data constrained the dip of the fault to be 90° + 5° down from horizontal. The strike of
the fault was fixed at N 143° W, which corresponds to the average surface trend of the
Imperial fault. The rake angle was allowed to vary from pure right lateral strike-slip to
pure dip-slip, however, the amount of dip-slip motion for their final fault slip inversion
is negligible when compared to the strike-slip motion.

The final inversion model of Hartzell and Heaton (1983) represents the seismic
source as a northerly propagating rupture with a maximum slip of approximately 190
cm located 14 km north of the epicenter. This adopted region of largest energy release
on the fault plane for the Imperial Valley earthquake and is indicated in Figure 4.5 (also
see Table 4.3). The estimates of the error in location of the largest slip on the fault plane
are presented in Table 4.2 for both the along-strike and up-dip direction. The total
seismic moment for the final model of Hartzell and Heaton (1983) is 5.0e25 dyne-cm,
which corresponds to a moment magnitude of My = 6.5.

Figure 4.5 shows the Imperial Valley region of southern California with the
strong ground motion stations plotted with solid squares. The azimuthal coverage
relative to the largest slip on the fault plane is relatively uniform. A total of 35 strong
motion stations were examined for the determination of attenuation relations for peak
ground motion displacement. Approximately one third of all of the strong motion
stations were located north of the region of largest energy release (see Figure 4.5).
Because of the amplitude magnification effects due to the rupture directivity (see
section 3.5) of the northerly propagating rupture, the stations located north of the region
of largest energy release were expected to experience higher peak ground
displacements. This hypothesis was confirmed observationally; the largest recorded

peak displacement for the Imperial Valley earthquake was recorded at station E06
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located just east of the Imperial fault (see Figure 4.5). The peak transverse displacement

was 48.6 cm and the peak vertical displacement was 16.3 cm.

4.2.2 1980 Livermore 1/24/80

The Livermore Valley region of Central California experienced a moderate, M, =
5.8, earthquake on the morning of January 24, 1980. The epicenter was located at a
latitude of 37.826° N and at a longitude of -121.786° W with a depth of 8 km (Becker,
1993) (see Figure 4.6). Despite the relative small size of the earthquake, the event was
recorded on number of strong ground motion sites in and around the San Francisco Bay
- region. Surface faulting was observed and the earthquake is assumed to be produced by
fault slip at depth on the Marsh Creek - Greenville fault system (Bolt et al., 1981). The
aftershocks within the first 24 hours indicated that the fault rupture propagated to the
southeast from the initial epicentral location (Boatwright and Boore, 1982). A large My,
= 5.4) aftershock occurred approximately 14 km south of the mainshock three days later
on January 27, 1980 and will be discussed in the following section.

Past examinations of the strong ground motion, as well as, broad-band
recordings from the earthquake indicated a southeasterly propagating rupture on a
nearly vertical right lateral strike-slip fault (Bolt et al., 1981; Schechter, 1981; Boatwright
and Boore, 1982). A more recent study (Becker, 1993), examined the strong ground
motion data from the Livermore Valley earthquake to investigate the effects of
directivity. The Livermore Valley earthquake triggered 33 strong motion instruments in
the immediate source region. However, only ten sites contained recordings of high
enough quality for digitization to be used in an isochron inversion for the fault slip
model of the seismic source (Becker, 1993). The strike of the fault was assumed to be
N34°W, with a dip of 86° to the SW. The final slip model is characterized by a region of

high slip (maximum slip of 256 cm) initiating near the hypocenter and propagating
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southeast along the fault. The location parameters for the largest energy release are
listed in Table 4.3 and the corresponding uncertainties in its location are listed in Table
4.2. The seismic moment computed from the isochron slip model is 3.0e25 dyne-cm.
However, this is larger by an order of magnitude than the estimates of the seismic
moment by other authors, Bolt et al., (1981). Because of the uncertainties discussed by
Becker (1993), the estimate of seismic moment for the Livermore Valley mainshock
earthquake is taken to be 5.3e24 dyne-cm (Bolt et al., 1981).

The epicenter of the mainshock is plotted in Figure 4.6 along with the strong
ground motion stations. Although the time histories from ten stations were initially
digitized (Becker, 1993), only eight stations were selected as being acceptable for this
study. Two stations were rejected because of their location inside of a large building or
engineered structure, which can influence the response of the recording instrument in
the longer periods of interest. The azimuthal distribution of the strong motion stations
relative to the largest slip is not ideal with the majority of the stations located southwest
of the earthquake. A large amplification of ground accelerations due to rupture
directivity for stations to the south, as has been argued by previous authors, Boatwright
and Boore (1982), can also be seen in the peak ground displacements.

Only the station at the California State University, Hayward Stadium (HSG) was
located on rock. The other seven sites are classified as soil sites. This moderate moment
earthquake did not produce large amounts of seismic energy above the noise level in
the long period range, so that the time histories were high-passed filtered with a low
frequency corner of between 0.3 - 0.45 Hz before integration from acceleration to
displacement.

The largest peak displacement occurs at the KOD site with a transverse
amplitude of 3.6 cm and a vertical amplitude of 0.5 cm. However, as was noted by
previous studies (Boatwright and Boore, 1982; Becker, 1993), the peak ground motions

at the KOD are anomalous when compared to the other peak ground motions in the
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area and the large amplification is attributable to a large site response. More specifically,
the peak ground displacement amplitudes at the nearest site, SRM, are lower by a factor
of 8 for the transverse and a factor of 2 for the vertical component. Because of the
presence of the large site response at KOD, these peak ground displacement values
were not used in this research. Disregarding KOD, the largest peak ground
displacement for the earthquake occurs at the LVA station with a SH peak displacement

of 2.6 cm and a SV peak displacement of 0.6 cm.

4.2.3 1980 Livermore 1/27/80

Three days after the Livermore Valley earthquake on January 24, 1980, a large
aftershock of My, = 5.4 struck the Livermore Valley region. The epicenter of this
aftershock was located at the southern end of the primary rupture area for the
mainshock on January 24 and was at a latitude of 37.750° N and a longitude of -121.712°
W, with a depth of about 10 km (Becker, 1993) (see Figure 4.7). As was the case for the
mainshock, this earthquake was recorded on several strong ground motion sites in the
San Francisco Bay region.

Aftershocks from the January 27 earthquake indicated that the rupture
propagated in a northwesterly direction, opposite of the mainshock earthquake three
days earlier (Cockerham et al., 1980). Becker (1993), performed an isochron inversion on
the recorded displacement time histories from the aftershock to obtain the fault slip
model. The identical fault strike of N34°W and dip of 86° SW as assumed for the
mainshock, was adopted for this inversion. The largest slip on the fault plane (a
maximum slip of 138 cm) for the aftershock is located near the hypocenter (see Table
4.3). The estimated error uncertainties are listed in Table 4.2. For the final inversion
model, the fault rupture propagated unilaterally to the NW along the fault plane. As

was the case for the mainshock, the seismic moment, 4.1e24 dyne-cm, computed from
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the isochron inversion slip model is higher than the estimated seismic moment of 1.3e24
dyne-cm by other authors (Bolt et al., 1981). Once again the lower estimate for the
seismic moment was taken for the aftershock of the Livermore earthquake.

Only six of the strong ground motion stations that recorded the mainshock were
operable and recorded the aftershock (Figure 4.7). The Tracy (TRA) station, did not
record the aftershock. As was the case for the mainshock, the azimuthal coverage of the
stations is not ideal. HSG was again the only rock site of the six stations.

Unlike the mainshock, it was observed that due to rupture directivity effects (see
section 3.5) the amplitudes of ground accelerations were increased at the northerly
stations instead of the southerly stations (Boatwright and Boore, 1982). For the peak
displacement values, the effect of directivity is not as observable because the peak
values at the northerly station ANT are of the same order as the rest of the
measurements. Similar to the time histories for the mainshock, the aftershock time
histories were high-passed filtered with a low corner frequency of between 0.3 - 0.6 Hz
before integration from acceleration to displacement to remove the long period noise.

The peak displacement values at the KOD strong motion station were again
anomalously high for the aftershock. The peak transverse displacement of 2.6 cm was
larger than the peak value for the nearby SRM site by a factor of approximately 6. The
amplification between the two sites for the vertical displacement was not as great (i.e.
approximately a factor of 3). The anomalous time histories recorded at the KOD site
from the aftershock were discussed in previous studies (Boatwright and Boore, 1982;
Becker, 1993) as being caused by a site response and hence were not used in the

empirical development of peak displacement attenuation curves.
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4.2.4 1984 Morgan Hill

The moderate size (M = 6.1) Morgan Hill earthquake was felt throughout
Central California. The earthquake occurred on April 24, 1984 and had an epicentral
location of 37.309° N, -121.678° W, and a depth of 8.4 km (see Figure 4.8). The
earthquake is assumed to have been caused by fault rupture on the Calaveras fault.
Damage from the earthquake was concentrated in the town of Morgan Hill and at the
southern end of Anderson Reservoir. Aftershock locations, as well as the first motion
plots for the mainshock, indicate a right-lateral strike slip movement to the south of the
epicenter (Hoose, 1987). Visual examination of the strong ground motion time histories
and simple earthquake location estimates, indicated an second energetic source located
16 - 20 km south of the epicenter near the southern end of rupture (Bakun et al., 1984).

The general fault strike of the Calaveras fault in the ruptured portion is N27°W,
although individual segments in the area vary in strike by as much as 24° (Hoose, 1987).
Hartzell and Heaton (1986) performed an fault slip inversion using the recorded strong
ground motion velocity time histories from 11 stations. The strike and dip of the fault
plane were constrained to be N32°W and 90° down from horizontal, respectively. Based
on aftershock locations, the length of the fault was determined to be 32 km and the
width was 11.5 km. (The majority of elastic dislocation, determined from their inversion
model, only occurs over a fault length of approximately 25 km.) The slip on the fault
plane can be divided into two main regions of slip, with the larger region of slip
(amplitudes larger by a factor of 3 with a maximum of approximately 110 cm) located
about 14 km south of the hypocenter (Hartzell and Heaton, 1986). The errors in location
are listed in Table 4.2. The strong ground motion stations are plotted in Figure 4.8. The
seismic moment computed from the fault slip model is 2.1e25 dyne-cm (Hartzell and
Heaton, 1986), which is similar to the geodetic estimate of 1.9¢25 dyne-cm (Prescott et

al., 1984).
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Due to the number of strong ground motion accelerometers located in Central
California, the Morgan Hill earthquake was recorded on 75 instruments ranging in
epicentral distance of 4 km to 100 km. However, only a total of 25 strong motion
stations had digital records available and were used in this work. Seven of these sites
were rock sites and 18 were soil sites (see Table 4.4). The azimuthal distribution of
stations is not ideal with a approximately half of the station located southwest of the
earthquake along the strike of the fault. Large ground motions would be expected for
these stations due to rupture directivity (see section 3.5) from the unilaterally

propagating seismic source.

4.2.,5 1986 North Palm Springs

On July 8, 1986 a moderate earthquake (My = 6.2) occurred approximately 12 km
north of the city of North Palm Springs in Southern California. The epicenter of the
event was located between the Mission Creek and Banning strands of the San Andreas
fault at a latitude of 33.9999 N, a longitude of -116.608° W, and a depth of 11.1 km (see
Figure 4.9). The location of the aftershocks indicated that the event was caused by fault
slip on the Banning strand of the San Andreas fault. The hypocenters of the aftershocks
map out a fault plane with a surface trend of approximately N60°W and dipping about
500 to the northeast (Jones et al., 1986).

The earthquake epicenter lies in the northern section of the Coachella Valley
alluvial basin. The northeasterly edge of the Coachella Valley is bounded by the Mission
Creek fault. Located southwest of the Mission Creek fault is the Banning fault which
bisects the northern end of the Coachella Valley and eventually joins the Mission Creek
fault approximately 40 km southeast of the epicenter (Jones et al., 1986).

Accelerograms from 18 strong ground motion sites (Figure 4.9) were used to

generate the displacement records from the North Palm Springs earthquake. Eleven of
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the 18 stations were classified as soil sites and the other seven were as rock sites (see
Table 4.4). Eight of the strong ground motion sites are part of the linear array of stations
located approximately 30 - 65 km southwest of the epicenter (see Figure 4.9). The array
consists of four rock sites and four soil sites and, as would be expected, the waveforms
between the individual stations of the array are similar.

Hartzell (1989) inverted the teleseismic seismograms and the local strong ground
motion time histories to estimate a rupture model for the North Palm Springs
earthquake. The fault was parameterized with a strike of 287° and a dip of 46°. The
length of the fault was determined, based on the locations of aftershocks to be 22 km
and extend from a depth of 4 km to a depth of 15 km. The fault slip model based on the
observed strong ground motion time histories had a problem in fitting the later arriving
phases on the time histories (Hartzell, 1989). For this reason, the teleseismic fault slip
inversion model was adopted in this research to determine the largest slip on the fault
plane. From the teleseismic inversion model, the strike-slip component of fault slip is
approximately twice as large as the dip-slip, with a maximum slip of approximately 88
cm located east and up-dip of the hypocenter. Even though there is a dip-slip
component of motion for the final fault slip inversion model, this earthquake is
classified as a strike-slip mechanism earthquake because the average rake angle is 154°.
The uncertainties in the location of largest slip were again computed based on the
contours of 80% of the maximum slip and are listed in Table 4.2. The seismic moment

from the inversion model is 1.7e25 dyne-cm (Hartzell, 1989).

4.2.6 1987 Superstition Hills

The Superstition Hills earthquake (M = 6.6) occurred on November 24, 1987 in
the western region of the Imperial Valley in Southern California. The epicenter of the

earthquake was southwest of the Salton Sea at a latitude of 33.013° N and a longitude of
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-115.838° W (see Figure 4.10). The estimated depth of the focus of the earthquake was 2
km. Seismic waves were generated by fault slip on the northwest trending Superstition
Hills fault and right-lateral surface offset was observed along the fault trace (Wald et al.,
1990).

The Superstition Hills fault lies to the west of the Salton Trough which is the
major tectonic feature of the region. The fault marks the southwestern boundary of the
badlands area of the western side of the Imperial Valley (Sharp, 1982). The Imperial
Valley is a deep alluvium valley with sediment depths greater than over 6 km (Sharpe,
1982) along the northwest-southeast trending center axis.

Accelerograms from 11 strong ground motion stations (see Figure 4.10) in the
region were used for the measurement of peak ground displacement values. Only the
Superstition Mountain (SSM) strong motion site is classified as a rock site and the other
ten sites are classified as soil sites (see Table 4.4). The digital acceleration time histories
for all sites except for the Imperial Valley Liquefaction Array (IVW), were kindly made
available by D. Wald. Only the horizontal components of motion were digitized (Wald
et al., 1990) for these ten stations. The digital data, both horizontal and vertical
components, from the IVW station was obtained from the USGS (Porcella et al., 1987b).

Wald et al., (1990) inverted the strong ground motion time histories from the ten
stations in the epicentral region to obtain a model of the fault slip. As was noted by
these authors, the fault rupture of the Superstition Hills earthquake can be characterized
by three separate sub-events. Wald et al. (1990), computed the seismic moment of the
third sub-source to be roughly twice that of the other two sub-sources which is
supported by the relative amplitudes of a triplet of arriving SH body waves on the
transverse component displacement seismogram from the Parachute Test Site (PTS).

For the fault slip inversion, the fault plane was assumed to have a strike of 1279,
a vertical dip of 90°, and the slip was constrained to be right-lateral. A fault length of 20
km and a depth of 12 km was selected based the locations of aftershocks (Wald et al.,
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1990). The fault rupture propagates unilaterally in a southeasterly direction away form
the hypocenter. The largest slip on the fault plane (maximum slip of 191 cm) is located
approximately 12 km along the strike from the hypocenter (see Table 4.3 for location
parameters) and the estimated errors in the location are listed in Table 4.2. The total
seismic moment for this earthquake, estimated from the inversion, is 4.8e25 dyne-cm

with the third sub-event contributing 3.5e25 dyne-cm (Wald et al., 1990).

4.2.7 1989 Loma Prieta

The 1989 Loma Prieta (M, = 6.9) earthquake took place on October 17, 1989 and
was felt widely throughout Central California. Damage was widespread throughout the
San Francisco Bay area with a relatively severe region occurring in the northern San
Francisco Bay at an epicentral distance of approximately 100 km (see Lomax and Bolt,
1992 for a discussion). This region incorporates the Marina district in San Francisco, the
failed span of the San Francisco Bay bridge, and the collapsed section of the Cypress
Street viaduct. The epicenter of the earthquake was located at a latitude of 37.040°© N
and a longitude of -121.880° W, with a focal depth of 17.6 km (Figure 4.11).

The earthquake epicenter is located in the rugged Santa Cruz Mountains which
separates the Santa Clara Valley to the northeast from the northern margin of the
Monterey Bay to the southwest (FHanks and Krawinkler, 1991). The strike of the San
Andreas fault changes in the southern end of the Santa Cruz mountains as it passes
through a restraining bend (Ponti and Wells, 1991). The dip of the San Andreas fault
also changes from the more typical 90° vertical fault to a dip of 60-70° in the Santa Cruz
Mountains (Dietz and Ellsworth, 1990).

The Loma Prieta earthquake was recorded on accelerographs throughout the San
Francisco Bay region. A total of 53 digital strong motion sites (Figure 4.11) were

obtained from both the U.S.G.S. (Brady and Mork, 1990) and CSMIP (CSMIP, 1989;
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Huang et al., 1990a; and Huang et al., 1990b). The sites were equally divided befween
rock and soil with 25 soil sites and 27 rock sites (see Table 4.4). As can be seen in Figure
4.11, there is a high density of strong ground motion stations located in and around the
city of San Francisco (a total of 11 stations) at a distance of approximately 100 km from
the source.

The strong ground motion for stations located in the region around the city of
San Francisco have a very coherent and large transverse SH displacement pulse, which
can be seen at all sites in the region. Two causes for the increase in seismic energy at
given locations in San Francisco have been discussed in previous studies. Somerville
and Yoshimura (1990) concluded that a significant contribution to the enhanced seismic
energy at these distances was due to the critical reflection of seismic energy off of the
base of the crust. Later, Lomax and Bolt (1992) examined the 3-D effect of SH wave
propagation in the San Francisco Bay region and concluded that part of the horizontal
focusing of seismic energy in San Francisco can be attributed to the lateral crustal
velocity contrast across the San Andreas fault. Both of the these wave propagation
effects contribute to the relative increase in the observed peak displacement values in
San Francisco.

Several fault slip inversion models have been published for the Loma Prieta
earthquake (e.g., Choy and Boatwright, 1990; Beroza, 1991; Hartzell et al., 1991; Steidl et
al., 1991; Wald et al., 1991). The overall general characteristics of slip distribution from
each model are similar (i.e., bilateral rupture with two large regions of slip located
approximately equidistant from the hypocenter) and demonstrate the robust estimation
tor fault slip of the earthquake. All of the inferred models have limited slip occurring
up-dip of the hypocenter. The slip model of Wald et al. (1991) combined the inversion of
both the teleseismic seismograms and strong ground motion time histories, unlike the

other models which based their inversions on either just the teleseismic or strong
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ground motion data. For this reason the fault slip model of Wald et al. (1991) was
selected to determine the location on the fault plane of largest slip.

The fault plane was modeled with a length of 40 km long, strike of N 128° E, and
dip of 70° to the southwest (Wald et al., 1991). The dimension of the fault plane were
determined based on the location of major aftershock activity while the strike and dip
were selected based on the teleseismic broadband inversion results of Kanamori and
Satake (1990). The rupture history can be described by two large regions of slip, with
the largest slip (a maximum slip value of approximately 350 cm) being located about 6
km northwest of the hypocenter and the other smaller localized slip region being
located approximately 5 km southeast of the hypocenter. The error in the location of
largest slip is listed in Table 4.2. The computed seismic moment for the fault slip

inversion model is 3.0e26 dyne-cm (Wald et al., 1991).

4.2.8 1992 Landers

The Landers California earthquake (My, = 7.2) occurred on June 28, 1992 in the
desert region of southern California located east of the Los Angeles metropolitan area
(see Figure 4.12). The Landers earthquake is the largest to strike southern California
since the 1952 Kern County earthquake (M, = 7.4). Strong-motion instruments recorded
the earthquake over a wide distance range (i.e., from 2 km from the fault rupture to 200
km at sites located in the Los Angeles basin).

The hypocenter of the Landers earthquake was at a latitude of 34.201° N,
longitude -116.436° W, and a depth of 4.5 km (SCEC catalog). The earthquake ruptured
over three faults (Johnson Valley, Homestead Valley, and Camp Rock/Emerson fault)
for a total length of approximately 70 km. The rupture started on the Johnson Valley
fault and propagated unilaterally to the north. There was some rupture in the southern

direction for approximately 10 km, however, this seismic energy release for this section
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of the fault plane is small in comparison to the northern segment (Wald and Heaton,
1994a).

A fault slip inversion model has been computed by inverting the near field
strong motion time histories (see Wald and Heaton, 1994a). They modeled the Landers
earthquake as a combination of three separate faults, each with a different strike. The
rupture is fixed to be right-lateral strike-slip. From their inversion model, the largest
slip (slip of over 6 meters) occurs approximately 32 km north of the hypocenter (on the
Homestead Valley fault). This location is indicated in Figure 4.11 (see Table 4.3 for
location parameters). This location on the fault plane also agrees with the observed
surface location of largest seismic offset (Wald and Heaton, 1994a). The corresponding
errors for the largest slip location from the inversion model are listed in Table 4.2. The
total seismic moment for the Landers earthquake from the inversion model was
computed to be 7.7e26 dyne-cm (Wald and Heaton, 1994a).

There were a total of 28 strong ground motion stations for the Landers
earthquake (Figure 4.12), with 15 soil sites and 13 rock sites (see Table 4.4). Digital
accelerograms were obtained from three separate sources: California Strong Motion
Instrumentation Program (CSMIP), TERRAscope, and Southern California Edison
(SCE). The azimuthal distribution of strong-motion stations nearly ideal, with an
azimuthal gap of approximately 25° located to the northwest of the earthquake.

A data set of digital strong motion accelerograms from the Los Angeles basin
processed and operated by the University of Southern California (U. S. C.) was initially
analyzed. Strong motion time histories from 27 sites, which were all located in the Los
Angeles basin, were examined. The peak ground displacements selected from the U. S.
C. sites were smaller in absolute value than the peak displacement values from nearby
CSMIP strong motion sites. Not only were the peak values different, but the frequency
content and phasing of the time histories were strikingly different. All of the time

histories in the Los Angeles basin processed by CSMIP showed a large surface wave
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pulse with a period of approximately 10 seconds. However, this large displacement
pulse was not observed on any of the U. S. C. sites in the Los Angeles basin. To
investigate the differences between the sets of time histories, two U. S. C. stations, COM
and LBC, and one CSMIP station, DOW were examined. All three stations are located
approximately 165 km from the earthquake (see Figure 4.12). The transverse component
of displacement for the three stations are plotted in Figure 4.13. The discrepancy in the
peak displacement amplitudes as well as the frequency content of the time histories are
noticeable. Figure 4.14 shows the transverse components of motion for the three stations
with the DOW seismogram high passed filtered (4-pole Butterworth) with a corner
frequency at 0.3 Hz. This processing of the DOW record produces similar displacement
time histories in amplitude and phasing. These results along with other comparisons
demonstrate that the U. S. C. strong motion data has been high passed filtered with a
relatively high cut-off frequency (i.e., approximately 0.3 Hz) and is not compatible with
the spectral frequency range used in measuring the peak displacement values on the
other displacement seismograms in this study (basically a spectral range of 0.1 Hz to
23.0 Hz). As a consequence, the U. S. C. observations were not used in this research.
There were two strong motion stations provided by SCE (Lucerne Valley (LCV)
and Coolwater Generation Plant (COL)) that were located close to the fault (see Figure
4.12). The COL station is classified as a soil site and the LCV site is classified as rock. In
the processing of the strong motion accelerograms to obtain the peak ground
displacement, a high pass filter (4-pole Butterworth) with a corner frequency of 0.4 Hz
was adopted to reduced the long period noise in the time history (see section 4.1.5). Due
to this relatively high corner frequency, the measured peak ground displacements were
considered to be underestimated, as was noted for the U. S. C. strong ground motion
sites, and was not used for this study. The long period processing of the LCV

accelerograms was previously discussed in section 4.1.5.



Rupture directivity effects greatly effects the peak ground displacement values
for the Landers earthquake due to the predominately unilateral rupture of the event
(see section 3.5). Stations located to the north (e.g., Barstow (BRS)) exhibit greater
amplitudes and shorter duration of ground displacement than stations located to the
south (e.g., Desert Hot Springs (DSP)). In contrast, stations located to the east and west

of the seismic source have amplitudes and durations of intermediate size.

4.3 Reverse Faulting Earthquakes

A total of four earthquakes (see Table 4.1) from California were examined for the
estimation of attenuation relations of peak ground displacement from reverse fault
mechanism earthquakes. All of the earthquakes were located in the greater Los Angeles
basin region. The sample of strong ground motion records from the four earthquakes is
dominated by the measurements from the 1987 Whittier Narrows and 1994 Northridge
earthquakes, which make up approximately 80% of the dataset (see Table 4.5). Each of

the four earthquakes will be examined and presented in the following sections.

4.3.1 1971 San Fernando

The San Fernando earthquake (M = 6.7) occurred on February 9, 1971 with an
epicentral location in the San Gabriel Mountains (34.410° N, -118.400° W) and a
hypocenter depth of 8.4 km (see Figure 4.15). Major damage occurred in the cities of San
Fernando and Sylmar located in the northwestern part of the San Fernando Valley. At
the time of the earthquake the regions around the San Fernando and Los Angeles basins
were instrumented with strong ground motion accelerometers and these recorded

accelerograms provided the first large set of time histories for use in studies of
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attenuation of seismic waves from a large earthquake and other aspects of seismic
intensity.

The initial fault plane solution for the earthquake indicated thrust motion on a
fault plane striking approximately N70°W and dipping approximately 500 NE (Allen et
al., 1975). This is in agreement with the regional tectonic setting of the San Gabriel
Mountains, which form a rugged barrier separating the Mohave Desert to the north
from the San Fernando, San Gabriel, and Pomona valleys to the south (Ehlig, 1975). The
elevation of the San Gabriel Mountains is attributable to the uplift resulting from
reverse faulting along the southern boundary of the mountains and from arching along
the northern boundary (Ehlig, 1975). Sediments in both the San Gabriel and San
Fernando basins reach depths of approximately 3 km, while sediments in the Los
Angeles basin reached structural depths of up to 9 km (Graves, 1995). The effect of
geometry and rock types in such basins on ground motion has been previously
discussed in section 3.4.

As was the case for the strike-slip earthquakes, the fault rupture history must be
known for the earthquake to determine Hgjip for the regression analysis. Because the
methodology of fault slip history inversion from local strong ground motion time
histories for regional velocity and geologic structure (see section 4.1.1) had not been
routinely performed for earthquakes prior to 1971, the estimation of the fault rupture
slip was estimated with a forward modeling procedure by Heaton and Helmberger
(1979). This methodology used generalized rays to compute models of fault slip on a
tault. In their comparison with observed seismic waves, only four strong ground motion
stations were selected in the study due to the labor at that time of the calculations
performed for each source to station geometry. They adopted two separate fault plane
sections hinged together at a depth of 5 km, which is in agreement with teleseismic
studies of the event (Langston, 1978). The lower portion of the fault plane had a dip of

53° and the upper section had a shallower dip of 29° (Heaton and Helmberger, 1979).
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Their best fitting model for the fault slip is characterized by two main regions of
slip on the fault surface. A broad region of slip of approximately 2 meters begins at the
hypocenter and propagates up-dip in a southerly direction. The largest fault slip
(amplitude of approximately 5 meters) occurs on the upper portion of the hinged fault
plane, at a depth of 1.8 km (see Table 4.3 for the location parameters). The error in
location of the region of largest slip have been estimated based on the 80% of the
maximum slip contour. The errors along strike are + 4.4 km and + 1.5 km along the dip
of the upper section of the fault plane (see Table 4.2). Because of the non-uniqueness in
the forward modeling procedure used for the San Fernando earthquake, the quality of
the resolution of the fault slip history is low and was classified as C. The total seismic
moment for the earthquake model was computed to be 1.4e26 dyne-cm (Heaton and
Helmberger, 1979).

A total of 21 strong ground motion stations (Figure 4.15) were examined with
seven sites being classified as rock and 14 as soil (see Table 4.5). The stations range in
Halip distance of 8.4 km at Pacoima Dam (PDW) to 179.7 km at Anza Post Office (AZP).
The largest displacement (17.2 cm horizontal and 12.3 cm vertical) occurred at the PDW,

located up-dip from the hypocenter.

4.3.2 1987 Whittier Narrows

Sixteen years after the 1971 San Fernando earthquake, the 1987 Whittier Narrows
(Mw = 6.0) earthquake occurred east of Los Angeles. It was the largest earthquake to
occur west of the San Andreas fault in southern California since 1971 (Hauksson and
Jones, 1989). The epicenter was located in the northeastern portion of the Los Angeles
basin at a latitude of 34.049° N and a longitude of -118.081°¢ W, with a hypocentral
depth of 14.6 km (Hauksson and Jones, 1989) (see Figure 4.16). After the 1971 San

Fernando earthquake two independent strong ground motion instrumentation
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programs for the Los Angeles basin were instituted by the CSMIP and by the University
of Southern California. Approximately 300 strong-motion instruments recorded the
Whittier Narrows earthquake in the greater Los Angeles region (Hauksson and Stein,
1989).

Prior to the Whittier Narrows earthquake, the major seismic hazard in the Los
Angeles basin was dominated by earthquakes which would be generated by slip on the
west striking reverse faults of the Transverse Ranges and the north to northwest
striking strike-slip faults of the Peninsular Ranges (Hauksson and Jones, 1989).
However, the source of the Whittier Narrows earthquake was located south of the
reverse Sierra Madre fault and northwest of the strike-slip Whittier fault. Aftershock
locations indicated that the Whittier Narrows earthquake was generated by fault slip on
a north dipping reverse fault at depths between 10 to 16 km (Hauksson and Jones,
1989). No surface faulting was observed from this blind thrust fault and all the evidence
indicates that the Whittier Narrows earthquake was generated by slip on a blind thrust
fault which is part of the Elysian Park fault system (Hauksson and Jones, 1989). The
Elysian Park fault system of a series of blind thrust faults which gently dip to the north
and strikes in a westerly direction beneath the Los Angeles basin. The identification of
this fault system, as well as the possibility of other earthquakes generated on separate
blind thrust faults in the Los Angeles region and the strong ground motion data
obtained from the 1994 Northridge earthquake, has increased the need for updated and
more current estimates of peak parameter ground motion for large acceleration,
velocity, and displacement (Heaton et al., 1995).

Because of the high density of strong ground motion stations in the Los Angeles
basin (see Figure 4.16) at the time of the earthquake, the inversion for the fault slip
history of the Whittier Narrows earthquakes has the best station azimuthal distribution
of any of the 12 earthquakes examined in this study (i.e., the fault inversion model was

classified as A, see Table 4.2). Hartzell and Tida (1990) performed an inversion based on
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the velocity time histories from 17 strong ground motion stations located less than 15
km from the epicenter. The fault plane was modeled with strike of 280° and a dip of 30°.
Both the down-dip and along strike distance was taken as 10 km, to encompass the
distribution of aftershocks. Their final inversion model for fault slip can be
characterized by four separate regions of high slip, which agrees with other published
results on the source complexity (e.g., see Bent and Helmberger, 1989). The largest slip
on the fault plane of 90 cm is located down dip and to the north of the epicenter
(Hartzell and Iida, 1990). This large slip is located at a depth of 15.3 km, which is 0.7 km
deeper than the hypocenter (see Table 4.3 for latitude and longitude parameters). The
error estimates for this location are listed in Table 4.2. The estimated seismic moment
for the Whittier Narrows earthquake is 1e25 dyne-cm, based on the inverted fault slip
model (Hartzell and Iida, 1990).

A total of 82 free field strong ground motion stations were selected from the
available strong ground motion database for the Whittier Narrows earthquake (see
Table 4.5) and are plotted in Figure 4.16. A total of 16 strong ground motion stations
were classified as rock sites, while the remaining 66 sites were classified as soil sites (see
Table 4.5). It should be noted that the Whittier Narrows earthquake contributes the
largest percentage of displacement records of any of the 12 earthquakes examined here
(see Table 4.4 and 4.5). The stations range in Halip distance of 16.0 km at San Gabriel
(SGS) to a distance of 108.7 km at Hemet Fire Station (H05). The largest SH peak

displacement from the earthquake of 5.24 cm was recorded at Santa Fe Springs (SFS).

4.3.3 1991 Sierra Madre

Four years after the 1987 Whittier Narrows earthquake, the northeastern portion
of the Los Angeles basin experienced another moderately sized thrust earthquake. The

Sierra Madre earthquake (M = 5.6) occurred on June 28, 1991 with an epicentral
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location of 34.262° N and -118.002° W (see Figure 4.17). The hypocenter was located at a
depth of 12 km. The earthquake was generated by slip at depth on the Clamshell-Sawpit
fault (Wald, 1992). This fault is part of the tectonic boundary of reverse faults between
the Transverse Ranges and the northern boundary of the Los Angeles basin. The Sierra
Madre fault is an extension of Clamshell-Sawpit fault to the west.

A model of the fault slip history had been published based on the inversion of
broadband teleseismic and strong ground motion wave forms (Wald, 1992). The fault
plane was selected with a strike of S 62° W and a dip of 50 to the NW. The lateral extent
of 7 km along strike and a down-dip width of 6 km was estimated based on the
locations of the major aftershocks of the earthquake. The inverted slip history is
characterized by a broad region of high slip (maximum slip amplitude of approximately
80 cm) with a location up-dip and southeast of the hypocenter (see Wald, 1992). The
errors in the location of largest slip were estimated as + 0.7 km along strike and + 0.6 km
along dip (see Table 4.2) and the estimated seismic moment from the fault slip history
model is 2.8e24 dyne-cm (Wald, 1992).

Although the Los Angeles basin was widely instrumented with strong ground
motion accelerometers in the epicentral region at the time of the earthquake (e.g.; see
Figure 4.16 for the Whittier Narrows earthquake), the relative small size of this
earthquake did not demand the immediate digitization of strong ground motion time
histories. A select set of accelerograms were personally digitized by D. Wald at the
California Institute of Technology for the fault slip inversion modeling (Wald, 1992) and
were kindly provided to me for the estimation of peak ground displacement values. A
total of six strong ground motion stations were analyzed with an even distribution of

three rock and three soil sites.

20



4.3.4 1994 Northridge

The most damaging earthquake (My, = 6.7) to ever occur in the Los Angeles basin
had its origin on January 17, 1994 in the San Fernando Valley. Its epicenter was located
approximately 30 km northwest of the city of Los Angeles at a latitude of 34.213° N and
a longitude of -118.537°¢ W (Southern California Earthquake Center, 1994); the
hypocentral depth of the mainshock was 18.4 km (see Figure 4.18). As was the case in
the Whittier Narrows earthquake, no surface faulting was observed from the
Northridge event, but suggests that the Northridge earthquake was caused by slip on
either an eastward extension of the Oak Ridge fault system or on a southerly dipping
blind thrust fault (Dreger, 1994). Aftershock epicenters covered a surface area of about
30 km by 25 ki, with the majority located north of the mainshock epicenter (see Figure
4.18). The aftershock hypocenters map out a dipping fault plane with a south dip of
approximately 45° (Scientists of the U.S5.G.S. and the Southern California Earthquake
Center, 1994).

Preliminary analysis of the strong ground motion acceleration and velocity time
histories in the immediate epicentral region indicated a multiple stage fault rupture
process for the Northridge earthquake (e.g., Bolt and Gregor, 1995). Multiple stages in
the fault rupture process for large earthquakes have been well established
observationally (e.g., Wyss and Brune, 1967; Trifunac and Brune, 1970; Kanamori and
Stewart, 1978; Abrahamson and Darragh, 1985; Choy and Kind, 1987; Choy and
Boatwright, 1990). These inferences were based on cross correlation of identifiable P and
S phases on seismograms, either from different regional or teleseismic seismographic
sites or independently from inversions for fault slip evolution models, using recorded
strong ground motions at near-field and far-field distances. The Northridge earthquake

provides a further example of a multiple seismic source where at least a significant
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mechanism doublet (and perhaps a triplet (Thio and Kanamori, 1994)) can be identified
from the strong ground motion records.

Visual analysis of the wave pattern on strong ground motion seismograms
makes evident the rupture complexity of the source process of the Northridge
earthquake (see Figure 1.1). Such complexity of near-source ground motion is not
unusual, but what is striking in this case is that the time histories from strong motion
stations in the immediate source area show a large coherent phase (called Sp) arriving
with similar time lags of approximately 3 to 5 seconds after the initial S wave arrival
(called S1). This secondary phase is more pronounced on the velocity seismograms than
the acceleration and displacement time histories. For certain velocity time histories, the
S wave coda energy following the initial 51 wave onset is too large to discriminate
unambiguously the onset of the S phase, but the Sy phase at 12 strong ground motion
stations from different distances and azimuths (see Table 4.6) could reliably be
identified for the Northridge mainshock. This secondary phase does not correspond to
the arrival of either the Love or Rayleigh wave train predicted from a standard velocity
model of the basin and crust. An a prior hypothesis that the secondary phase can be
attributed to an initiation point of a second rupture source on the fault plane is tested.
Specifically, an attempt is made to locate a secondary (lagged) hypocenter (called H»)
relative to the initial hypocenter location (called Hj) from the arrival times of the onset
of the Sp phases. The establishment of such a second source is important in providing
insight into the overall rupture process of the Northridge earthquake and in the
discrimination of the predominate shear wave portion of the displacement time
histories.

Measurement of the arrival times of the secondary S; phase was facilitated by
first rotating each horizontal component to the radial and transverse component relative
to the mainshock hypocenter location Hj. Because all of the analog strong ground

motion records used in this study (except for the Pasadena station records) have no pre-
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event memory, the arrival time of the initial P wave cannot be determined. However,
the initial S1, and in some cases, the secondary S; wave arrival times can be confidently
read within 0.1 sec on selected seismograms. In some cases, joint comparisons of the
wave patterns of the corresponding accelerations, velocity, and displacement records
were helpful in identifying S1 and Sy onsets but the adopted arrival times of both the
initial S1 and secondary S; wave phases were determined from the velocity
seismograms.

Seventeen S1 wave arrival times and 12 Sy arrival times were retained as the most
reliable for the hypocenter calculations (see Table 4.6). The hypocenter location
algorithm, HYPOELLIPSE (Lahr, 1989) was used to compute the location of the
initiation of the assumed secondary source H> on the fault plane. A local shear wave
velocity model for Southern California developed by Dreger and Helmberger (1991)
was used for the location procedure. Station S travel-time corrections were first
estimated by keeping the hypocenter and origin time of the initial source Hj fixed at the
values given by Southern California Earthquake Center (1994) and substituting the
initial S1 phase arrival times in the location program (see Table 4.6). The resulting mean
S wave station correction for the 17 sites used in the calculations was 0.35 seconds with
a maximum of 1.50 seconds at the 116th Street School station. This latter site is located
in the Los Angeles basin and the large station correction can be attributed to the slow
shear wave velocity characteristics of the alluvium layers of the basin. Other strong
motion sites in the Los Angeles basin also show a large positive station correction due to
the alluvium layers (see Table 4.6). In contrast, negative station corrections are

associated with rock sites.
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Table 4.6 Arrival times, station corrections, and residuals for the initial source
Hj and secondary source Hy.

Initial Source Secondary Source

Station Arrival Station Arrival  Residual
Time®*  Correction Time"

Pacoima, Kagel Canyon 2.70 -0.29 7.66 1.27
Sylmar 3.18 0.55 6.36 -0.03
U.C.L.A. 3.62 0.33 8.52 -0.47
Newhall 4.03 0.58 5.60 -1.36
Century City 4.38 0.78 9.40 -0.38
Hollywood 5.06 0.83 10.15 -0.12
Malibu 6.48 -0.20 - -—

Moorpark 6.95 0.31 1217 0.99
Pasadena 6.97 -0.11 11.62 -0.30
Vasquez 7.12 -0.44 9.99 -0.48
Alhambra 8.51 0.29 --- -—

Castaic 8.67 0.16 - -

Lake Hughes #9 9.15 -0.32 - -—

Mount Wilson 9.17 -0.41 1549 1.56
Obregon Park 9.30 1.23 14.73 -0.03
San Marino 9.36 1.13 - -—

116th Street School 10.13 1.50 15.34 -0.65

* Arrival time in seconds after 12 h 31 min 00 seconds.

The location of Hy was constrained to lie on the primary fault plane determined
by Dreger et al. (1994) with a strike of 121° and a dip of 43°. This assumption is
reasonable because no fault inversion models to date (Dreger, 1994; Wald and Heaton,
1994b) have indicated that any significant region of rupture occurred on a separate fault
plane with similar strike. All of the arrival times were given equal weighting in the
determination of the hypocenter. The calculated coordinates and uncertainties of Hy are

latitude 34.263 * 0.003° N, longitude 118.537 % 0.003° W, depth 14.1 £1.3 km and origin
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time of 12:31 00.2 UTC (see Table 4.6 for station residuals). This location is about 7 km
up-dip and north of the mainshock hypocenter and is lagged by about 4.8 seconds. With
allowance for the various uncertainties, the corresponding constant rupture velocity is
between 1.4 and 2.0 km/sec and continues at a significant higher velocity. The second
rupture event may, however, initiate after a delay in the elastic dislocation process.

Figure 4.18 compares the epicentral locations of the first and second sub-sources
plotted with all the aftershocks of magnitude 4.0 and larger for the first month after the
mainshock. It should be noted that the location of Hy corresponds to a region of
relatively few aftershocks. The small size of station residuals is evidence that the
location of the initial rupture of a secondary source can explain the onsets of the S;
pulse, within the usual observational uncertainties in hypocentral location.

There is an independent comparison that provides some confirmation to the
doublet model as an explanation of the recorded doublet pulse. Two fault slip inversion
models for the Northridge earthquake for the overall mainshock seismic source from
regional and strong-motion wave forms are now published (Dreger, 1994; Wald and
Heaton, 1994b). Although differing in minor ways, both studies lead to fault slip models
with characteristically large amplitude slip regions (local slip about 3.3 m), located
about 8 km up-dip of the initial hypocenter (local slip about 2.5 to 3.0 m). The computed
location of the initiation point of the second source Hy lies within this larger region of
high amplitude slip on the fault plane.

The fault slip inversion model of Wald and Heaton (1994b) was selected for the
estimation of the largest slip on the fault plane to maintain consistency with previously
examined fault inversion models from other earthquakes (see Table 4.2). For their model
the fault plane was selected with a strike of 1229, which is an average strike of the
teleseismic estimates and the dip was constrained to be 42° based on the distribution of
aftershocks. The overall dimension of the fault plane was determined based on the

teleseismic time function generating a fault length of 18 km and a down-dip width of
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20.9 km (Wald and Heaton, 1994b). The strong ground motion velocity time histories
used in the inversion were bandpassed filtered between 0.1 - 1.0 Hz.

As was previously stated, the complex source rupture of the Northridge
earthquake can be closely fitted by a process with two seismic sources separated by
approximately 8 km (Wald and Heaton, 1994b). Their fault slip model is characterized
by a large amount of slip (maximum slip of 390 cm) up-dip from the hypocenter (Wald
and Heaton, 1994b). The location parameters for the maximum slip point are listed in
Table 4.3. The uncertainty on the fault plane of the largest slip is again estimated based
on the contour of 80% of the peak slip (see Table 4.2) and the error along strike is + 1.6
km and is + 1.4 km along the dip. The estimated seismic moment for the fault slip
model is 1.2 + 0.2e26 dyne-cm (Wald and Heaton, 1994b).

The digital accelerograms from 48 stations from the Northridge earthquake in the
Los Angeles region were used in this work and are plotted in Figure 4.20. This dataset
consists of a total of 16 rock sites and 32 soil sites (see Table 4.5). The Hglip distance
ranges from 18.8 km at Arleta (ARL) to 157.8 km at San Jacinto (SJF) and the largest
peak SH displacement of 24.2 cm and SV displacement of 16.2 cm was observed at the
Tarzana (TAR) station.
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Figure 4.1

Superstition Hills: POE
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Radial and transverse displacement seismograms from the 1987
Superstition Hills earthquake recorded at POE (see Figure 4.10).
Two distinct SH pulses are observed on the records, with the largest
SH pulse (8.5 cm at 6 seconds) attributable to the largest slip on

the fault plane.
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Figure 4.2

Inverted fault slip model for a vertical fault plane. The amplitude of slip
on the fault plane is contoured with the darker shading indicating higher
values of slip. The defined distance Hglip is indicated as well as the angle

of rotation, ¢ for the radial and transverse strong ground motion
displacement seismograms.
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Figure 4.3  Data distribution plot for the SH observations from the eight strike-slip
earthquakes. Both the soil and rock sample are limited for close Hasiip
distances and large earthquakes. (a) Soil sample distribution. (b) Rock
sample distribution.
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Figure 44  Peak (SH) ground displacement measurements versus Hgjip distance for
the eight strike-slip earthquakes examined. (a) Soil sample distribution. (b)
Rock sample distribution.
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Figure 4.5  Strong ground motion stations from the 1979 Imperial Valley earthquake
M,y = 6.5). The epicenter (E) and adopted largest slip on the fault plane
(S) are marked.
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Figure 46  Strong ground motion stations from the 1980 Livermore Valley #1

earthquake (Myw = 5.8). The epicenter (E) and adopted largest slip on the
fault plane (S) are marked.
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Figure 4.7  Strong ground motion stations from the 1980 Livermore Valley #2
earthquake (M, = 5.4). The epicenter (E) and adopted largest slip on the
fault plane (S) are marked.
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Figure 4.8
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Figure 49  Strong ground motion stations from the 1986 North Palm Springs
earthquake (M, = 6.2). The epicenter (E) and adopted largest slip on the
fault plane (S) are marked.
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Figure 410 Strong ground motion stations from the 1987 Superstition Hills
earthquake (M, = 6.6). The epicenter (E) and adopted largest slip on the
fault plane (S) are marked.
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Figure 4.13 Comparison of the transverse component of motion from the 1992 Landers
earthquake recorded at COM, LBC, and DOW in the Los Angeles basin
(see Figure 4.12). Both COM and LBC were released by U.S.C., while the
DOW records were processed and released from CSMIP.
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Figure 414 Comparison of the transverse component of motion from the 1992 Landers
earthquake recorded at COM, LBC, and DOW in the Los Angeles basin
(see Figure 4.12). The DOW seismogram has been high-passed filtered (4-
pole Butterworth) with a corner frequency of 0.3 Hz.
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Figure 4.15 Strong ground motion stations from the 1971 San Fernando earthquake
(Mw = 6.7). The epicenter (E) and adopted largest slip on the fault plane
(5) are marked.
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Figure 4.16 Strong ground motion stations from the 1987 Whittier Narrows
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Figure 4.17 Strong ground motion stations from the 1991 Sierra Madre earthquake
Myw = 5.6). The epicenter (E) and adopted largest slip on the fault plane
(5) are marked.
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Figure 4.18 Epicentral map of the 1994 Northridge earthquake (M, = 6.7) and all
aftershocks of My, > 4.0 for the time period January 17 - February 17, 1994.
The epicentral location of the initial Hy and secondary Hj source is plotted
(squares). Stations used in the computations are indicated. Aftershocks are
plotted according to depth; diamonds > 15 km, triangles = 5 - 15 km,
circles = 0 - 5 km.
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the initial hypocenter location. Both the initial S1 and secondary Sp phases
are marked by a vertical bar on the velocity record. Peak ground motion

Figure 4.19 Velocity seismograms for the transverse components of motion relative to
values are indicated on the right for each seismogram.
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5. Statistical Analysis

Attenuation regression curves for peak ground displacement will be statistically
estimated in this chapter. Separate curves will be computed for rock and soil site
conditions as well as strike-slip versus reverse-fault mechanisms. The horizontal SH
peak displacement values and the vertical SV peak displacement values will form the
sample on which the regression is performed. The statistical outliers in each regression
case will be discussed in terms of possible irregularities due to the seismic source, wave
propagation, and site conditions. The nomenclature for the eight attenuation curves is

listed in Table 5.1 and will be used in the next two chapters.

Table5.1  Nomenclature for the Peak Displacement Attenuation Curves.

Name Mechanisms Component Site Condition
SSHR Strike-slip SH Rock
SSVR Strike-slip SV Rock
SSHS Strike-slip SH Soil

SSVS Strike-slip SV Soil
RSHR Reverse SH Rock
RSVR Reverse SV Rock
RSHS Reverse SH Soil

RSVS Reverse Sv Soil

5.1 Maximum Likelihood Regression Analysis

The peak ground motion displacement measurements are regressed using a
maximum likelihood algorithm for a random effects model (Abrahamson and Youngs,
1992). Abrahamson and Youngs modified the maximum likelihood algorithm of

Brillinger and Preisler (1985) and this new procedure, which is applicable for the

117



estimation of the random effects model, is more stable than the Brillinger and Preisler

(1985) version, but is less efficient. A fixed effects model has the following form,

Ln Yii = f(Mi,rij,e) + Sij P (5.1)

where yj; is the ground motion parameter (peak ground displacement in this case),
f(M,1,0) is the attenuation equation (see section 5.2), M is the moment magnitude of the
earthquake i, r is the distance, 0 is the vector of attenuation model parameters, and gjj is
the error term. The indices i and j refer to the jth recordings from the ith earthquake. The
error is assumed to be normally distributed (Abrahamson and Youngs, 1992). A random
effects model, however, will partition the fixed effects model error, gjj, into the inter-

earthquake term and intra-earthquake term

Ln y;j = f(M;r3;,0) + i + &, (5.2)

where 1y; is the inter-earthquake error term and &j is the intra-earthquake error term.
The inter-earthquake error is the uncertainties between measurements from
different earthquakes. The intra-earthquake error, on the other hand, is the observed
uncertainties in measurements at separate locations from the same seismic source. Each
error term is assumed to be independent normally distributed variates with variances 12
for the inter-earthquake term and o2 for the intra-earthquake term (Abrahamson and

Youngs, 1992). The total variance is given by,

o7 =12 + 02 (5.3)

for the entire sample. The variances for the eight attenuation curves are listed in Table

5.2. It should be noted that for the reverse-fault mechanism curves the inter-earthquake
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variance is zero due to the limited number of measurements from two out of the four

earthquake sources (see Table 4.5).

Table5.2  Inter-earthquake, 72, and Intra-earthquake , 02, variances for the eight
attenuation models of peak ground displacement.

Attenuation Model 2 o2 o2
SSHR 0.03 0.11 0.14
SSVR 0.01 0.07 0.08
SSHS 0.01 0.08 0.09
55VS 0.00 0.06 0.06
RSHR 0.00 0.10 0.10
RSVR 0.01 0.05 0.06
RSHS 0.00 0.07 0.07
RSVS 0.00 0.07 0.07

The likelihood equation for a random effects model of normally distributed data
is given by (Searle, 1971),

LnL———Nln(2n) (N-M)ln(cz) Zln(cﬂnltz)
1—1

A Y- 0.
Z Z (yi- Y 1)2 M, (5.4)

20% i = = o?+mt?

where N is the total number of data points, M is the number of earthquakes, n; is the

number of recordings for the ith earthquake, yjj are the observed values,

Y= %1— Z Vi (5.5
j=1
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i nL Z qu , (56)

and Ujj is the predicted value of the attenuation model. The algorithm numerically
maximizes equation (5.4) because there is no analytical solution.

The Abrahamson and Youngs (1992) algorithm is more stable than the algorithm
of Brillinger and Preisler (1985) because it is not sensitive to the starting estimated
values for the parameters (for a comparison of the two algorithms see, Abrahamson and
Youngs, 1992). For too large of a starting estimate of the ratio 12/c2, the final model
parameters determined by the Brillinger and Preisler (1985) methodology can be
different by up to an order of magnitude. However, the Abrahamson and Youngs (1992)
algorithm converges to the same results for either a large initial estimate and a more
appropriate starting estimate.

Although the maximum likelihood algorithm allows for uneven weighting of the
sample points, a uniform weighting scheme was implemented for this research where
each peak displacement value was given a weight of unity. Uneven weighting was not
used due to the limited sample size for the rock attenuation curves (i. e., see Table 4.4

and 4.5).
5.2 Forms for the Attenuation Equation

For the attenuation of acceleration and velocity from strong ground motion
records there have been many different functional forms for the attenuation curves (e.g.,
see Bolt and Abrahamson, 1982; Joyner and Boore, 1988; Iai and Matsunaga, 1993)
developed by different authors. For the estimation of attenuation models of peak

ground displacement, an function of the form,
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y=ged, 67

was initially selected. (compare equation (5.7) to (3.5) for the far-field displacement
field). The exponential term represents the anelastic attenuation of seismic energy.

A preliminary estimation (Bolt and Gregor, 1993) of the attenuation of peak
ground displacement was performed using the peak displacement measurements from
only the 1989 Loma Prieta and 1992 Landers earthquakes. The sample was regressed

with the following equation,

Logig (D) = o4 + oM -Logigr + agr, cr% , (5.8)
with,

r2=d’ +12.0%,

where D is the peak ground displacement in cm, M is the moment magnitude of the
earthquake, d is the distance between the site and the estimated position on the fault
plane of largest slip, o2t is the total variance, and the values of a; (i=1, 2, 3) are
estimated from the maximum likelihood algorithm. Equation (5.8) was selected because
of its similar form of the Joyner and Boore (1981) attenuation equation.

The estimation of the o; values in equation (5.8) was performed on the complete
sample from the 12 earthquakes examined (see Table 4.1). However, the estimates for a3
were positive, a physically unacceptable result because it entails an increase in seismic
energy for larger distances and yields unrealistic estimates of peak ground
displacement at larger distances (i.e., for distances greater than approximately 100 km)
The same positive dependence on the linear term in distance for the attenuation of peak

ground motion acceleration was found by Boore et al., (1993; 1994). Consequently, in
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their regression for peak acceleration, they eliminated the linear dependence on

distance because of this unreasonable behavior.

In this work also, the linear term was not included in the final regression
estimates. The complete sample from strike-slip and thrust earthquakes was regressed

using the following functional form,

Logio (D) =81 + ;M + 03 Logio (Haip), 07 , (5.9)

where D is the peak ground displacement in cm, M is moment magnitude, Hgjjp is the
distance from the station to the largest slip on the fault plane, estimated from inversion
models, and 27 is the total variance.

Based on wave theory for far-field displacement waves (see section 3.2), the
estimates of the 03 term should be identically equal to one for a homogenous isotropic
medium. However, the estimates values of 03 are not equal to unity (see sections 5.3 -
5.4). These differences can be explained by many separate factors. The assumption of a
homogenous medium is not representative of the diversity of the different geological
structures for most of the selected earthquakes. The assumption of a homogenous
medium through which the seismic energy is transmitted is an over simplification for
these observations. Scattering near the recorder and basin effects (see section 3.4) can
also lead to a non-unity value for 03 due to the amplification of peak ground
displacement over a certain distance range. Finally, no attempt is made to separate the
anelastic attenuation of seismic energy with the attenuation equation. The effect of
anelastic attenuation will tend to increase the 03 leading to a value of larger than unity

and yielding a greater attenuation of peak ground displacement with distance.
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5.3  Strike-Slip Fault Mechanisms

The empirical attenuation curves for peak ground displacement in strike-slip
earthquakes will be discussed in this section. The dataset consists of 8 earthquakes with
magnitude range of 5.4 < Mw < 7.2 (see Table 4.1), all of which have been previously
examined in chapter 4. The statistical outliers for each earthquake will be discussed in

terms of the seismic source, wave propagation, or site conditions.
5.3.1 Rock Displacement for SH Waves

A total of 59 peak ground displacement SH values were used in the regression

analysis (see Table 4.4) for the SSHR attenuation curve,
Logio (D) =-5.00 + 1.02M - 0.87 Logip (Hsip) , o7 =0.38 (5.10)

where D is the peak displacement in cm and Hglip is the previously defined distance to
the largest slip on the fault plane in kilometers.

The residuals of the observed peak displacement values minus the predicted
values from equation (5.10) are plotted in Figure 5.1 as both a histogram and versus
Hglip distance. The mean residual value for the SSHR curve is [l = 1.3 + 4.1. The largest
residual of 22.8 occurs at the Lucerne Valley station from the Landers earthquake (see
section 4.15 for a detailed discussion of this peak ground displacement value).

To examine statistically the measured values which lie beyond one standard
deviations from the mean, the log of the ratio of the observed peak ground
displacement to the predicted peak ground displacement are computed and plotted in
Figure 5.2. The data for each earthquake is plotted with a different symbol versus Hgjip.

A perfect fit to the data would return a ratio value of zero. The mean ratio for the SSHR
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sample is L = 0.00 + 0.37. Plotted in Figure 5.3 are the cbmputed ratios versus My, (also
see Table 5.2 for the mean values for each earthquake). I now discuss separately the

measurements from each earthquake.

Table5.3  Mean ratio estimates for each of the 8 strike-slip earthquakes for the
SSHR attenuation curve.

Earthquake Number of Data Points SH Mean Ratio
1979 Imperial Valley 2 0.25 +0.45
1980 Livermore MS 1 0.05
1980 Livermore AS 1 047
1984 Morgan Hill 7 0.06 £0.36
1986 North Palm Springs 7 -0.50 +0.21
1987 Superstition Hills 1 -0.01
1989 Loma Prieta 27 0.06 + 0.29
1992 Landers 13 0.03 + 042
Total Dataset 59 0.00 +0.37

In the discussion that follows, only the graph of the peak displacement
attenuation relation corresponding to the earthquake with the largest number of
measurements will be presented. The corresponding graphs for the other individual
earthquakes can be found in Gregor (1995). It should be noted that for this plot and all
of the following plots of attenuation curves, the curves are plotted versus epicentral
distance to the largest slip on the fault plane. This distance was selected for the ease of
use of these empirical curves in seismic hazard analysis, where the depth and location
of largest slip is not necessarily estimated. The dashed lines indicate the plus and minus
one standard deviation curves.

There are only two strong ground motion stations (CPR and SSM) which are
classified as rock sites in the 1979 Imperial Valley earthquake (cf., section 4.2.1). The

largest peak SH displacement of 6.4 cm occurs at the CPR station at a Hgj;p distance of
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40 km. Although at similar distances, the two stations are located in opposite directions
from the fault rupture (see Figure 4.5). Both are located within 20° of the strike of the
rupturing fault plane. The amplification of the recorded peak ground displacement
would be expected for these azimuths because the radiation pattern for the SH
displacement field (see section 3.2) in this case has amplitude maxima near this
direction.

There was only one rock data point (HSG) from the Livermore mainshock
earthquake (cf., section 4.2.2). The HSG strong ground motion station is located east of
the fault of rupture at a Hslip distance of 31.5 km and recorded a peak SH ground
displacement of 0.46 cm. The ratio value for this point is approximately zero (Table 5.3)
indicating a good agreement between the observed peak displacement value and the
mean estimate from the SSHR curve.

The peak displacement measurement at the HSG station (i.e., 0.45 cm) for the
Livermore aftershock (cf., section 4.2.3), is approximately equal to the mainshock value.
However, the moment magnitude of the aftershock is 0.4 unit lower (see Table 4.1).
There is a large misfit between the mean SSHR curve and the observed data point. The
misfit is also evident in Figure 5.2 which shows the log of the ratio (i.e., a ratio value of
0.41). A comparison of the displacement time histories from the Livermore mainshock
and the Livermore aftershock is presented in Figure 5.4. The time histories are quite
different in their overall phase and amplitude. Because of the similar path and identical
site response for the two sets of records, the noticeable difference in the time histories is
almost certainly caused by a difference in the respective seismic sources.

Seven measurements from rock sites were obtained for the 1984 Morgan Hill
earthquake (cf., section 4.2.4). The largest SH peak displacement value (pgd = 10.8 cm)
for a rock classified site was recorded at the CYC station. CYC is located directly down-
strike of the direction of fault rupture (see Figure 4.8) and the observed large

displacement pulse and short duration evident in the displacement seismograms can be
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explained readily as due to rupture directivity (see section 3.5). The directivity
enhancement effect is consistent with the observation that only the ratio value from the
CYC station is greater than one standard deviation for the mean ratio value of this
earthquake (see Figure 5.2 and Table 5.3).

The data from the 1986 North Palm springs earthquake (cf., section 4.2.5)
consisted of seven classified rock stations. As is evident (see Figure 5.3), the mean SSHR
curve systematically over-predicts the observed peak displacement values. The mean of
the ratio for the seven sites is |L = -0.50 + 0.21 (see Table 5.3). Only the RV A station is
greater than one standard deviation from this mean in the negative direction. Similarly,
RVA experienced low peak ground displacement values in three other earthquakes
examined in this research, possibly indicating a large site response causing the reduced
amplitudes.

The overall under-prediction of the peak ground displacement values can be
addressed by looking at the far-field radiation pattern for the earthquake. The 1986
North Palm Springs earthquake was a strike-slip mechanism that occurred on a dipping
fault (dip = 46°). All of the stations are located to the west and southwest of the
earthquake with the exception of the JST station which is located to the northeast (see
Figure 4.9). The RVA station is located near a SH node which can explain the low
amplitude for this specific earthquake. However, the other rock sites are not located on
an SH node and so another explanation must be proposed. Because the observation at
JST, which is in a separate quadrant of the radiation pattern than the other rock stations,
is near a maximum, but is also low in amplitude, the source of the earthquake is
suggested as the cause of the systematic reduction in observed peak values.

Only one rock site (55M) was recorded for the 1986 Superstition Hills earthquake
(cf., section 4.2.6). SSM recorded a peak SH displacement of 5.7 cm which agrees with

the predicted peak displacement value.
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The 1989 Loma Prieta earthquake (cf., section 4.2.7), with a total of 27 rock
classified sites, provided the largest single set of rock strong ground motion recordings
for any of the eight strike-slip earthquakes (see Table 4.4). The SH peak ground motion
values are plotted along with the mean SSHR curve for the Loma Prieta earthquake in
Figure 5.5. The clustering of data points at distances of approximately 100 km are from
the strong ground motion sites in and afound San Francisco. These sites were noted to
have higher ground motion values due to the lateral refraction of seismic energy
(Lomax and Bolt, 1992) and the reflection of seismic energy from the Moho
discontinuity in the crust (Somerville and Yoshimura, 1990). This amplification of
ground motion is evident in the observed peak SH displacement values The mean value
for log of the ratio is L = 0.06 + 0.29 (see Table 5.3) as the individual values are plotted in
Figure 5.2.

The Monterey (MON) strong ground motion site recorded peak amplitude
values which were approximately an order of magnitude lower than the rest of the
dataset. A partial explanation for the low amplitudes can be provided by the rupture
directivity of the seismic source because the MON station is located at the back azimuth
of the rupturing fault (see Figure 4.11). (The SH component of motion is characterized
by low amplitude and long duration motion as would be expected at back azimuth
locations.) The MON station is located close to a node on the SH radiation pattern,
which also provides a reason for the low amplitude. Finally, the crustal structure
between the source and site is geologically complicated. The Monterey Basin, located
between the source and the station, is a deep sea basin and lateral refraction of seismic
energy away from the station could be a contributing factor to the low amplitudes of
ground motion recorded at MON.

The 1992 Landers (cf., section 4.2.8) portion of the data set consisted of 13 rocks
sites. The closest site was LCV at an Hgjjp distance of 13.5 km and had an observed SH

peak ground displacement of 43.7 cm. The mean ratio value is | = -0.03 + 0.42 (see Table
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5.3), for the 13 rock SH values. The peak displacement value at PLC has the largest
deviation from the mean (in a negative direction). There are two factors which are
contributing to the low observed peak ground displacement values at the PLC station.
First, the station is located south of the northerly propagating rupture. Hence, lower
peak ground displacement values would be expected at this site due to rupture
directivity (see section 3.5). Secondly, the radiation pattern for the corresponding fault
geometry predicts low amplitudes because of the proximity of PLC to a SH node. The
low observed values at RVA can be attributed to a site response because low amplitudes
of ground displacement were observed at this site for other earthquakes in the sample
(e.g., see the Landers, North Palms Springs and Whittier Narrows earthquakes).

The largest positive deviation from the mean occurs for GSC which is located
north along the strike of the fault plane (see Figure 4.12). The higher amplitudes of
ground motion can be predicted based on the northerly propagating fault rupture for
the Landers earthquake (see section 3.5). This amplification of observed peak ground
displacement was consistent with the other soil sites located at the northern end of the
fault plane (see section 5.3.3 - 4).

It is illuminating to graph the log of the ratios as a quadrant division based on
the azimuth from the seismic source. On the average, stations located to the north
exhibit positive ratios, while stations to the south exhibit negative ratios due to rupture
directivity. Stations located in the Los Angeles basin also exhibit positive ratios due to
the amplification of ground motion caused by the large alluvial basin (see section 3.4).
The amplification and de-amplification of ground motion was also noted in the analysis
of peak ground acceleration from the Landers earthquake (Campbell and Bozorgnia,

19%4a).
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5.3.2 Rock Displacement for SV Waves

I now consider the vertically polarized shear wave denoted, SV. A total of 58
peak SV displacement observations were used in the regression. The vertical component
of strong ground motion from the 1986 Superstition Hills have not been digitized and

therefore not available (Wald et al., 1990). The SSVR curve is,

Logio (D) =-5.56 + 1.11IM - 1.10 Log1p (Hgyp) , o7=0.29, G

where D is the peak SV displacement in cm and Hglip is in kilometers. The histogram of
residuals for the SV sample (U = 0.4 + 1.2) is shown in Figure 5.6. For the corresponding
ratio plot see Figure 5.2. The mean ratio for the SV data points is |l = 0.01 + 0.29 and the
values for each earthquake are listed in Table 5.4. As can be seen in Figures 5.2 and 5.6,
the SV observations are more evenly distributed with a smaller amount of dispersion

around the mean, than for the SH data for rock sites.

Table5.4  Mean ratio estimates for each of the 8 strike-slip earthquakes for the
SSVR attenuation curve.

Earthquake Number of Data Points SH Mean Ratio

1979 Imperial Valley 2 0.34 +0.50

1980 Livermore MS 1 -0.28

1980 Livermore AS 1 0.29

1984 Morgan Hill 7 0.06 +0.19

1986 North Palm Springs 7 -0.24 + 0.26

1987 Superstition Hills — -

1989 Loma Prieta 27 0.09 + 0.25

1992 Landers 13 -0.10 +0.29
Total Dataset 58 0.01 £0.29
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The maximum SV displacement of 3.9 cm from the 1979 Imperial Valley
earthquake was recorded at CPR, which also had an anomalously high SH peak
displacement value. Because this station is located at a back-azimuth from the
propagating source, the effect of rupture directivity would lead to a prediction of a
deamplification.of observed ground motion (see section 3.5). For the SH motion, the far-
field radiation pattern is near a maxima for this azimuth. However, the SV radiation
pattern is near a minimum and consequently the amplification is caused by either a
propagation effect or a site response at CPR.

The observed displacement value from the Livermore mainshock recorded at
HSG is low, as would be predicted from the near nodal position of the SV radiation
pattern for this azimuth. For the Livermore aftershock (cf., section 4.2.3), the observed
value for the aftershock recorded at HSG is statistically higher than the predicted value
and can be explained by the source anomaly for this event, as was discussed in the
previous section for the SH displacement motion.

As was observed for the SH data from the 1984 Morgan Hill earthquake, the peak
SV displacement value at the station CYC is greater than one standard deviation above
the predicted value. In both cases, this increase in ground motion can be explained as
amplification due to the rupture propagating towards the site (see equation (3.13)). The
observed lower measurement of the SV relative to the SH motion arises probably from
the lower amplification between the SV and SH radiation patterns (see Figure 3.3b). The
other six data points all fall within one standard deviation of the attenuation curve and
the mean ratio estimate is {1 = 0.06 + 0.19 (see Figure 5.2).

As was observed in the SH data from the 1986 North Palm Springs earthquake,
there is a systematic over-prediction of peak SV displacement values for all of the sites
except one (JST) which has been discussed as being related to a source effect (see section
5.3.1). The mean ratio for the SV data is il = -0.24 + 0.26 (see Figure 5.2) which is lower

than the SH values by approximately 50 percent. The largest excursion from the mean is
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from the RV A station and can be indicative of a site response as has been previously
discussed.

The largest subset of sample points is from the 1989 Loma Prieta earthquake (cf.,
section 4.2.7). A total of 27 SV data points are plotted in Figure 5.7 along with the mean
SSVR curve. Seven observed displacement values are greater than plus or minus one oT
from the mean. Four of these sites are located in San Francisco and an explanation for
their high amplitudes have previously been attempted. The highest deviation from the
mean for the SV data is from the measurement at the SLA station. The SH amplitude for
this station was not a statistical outlier as is the case for the SV amplitude (see Figure
5.2). The displacement seismograms are plotted in Figure 5.8. The observed SV
amplitude is only smaller than the observed SH amplitude by a factor of about 22
percent. For this azimuth, the radiation patterns would predict a lower SV displacement
value of about 50 percent. This discrepancy at the SLA site could be explained in terms
of a increased site response for the vertically polarized SV ground motion.

The likely reason for the low SH and SV amplitudes observed at the MON site
have been previously discussed (see section 5.3.1). The observed SV amplitude of
motion at the PJH station is lower than the mean SSVR curve by greater than one oT.
Well developed surface wave trains are clearly identifiable on the displacement records
in Figure 5.9. The seismograms from the LBL station (similar azimuth and greater
distance from the source) also show well developed surface waves. However, none of
the San Francisco seismograms, which are at approximately the same distance but
different azimuths, indicate the development of surface wave trains. Due to the
partition of the seismic energy into surface wave motion, the deamplification of SV
motion at PJH can be classified as a propagation effect.

The 1992 Landers (cf., section 4.2.8) data consist of 13 vertical rock recordings
(see Table 4.4). A total of five data points are greater than plus or minus one ot from the

mean. The mean ratio for the data is L = -0.10 + 0.29 (see Figure 5.2). The low amplitude
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at the PLC and RVA station have been discussed in the previous section. For this
seismic source, the low amplitude SV value for the PFO station is attributable to the
rupture directivity (see equation (3.13)), with the fault source propagating away from
the station (see Figure 4.17). The low SV amplitude recorded at SVD is an artifact of the
near nodal location of the station for the SV radiation pattern. The increased amplitude
at the most distant station, ISA, can be explained from the rupture directivity focusing

of the seismic energy in a direction towards the station.

5.3.3 Soil Displacement for SH Waves

I now discuss the mean estimation for the horizontally polarized SH peak
ground displacement curve at soil sites (SSHS). A total of 122 peak SH displacement

values were used in the regression for soil sites (see Table 4.4). The SSHS equation is,

Logio (D) =-4.81 + 1.10M - 1.15 Log1o (Hgp), o1 =029, (5.12)

where D is the peak SH displacement in cm and Hslip is in kilometers. The
corresponding graphs of the residuals are shown in Figure 5.10. The largest residual of
35.6 occurs for the E06 station for the Imperial Valley earthquake. The observed
amplification of peak displacement at this station will be explained below as an effect of
rupture directivity. The mean residual for the SSHS curve is (L = 1.8 + 7.3. The log values
of the ratio of the observed to predicted peak SH ground displacement are shown in
Figure 5.11 and 5.12. The mean ratio for the entire SH soil sample is L = 0.01 + 0.30 and
the corresponding mean values for each earthquake are listed in Table 5.5. The soil SH
data has a smaller dispersion about the zero line than the rock SH data (cf., Figure 5.2),

but there are still some statistical outliers in the sample which will be discussed.
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Table5.5  Mean ratio estimates for each of the 8 strike-slip earthquakes for the
SSHS attenuation curve.

Earthquake Number of Data Points SH Mean Ratio
1979 Imperial Valley 32 0.14 + 0.27
1980 Livermore MS . 6 -0.01 +0.30
1980 Livermore AS 5 0.03 +£0.25
1984 Morgan Hill 18 0.10 +0.25
1986 North Palm Springs 11 -0.26 +0.23
1987 Superstition Hills 10 -0.03 +0.23
1989 Loma Prieta 25 -0.09 + 0.32
1992 Landers 15 0.06 +0.29
Total Dataset 122 0.01 +0.30

The 1979 Imperial Valley earthquake (cf., section 4.2.1) produced the most soil
seismograms for a strike-slip source of all the earthquakes studied. A total of 32 peak
SH values were measured and are plotted in Figure 5.13 along with the mean SSHS
curve for a My, = 6.5 earthquake. The mean ratio value is i = 0.14 + 0.27 for the SH
sample (see Table 5.5).

The distribution of all of the data points greater than one standard deviation
from the mean can be explained in terms of the amplification of ground motion from
rupture directivity (see section 3.5). These stations are all located to the north of the
northerly propagating rupture (see Figure 4.5). The El Centro array stations are located
at Hgjjp distances of approximately 15 km, and the ground motion from these stations
are amplified due to rupture directivity (see equation (3.13)). Three data points fall
below the minus one ot in Figure 5.13. The CMP station, at a Hslip distance of 40 km, is
probably de-amplified due to the fault rupture propagating away from the station. The
other two stations (CXO and PLS) which have low observed peak displacement

amplitudes are located near a node of the SH radiation pattern.
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The 1980 Livermore mainshock (cf., section 4.2.2) was recorded on a total of six
soil sites and the mean ratio values is i = -0.01 + 0.30 (see Table 5.5). The two stations
(LVA and DVD) with high amplitudes of ground motion are located along the direction
of rupture propagation and these amplitudes can be predicted in terms of rupture
directivity (see section 3.5). The peak SH displacement at SRM is lower than one
standard deviation from the attenuation curve and can be accounted for based on the
location of the station near to a minimum of the SH radiation pattern.

There are five classified soil site measurements from the 1980 Livermore
aftershock (cf., section 4.2.3). Unlike the rock measurements, which showed a systematic
over-prediction of the peak values with the mean SSHR curve, the observed SH data
points are evenly distributed around the mean SSHS curve. This even distribution can
also be seen in the plot of the log of the ratio values in Figure 5.11 where the mean value
for this sample is U = 0.03 + 0.25 (see Table 5.5). The two peak displacement values
which are lower than the mean SSHS curve can again for this source be attributed to the
rupture directivity (equation (3.13)) because these two stations (DVD and LVA) are
located at a back-azimuth from the propagating rupture. Rupture directivity may also
cause the relatively high observed amplitude motion at ANT which is located
approximately along strike in the direction of the fault rupture.

The peak SH displacement data from the 1984 Morgan Hill earthquake (cf.,
section 4.2.4) consisted of 18 soil sites. The highest SH peak displacement (5.2 cm) was
recorded at HVR station which is located along the strike of the fault plane (see Figure
4.8), but in the opposite direction of rupture propagation. This larger than predicted
amplitude is caused by the measurement being made near the maximum node of the
SH radiation pattern. Rupture directivity increases the amplitude of motion at stations
located approximately along the strike (e.g., the Gilroy Array and the Hollister
Differential Array). AGN has the largest negative ratio (see Figure 5.11) and may be

caused by the station being located near a node of the SH radiation pattern. The largest
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positive ratio of 0.47 occurs at the LBN station located in the Great Central Valley of
Central California. Because the station is not located along the azimuth of the fault
plane, rupture directivity cannot explain the increase in motion. However, the station is
located at the edge of the large sedimentary basin which can cause the amplification of
ground motion (see section 3.4). The mean ratio for the 1984 Morgan Hill data is yt = 0.10
+0.25 (see Table 5.5) indicating a small 6ver-prediction of the mean attenuation curve
versus the observed measurements.

For the measurements from the 1986 North Palm Springs earthquake, there is a
systematic over-prediction of peak displacement motion from the mean SSHS curve.
Because the same systematic over-prediction in motion was also observed for the rock
sites, the discrepancy between the observed and predicted values by exhaustion of
alternatives may be explained by a faulting source property (such as an over-estimated
seismic moment for the source which would lead to larger mean estimates of peak
ground displacement). The two stations, HES and RNC have the largest misfit to the
mean SSHS curve (see the ratio plot of Figure 5.11). These two sites would be expected
to have a low amplitude based on the SH radiation pattern for the earthquake (see
section 3.2). The mean ratio for the event is, | = -0.26 + 0.23 (see Table 5.5).

A sample of ten soil sites (see Table 4.4) was available from the 1987 Superstition
Hills earthquake (cf., section 4.2.6). All of the data points except for two (PTS and ELC)
have observed measurements lower than the predicted mean SSHS curve. As in a
number of earlier cases discussed, larger than expected amplitudes are predicted by the
directivity focusing mechanism. Because both of these stations are located
approximately along the strike in the direction of fault rupture (see Figure 4.10). The
mean ratio is | = -0.03 + 0.23 (see Table 5.5).

For soil sites, the second largest sample of maximum displacement
measurements after the Imperial Valley earthquake is from the 1989 Loma Prieta

earthquake (cf., section 4.2.7). Twenty-five strong ground motion records from such
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sites were processed (see Table 4.4). The scatter in the Loma Prieta data is larger than for
the other earthquakes, with a mean ratio of | = -0.09 + 0.32 (see Table 5.5) which could
be caused by the previously noted amplification of ground motion at distances of
approximately 100 km. Most of the low values can be expected based on the variations
arising from the radiation pattern of the SH component of motion for this source
mechanism. The large observed displacement at OSW (at a distance of approximately 85
km) corresponds with the increase in seismic energy due to lateral refraction for stations
located in the San Francisco region (e.g., see Lomax and Bolt, 1992). The largest peak SH
displacement (32.7 cm) occurs at the HOL site located southeast of the earthquake and is
explained in terms of a large site response. This can be substantiated by comparing the
peak ground displacement observed at two separate strong ground motion stations,
HDA and HCH, located approximately 1 and 5 km away from the HOL station (see
Figure 4.11). Both of these stations have peak SH amplitudes of about 12 cm. The clear
suggestion is that a significant a large site response is present at the HOL station to
cause an increase in the SH motion by a factor of about 3.

The soil data set from the Landers earthquake (cf., section 4.2.8) consists of
measurements from 15 stations. The stations are well distributed over all azimuths, but
the closest site is at a Hslip distance of over 40 km (see Figure 4.12) so that this sample
contributes little to the overall regression curve at near source distances. The mean ratio
for the SH stations is, |l = 0.06 + 0.29 (see Table 5.5).

As was the case for the rock sites, the ampliﬁcation of ground motion due to
rupture directivity can be observed by the positive ratio values for sites located to the
north, and negative ratio values for sites located to the south (see Figure 4.12). The sites
located in the Los Angeles basin (OBG and DOW) have positive ratios due to the

amplification of ground motion in the large alluvial Los Angeles basin (see section 3.4).
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5.3.4 Soil Displacement for SV Waves

As in the case of SV wave measurements mode on rock formations, I now
consider the measurements made from soil sites. A total of 113 peak SV displacement
values were used in this regression. The mean SSVS attenuation curve for peak SV

displacement on soil is,
Logio (D) =-4.95 + 1.07M - 1.24 Logso (HSIip) , or=024, (5.13)

where D is the peak SV displacement in cm and Hglip is in kilometers. The standard
deviation for the SV soil sites is the lowest estimated standard deviation for any of the
regression results previously presented. The residuals, which have a mean value of | =
0.4 + 2.3, are plotted in Figure 5.14. The largest residual (14.9) occurs for the ELC station
from the Imperial Valley earthquake (see section 4.2.1). The SV ratio values for the
entire data set is graphed in Figure 5.11 versus Hglip and Figure 5.25 versus My. The
mean ratio value is, L = 0.00 + 0.24. Table 5.6 lists the computed mean ratio for each

earthquake subsets.

Table 5.6  Mean ratio estimates for each of the 8 strike-slip earthquakes for the
SSVS attenuation curve.

Earthquake Number of Data Points SV Mean Ratio
1979 Imperial Valley 33 -0.02 £ 0.27
1980 Livermore MS 6 -0.12 +0.19
1980 Livermore AS 5 -0.01 £0.17
1984 Morgan Hill 18 0.10 +0.18
1986 North Palm Springs 10 -0.02 +0.27
1987 Superstition Hills 1 0.45
1989 Loma Prieta 25 0.04+024
1992 Landers 15 0.05+0.18
Total Dataset 113 0.00 +0.24
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The vertical SV data (33 sample points) from the ‘l 979 Imperial Valley earthquake
(cf., section 4.2.1) are graphed in Figure 5.15 along with the mean SSVS curve. As was
the case for the rock sample, the stations located to the north of the rupture (see Figure
4.5) had an increased amplitude in peak ground motion probably resulting from the
effect of rupture directivity. In support of this explanation, the opposite effect of de-
amplification was also observed at stations located to the south of the earthquake. For
the vertical ground displacement motion, the two stations at CXO and MXC have SV
values which are lower than the mean estimate by more than one standard deviation
and are located perpendicular to the fault plane. The SV radiation pattern predicts
relative low amplitudes at these two stations. The mean ratio value for the Imperial
Valley data is U = -0.02 + 0.27 (see Table 5.6).

The observed values from the six soil sites from the 1980 Livermore mainshock
(cf., section 4.2.2) are systematically under-valued (the mean ratio value for the sample
is i =-0.12 + 0.19) for distances larger than approximately 35 km. Again the largest
outliers can be expected from the theory of rupture directivity (see section 3.5), where
large amplification is observed at LVA while the de-amplification is observed at ANT in
a back azimuth direction (see Figure 4.6).

The five sample points from the Livermore aftershock (cf., section 4.2.3) are
uniformly distributed around the mean SSVS curve (i.e., the mean of the ratio value is yt
= -0.01 £ 0.17). The largest outlier was observed at DVD with a lower-than-expected
peak displacement value but the reduction would be expected as the rupture front
propagated away from this station.

The sample from the 1984 Morgan Hill earthquake (cf., section 4.2.5) consisted of
18 SV measurements from soil sites. The largest ratio occurs at LBN due to the increase
in SV wave amplitude probably because of the same basin effect as discussed for the SH
component. The largest negative ratio occurs at the G07 station with an azimuth that

locates it near the node of the SV radiation pattern of the seismic source. The radiation
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pattern also contributes to the increase in the peak displacement at the SJB station. The
mean ratio for the earthquake is i = 0.10 + 0.18 (see Table 5.6).

As has been previously discussed for the other displacement results, the
observed peak ground motion values from the 1986 North Palm Springs (cf., section
4.2.5) are systematically lower than the mean SSVS curve indicating a possible error in
the over-estimation of the seismic moment. The two largest positive ratio values (PSA
and DSP) are both located in the approximate direction of rupture propagation. The
PSA value, which is higher than the mean by approximately one o7, is also located
closer to the maximum of the SV radiation pattern than the DSP station. The mean ratio
value for the ten data points from the earthquake is (L =-0.02 + 0.27 (see Table 5.6).

Only one digital vertical displacement seismogram was available from the 1987
Superstition Hills earthquake (cf., section 4.2.6). With only having one data point, the
statistical significance of the positive ratio value (see Table 5.6) is not clear, but larger
than expected amplitudes would be expected at the station (IVW) based on the
radiation pattern for the SV motion.

A sample of 25 measurements from the 1989 Loma Prieta earthquake (cf., section
4.2.7) for soil classified sites was used in the regression procedure. The SV data are not
as widely disperse around the mean estimate when compared with the SH data (i.e., the
SV sample has a mean ratio value of |1 = -0.04 + 0.24 (see Table 5.6)). The two positive
data points (STG and OLE) may be accounted for by rupture directivity (see section 3.5)
and lateral refraction of seismic energy (e.g., see Lomax and Bolt, 1992), respectively.
The large number of negative ratio values can be partially explained by the radiation
pattern for the SV motion. For example, the MVA station has the largest negative ratio
value and is located near a SV radiation pattern node. The peak amplitudes for the soil
site, AO1, less than 4 km away from the AP2, are higher by a factor of approximately 3

indicating a de-amplification site response at the AP2 station relative to the A01 site.
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The soil SV data set from the Landers earthqﬁake consists of values from 15
stations. Only three observations (H05, XPO, and FYP) are greater than one ot away
from the mean and all three have observed peak displacement values which are lower
than the mean predicted values. These sites cluster, however, to the southwest of the
mainly northerly propagating fault rupture. Although not directly in azimuth with the
propagating rupture front, a numerical calculation (see equation (3.13)) suggests that
the de-amplification of ground motion would be expected at these sites. Moreover, the
nodal location of the three stations on the SV radiation pattern also contributes to the
lower than expected peak SV displacement values. The mean ratio value for the SV

sample is | = 0.05 + 0.18 (see Table 5.6).
5.4 Reverse-Fault Mechanisms

The empirically estimated attenuation curves for peak ground displacement
produced by reverse fault mechanism earthquakes will be discussed in this section. The
sample consists of only four earthquakes all from the Los Angeles region of southern
California with a magnitude range of 5.6 < My < 6.7 (see Table 4.1). Each earthquake
has been previously described in chapter 4. The statistical outliers for each earthquake

will be discussed in terms of the seismic source, wave propagation, or site response.
5.4.1 Rock Displacement for SH Waves

A total of 42 peak ground displacement SH measurements were used in the

regression analysis (see Table 4.5). The mean RSHR curve,

Logip (D) =-3.44 + 0.92M - 1.51 Logyg (Hsip), o1 =0.31, 6.14)
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where D is the peak SH displacement in cm and Hglip is in kilometers. Figure 5.16
shows a histogram of the residuals of the observed peak displacement values minus the
predicted mean values from the RSHR curve as well as the residuals values versus Hglip
distance. The residuals have a unimodal distribution, with a mean of it = 0.33 + 1.81 for
the entire SH rock data set. The largest residual of 9.91 occurs from the strong ground
motion recording from the 1994 N orthridge earthquake at the CAS station. A total of six
residuals are greater than one standard deviation from the mean; these outliers will be
discussed separately for each earthquake.

The log of the ratio of the observed to predicted peak SH displacement values are
plotted in Figure 5.17 for the entire reverse-fault mechanism rock sample versus Hgjip
distance. The corresponding graph versus My, is in Figure 5.18. The mean ratio is U =
0.00 + 0.31 and the individual mean ratio estimates for each of the four earthquakes are

listed in Table 5.7 along with the number of data points for each earthquake.

Table 5.7 Mean ratio estimates for each of the four reverse fault mechanism
earthquakes for the RSHR attenuation curve.

Earthquake Number of Data Points SH Mean Ratio
1971 San Fernando 7 -0.14 + 0.31
1987 Whittier Narrows 16 -0.03+0.35
1991 Sierra Madre 3 0.09 + 0.07
1994 Northridge 16 0.07 + 0.30
Total Dataset 42 0.00 + 0.31

First consider separately the 1971 San Fernando earthquake (cf., section 4.3.1)
which has seven strong ground motion recording sites located on rock. The largest SH
peak ground displacement (17.2 cm) for this earthquake was recorded at the PDW
station (see Figure 4.15). The mean ratio value from the San Fernando earthquake is, L =

-0.14 + 0.31 (see Table 5.7). Three observed peak SH displacement values (GPK, L04, and
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L09) deviate from the mean value by more than one o1. The GPK station is located in a
forward azimuth from the seismic source and the L04 and L09 station are located in a
back azimuth from the seismic source. From the discussion of rupture directivity (see
section 3.5), the observed amplification at GPK and deamplification at L04 and L09 is to

be expected.

Next consider the 16 strong ground motion recordings from rock sites for the
1987 Whittier Narrows earthquake (cf., section 4.3.2). The mean ratio value for this
sample is (L =-0.03 + 0.35 (Table 5.7). Six observed displacement values (LBR, ORP,
MTW, HNB, LBR, and RVA) are greater than one ot from the mean RSHR curve. The
amplification of ground motion for the LBR and ORP stations would be expected for
these azimuths because the radiation pattern for the SH displacement field (see section
3.2) in this case has amplitude maxima at these azimuths. Conversely, the
deamplification of ground motion would be expected for the other four outlier
observations (LBR, ORP, MTW, and LBR) based on the radiation pattern for the seismic
source. The observed deamplification at RVA has been attributed to a site response
because lower than expected peak displacement values have been measured at this site
in other earthquakes.

Thirdly, consider the 1991 Sierra Madre earthquake (cf. section 4.3.3), which is
the smallest event (M, = 5.6) in the reverse-fault mechanism sample. Only three strong
ground motion time histories for rock sites were used in the regression (see Figure 4.17).
All three of the peak displacement SH values are within one oT of the mean RSHR
attenuation curve. The computed mean ratio value is i = 0.09 + 0.07 (Table 5.7) for this
earthquake.

Fourthly, the reverse mechanism rock sample consisted of 16 recordings from the
1994 Northridge earthquake (cf., section 4.3.4). The mean RSHR attenuation curve is
graphically illustrated in Figure 5.19 along with the observed measurements. There are

three observed displacement values (CAS, SND, and MTW) which are greater than one
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standard deviation away from the mean curve. The observed amplification of ground
motion at both the CAS and SND stations (see Figure 4.20), which are located north of
the fault plane, can be attributed to the rupture directivity effects from the up-dip
rupture of the seismic source (see section 3.5). The negative ratio for the MTW station
would be expected from the near nodal location of the station for the SH radiation
pattern from the seismic source. The mean ratio values for the Northridge

measurements is |t = 0.07 + 0.31 (see Table 5.7).
5.4.2 Rock Displacement for SV Waves

A total of 42 peak ground displacement SV measurements were used in the
regression analysis (see Table 4.5). The empirically estimated mean RSVR attenuation

curve is,
Logig (D) =-3.57 + 0.88M - 1.49 log1o (Haip), o1=0.24, (5.15)

where D is the peak SV displacement in cm and Hglip is in kilometers. Figure 5.20 shows
the histogram for the residuals which have a unimodal distribution, with a mean of | =
0.19 + 0.85 for the entire SV rock sample. The largest residual of 4.7 occurs from the
strong ground motion recording from the 1971 San Fernando earthquake at the PDW
station (see Figure 4.15). Only two residuals are larger than one standard deviation from
the mean and these will be discussed separately for each earthquake.

The ratio values for the rock SV peak displacement values were plotted in Figure
5.17 versus Hgjjp distance. The mean value for the SV sample is { = -0.01 + 0.24. The
individual estimates for the mean ratio value of each of the four earthquakes is listed in

Table 5.8 along with the number of data points.
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Table 5.8 Mean ratio estimates for each of the four reverse fault mechanism
earthquakes for the RSVR attenuation curve.

Earthquake Number of Data Points SV Mean Ratio
1971 San Fernando 7 -0.02 +0.17
1987 Whittier Narrows 16 -0.12 +0.25
1991 Sierra Madre 3 0.21 +0.20
1994 Northridge 16 0.06 +0.23
Total Dataset 42 -0.01 £0.24

First, seven observed vertical SV peak displacement values were used in the
regression for the 1971 San Fernando earthquake (cf., section 4.3.1). Only one
observation (PSL) is greater than one o1 from the mean curve. The low amplitude
displacement value at PSL can be attributed to the radiation péttern for the seismic
source at that azimuth (see section 3.2). The mean value is L =-0.02 + 0.17 (Table 5.8).

Secondly, a total of 16 vertical peak SV displacement values were used in the
regression analysis from the 1987 Whittier Narrows earthquake (cf., section 4.3.2). The
larger than expected observed SV peak displacement at CAS could be caused by a site
response which amplifies the vertical ground motion. To test this hypothesis, a
comparison is made between the CAS vertical ground motion and the vertical ground
motion from the CDA station, located approximately 4 km away (see Figure 4.16). The
CDA peak SV amplitude was lower by a factor of 2 even though CDA is on soil, which
based on the regression analysis (see equation (5.17) predicts higher peak ground
displacement.

There are five observed data points (MTW, MCS, VPS, NHB, and RVA) which
fall below the minus one ot curve. Although these stations are not clustered together
(see Figure 4.16), the relative minimums of the SV radiation pattern for each of the

separate azimuths would cause a deamplification of the SV observed ground motion.
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The low amplitude observed at RVA is also caused by a local site effect as low peak
displacement values were observed on both components for a set of different
earthquakes. The mean ratio value for the Whittier SV sample is i = -0.12 + 0.25 (Table
5.8).

The peak SV displacement values from the 1991 Sierra Madre earthquake (cf.,
section 4.3.3) consisted of three statiohs. The PAL station recorded a higher than
expected SV peak displacement value. Although the station is located at a back azimuth
away from the up-dip rupture on the fault plane (see Figure 4.17) and hence directivity
focusing is not responsible, the SV radiation amplitude pattern predicts higher ground
motions at PAL than at other azimuths. The mean ratio value for the three data points is
i =0.21 + 0.20 (Table 5.8).

Finally, the mean RSVR attenuation curve for a representative My = 6.7
earthquake is plotted in Figure 5.21 along with the observations from the 1994
Northridge earthquake (cf., section 4.3.4). The vertical SV data show less dispersion
about the mean curve than the SH data from the Northridge event (i.e., compare Figure
5.19 with Figure 5.21). The largest peak SV displacement of 4.5 cm was recorded at the
PKC station. This larger than expected amplitude can be predicted from the rupture
directivity focusing effect (see section 3.5) and the SV radiation pattern (see section 3.2).
Rupture directivity also contributes to the amplification of the observed SV ground
motion at the SND station located north of the seismic source (see Figure 4.20). By
contrast, the NWB station is located to the south, but the larger-than-predicted peak SV
amplitude probably is caused because of its location near to a maximum on the SV
radiation pattern. The average ratio value for the Northridge SV data from the rock sites
is L = 0.06 + 0.23 (see Table 5.8).
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5.4.3 Soil Displacement for SH Waves

Inow consider the empirical regression of the 115 peak ground displacement SH

values recorded on soil (see Table 4.5). In this case the mean RSHS attenuation curve is,

Logo (D) =-3.26 + 0.91M - 1.53 Log1o (Hsip), o7 =0.27, (5.16)

where D is the peak SH displacement in cm and Hslip is in kilometers. Figure 5.22
shows a histogram plot of the residuals of observed peak displacement values minus
the predicted values from the model. As was the case for the rock residuals, the
residuals have a unimodal distribution, with a mean of 4 = 0.4 + 2.1 for the entire SH
soil sample. The largest residual of 16.1 occurs from the strong ground motion
recording from the 1994 Northridge earthquake at the TAR station. A fotal of nine
residuals are greater than one standard deviation from the mean and are discussed
separately for each earthquake.

The log of the ratio of the observed to predicted peak SH displacement values are

plotted in Figure 5.23 for the soil site, reverse-fault mechanism sample versus Hgjip

Table 5.9 Mean ratio estimates for each of the four reverse fault mechanism
earthquakes for SH soil attenuation curve.

Earthquake Number of Data Points SH Mean Ratio
1971 San Fernando 14 -0.11 + 0.30
1987 Whittier Narrows - 66 0.00 +0.26
1991 Sierra Madre 3 0.13 +0.27
1994 Northridge 32 0.06 +0.28
Total Dataset 115 0.00 +0.27
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distance. The corresponding plot versus My, is in Figure 5.24. The mean ratio is 4 = 0.00
+ 0.27. The individual mean ratio estimates for each of the four earthquakes are listed in
Table 5.9 along with the number of data points for each earthquake.

The soil site observations for the 1971 San Fernando earthquake (cf., section 4.3.1)
consisted of 14 measurements. Five data points are greater than one o away from the
mean. The two high values (GDL and SAO) are along the approximate azimuth which
corresponds with a SH radiation pattern maximum. The three low observations (L12,
PPP, and WTW) can also be predicted from the relative low amplitude of the radiation
pattern for each of the three separate azimuths. However, as will be shown in the next
section, a path and site effect for the L12 and WTW station may also be contributing to
the lower-than-expected amplitudes. The mean ratio value is i = -0.11 + 0.30 (Table 5.9).

The sample for soil classified sites from reverse mechanism earthquakes is
dominated by the strong ground motion recordings from the 1987 Whittier Narrows
earthquake (cf., section 4.3.2) with 66 peak SH values in the total sample of 115 values.
The Whittier Narrows observations are plotted in Figure 5.25 along with the
corresponding mean RSHS attenuation curve. The data span the range 15 < Hgjip < 115
km (see Figure 4.16 for a map of the station locations). The observations in Figure 5.25
show a wide dispersion about the mean curve. The mean ratio value is i = 0.00 + 0.26
(see Table 5.9). The low amplitude of the observed values which are greater than o1 can
be accounted for by the SH amplitude radiation pattern for the seismic source (see
section 3.2).

Consider next the 1991 Sierra Madre (cf., section 4.3.3) observed peak SH
displacement values. The ETN station is the closest soil station and the measured peak
displacement value for this station is above the o. This station is located up-dip from
the seismic source (see Figure 4.17) and the amplification of peak ground motion could
well be caused by the effects of rupture directivity (see section 3.5). The mean ratio

value for the soil sample is L = 0.13 + 0.27 (see Table 5.9).
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Thirty two strong ground motion records were processed to determine the peak
SH displacement from soil sites in the 1994 Northridge earthquake (cf., section 4.3.4). As
was the case for the rock data (see section 5.4.1) from the Northridge earthquake, the
soil data are dispersed about the mean attenuation curve. The computed mean ratio
value is L = 0.06 + 0.28 (see Table 5.9). The largest peak SH ground displacement was
observed at Tarzana (TAR). This site (see Figure 4.20) experienced extremely high peak
ground accelerations (e.g., many peaks over 1 g) for the mainshock and subsequent
aftershocks recorded on portable instruments (Spudich et. al, 1995). Spectrél site
response analysis of the recorded aftershocks indicate the likelihood of the large
amplitude ground motions to be caused mainly by a resonance of the entire hill
structure (Spudich, et al., 1995).

The other outlier point Sylmar (SYL), which is at approximately the same
distance as TAR, has a high amplitude of peak ground displacement due to the rupture
directivity effect of the seismic source (see section 3.5). This site is located nearly up-dip
from the fault plane. The cluster of low amplitude stations at a distance of
approximately 45 km is located on the northern edge of the Los Angeles basin. A
possible explanation for the lower-than-expected values could be due to the partitioning
of seismic body wave energy into basin generated surface waves, thereby reducing the
body wave amplitude. The other values which are less than one o7 can be accounted for

by the SH radiation pattern for this thrust seismic source (see section 3.2).
5.4.4 Soil Displacement for SV Waves
The analysis of the four classifications is now completed by regressing the 112

peak ground displacement values for the SV displacement measured at soil sites (see

Table 4.5). The mean empirical RSVS curve is,
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Logyo (D) = 4.81 + 1.05M - 1.31 Loggo (Hgyp), o7 =0.26, (5.17)

where D is the peak SV displacement in cm and Hglip is in kilometers. Figure 5.26 shows
a histogram of the residuals of the observed peak displacement values minus the
predicted values from the model and a graph of the residuals versus Hgjjp. The
residuals have a unimodal distribution, .with a mean of |t = 0.2 + 1.5 for the entire SV
soil data set. The largest residual of 12.8 occurs from the strong ground motion
recording from the 1994 Northridge earthquake at the TAR station where the recorded
seismic wave field has been previously discussed (see section 5.4.3). Only five residuals
are larger than one standard deviation from the mean. As in the previous section, the
observations from each earthquake will be discussed.

The ratio values for the soil SV peak displacement values were plotted in Figure
5.23 versus Hgl;p distance. The mean value for the SV soil data is L = 0.00 + 0.26 and the
computed mean estimates for the ratio values are listed in Table 5.10 for each of the four

reverse fault mechanism earthquakes.

Table 5.10 Mean ratio estimates for each of the four reverse fault mechanism
earthquakes for the RSVS attenuation curve.

Earthquake Number of Data Points SV Mean Ratio
1971 San Fernando 14 -0.04 +0.29
1987 Whittier Narrows o4 -0.02 + 0.24
1991 Sierra Madre 2 0.44 + 0.09
1994 Northridge 32 0.03 +£0.27
Total Dataset 112 0.00 +£0.26

In the same sequence as previously, first consider the SV soil dataset from the
1971 San Fernando earthquake (cf., section 4.3.1) consisting of 14 observations (Figure

5.63). Five data points are greater than one o1 from the mean curve. The two values EPP
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and SAQ) which are +oT are located at a distance of approximately 70 km (see Figure
4.20) and are both located near a SV radiation pattern maxima (see section 3.2). As was
foreshadowed in the previous section for the SH component of displacement, the
emphasized L12 and WTW station experienced both low peak SV and SH amplitudes.
Although located near a SH radiation pattern minimum, these stations are located near
a SV radiation pattern maximum. Hence, another explanation is needed to account for
the reduction is peak amplitude at these two stations. For the L12, there is a suggestion
that local structural response could be controlling the peak amplitude because nearby
stations are not similarly reduced in peak ground motion amplitude. For the WTW
station, one hypothesis is that the conversion of incident body-wave seismic energy
near the margin of the Antelope Valley into surface wave seismic energy leads to a
reduction in the observed body-wave peak displacement (see section 3.4). The

computed mean ratio value for the SV is U = -0.04 + 0.29 (see Table 5.10).
Secondly, the 1987 Whittier Narrows earthquake (cf., section 4.3.2) provided 64

SV peak displacement values. Figure 5.27 shows the point values and the mean RSVS
attenuation curve. Dispersion of sample points increases for distances greater than
about 30 km and the ratio values have a mean of | = -0.02 + 0.24 (Table 5.10). The
sample of stations that are greater in peak amplitude than one oT can be accounted for
by their relatively close location to the SV amplitude radiation pattern maxima (see
section 3.2). The low observed peak SV values, however, do not all correspond to a SV
radiation pattern minima. For the sites located in the Los Angeles basin the low
amplitude in SV peak displacement ground motion may appear for the same hypothesis
as outlined for the 1971 San Fernando earthquake. The basin structure may convert
seismic body wave energy into basin induced seismic waves. For the sites that are not
located in the Los Angeles basin, the radiation pattern minima can predict the low

amplitude in peak SV ground motion.
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Only two peak SV data points were used from the 1991 Sierra Madre earthquake
(cf., section 4.3.3) as the low amplitudes on the vertical component time history from the
VSQ station were not readable. Both points lie above the one oT curve. However, these
stations are both located on a SV radiation pattern maxima and moreover, are located in
the up-dip direction of the seismic source (i.e., the directivity focusing of the seismic
source would produce amplified peak ground displacement values (see section 3.5)).
The mean ratio values for the two points is (L = 0.44 + 0.09 (Table 5.10).

Finally, the data from the 1994 Northridge earthquake consisted of 32 peak SV
displacement measurements. The largest peak SV displacement was observed at TAR
where evidence for a resonant site response has already been discussed in the previous
section. The high amplitude values for the other sites greater than one oT can be
accounted for by either the station being located near a SV radiation pattern maxima
(see section 3.2) or the effects of rupture directivity (see section 3.5). As was the case for
the San Fernando earthquake, the observed peak SV displacement value at L12 is lower
than one ot from the mean curve and this inter-earthquake correlation is evidence for a
local geological explanation. The mean ratio value for the Northridge earthquake is | =

0.03 + 0.27 (Table 5.10).
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Strike-Slip Mechanism: Rock SH Data
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Figure 5.1  Histogram of the residuals (observed minus predicted) from the mean
SSHR attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hgjip distance.
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Figure 5.2

Ratio Peak Ground Displacement: Rock SH
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Figure 5.3
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Figure 5.4a Radial, transverse, and vertical displacement seismograms from the 1980
Livermore Valley #1 earthquake recorded at Hayward Stadium Grounds.
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Figure 54b Radial, transverse, and vertical displacement seismograms from the 1980
Livermore Valley #2 earthquake recorded at Hayward Stadium Grounds.
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Peak Ground Displacement (cm)

Figure 5.5
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Mean SSHR attenuation curve plotted with the peak ground displacement
observations from the 1989 Loma Prieta (M, = 7.0) earthquake. Plus and

minus one ot are indicated with the dashed lines.
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Strike-Slip Mechanism: Rock SV Data
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Figure 5.6  Histogram of the residuals (observed minus predicted) from the mean
SSVR attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hslip distance.
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Peak Ground Displacement (cm)

Figure 5.7

Peak Ground Displacement: Rock (SV)

102 ———————————————————

s I B N S B
100 10! 102
Epicentral Distance from Largest Slip (km)

Mean SSVR attenuation curve plotted with the peak ground displacement
observations from the 1989 Loma Prieta (M, = 7.0) earthquake. Plus and

minus one ot are indicated with the dashed lines.
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Figure 5.8  Radial, transverse, and vertical displacement seismograms from the 1989
Loma Prieta earthquake recorded at Stanford-SLAC.
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Figure 5.9  Radial, transverse, and vertical displacement seismograms from the 1989
Loma Prieta earthquake recorded at Piedmont Junior High School.
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Strike-Slip Mechanism: Soil SH Data
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Figure 510 Histogram of the residuals (observed minus predicted) from the mean

SSHS attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hyjip distance.
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Q Ratio Peak Ground Displacement: Soil SH
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Figure 511 Log of the ratio of the observed peak ground displacement (Obs) divided
by the predicted peak ground displacement (Pre) from the mean strike-
slip soil attenuation curve versus Hslip distance. (a) SH component. (b) SV
component.
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Ratio Peak Ground Displacement: Soil SH
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Figure 512 Log of the ratio of the observed peak ground displacement (Obs) divided
by the predicted peak ground displacement (Pre) from the mean strike-
slip soil attenuation curve versus My. (a) SH component. (b) SV
component.

164



5 Peak Ground Displacement: Soil (SH)
10% e

Peak Ground Displacement (cm)

L LG i
10! 102
Epicentral Distance from Largest Slip (km)

—_
O
I
&)
o
n

Figure 5.13 Mean SSHS attenuation curve plotted with the peak ground displacement
observations from the 1979 Imperial Valley (M, = 6.5) earthquake. Plus

and minus one ot are indicated with the dashed lines.
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Strike-Slip Mechanism: Soil SV Data
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Figure 5.14 Histogram of the residuals (observed minus predicted) from the mean

SSVS attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hglip distance.
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Figure 5.15 Mean SSVS attenuation curve plotted with the peak ground displacement
observations from the 1979 Imperial Valley (M, = 6.5) earthquake. Plus

and minus one oT are indicated with the dashed lines.
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Reverse-Fault Mechanism: Rock SH Data
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Figure 516 Histogram of the residuals (observed minus predicted) from the mean
RSHR attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hglip distance.
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Ratio Peak Ground Displacement: Rock SH
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Figure 5.17 Log of the ratio of the observed peak ground displacement (Obs) divided
by the predicted peak ground displacement (Pre) from the mean reverse-
fault rock attenuation curve versus Hgjip distance. (a) SH component. (b)
SV component.
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Figure 5.18 Log of the ratio of the observed peak ground displacement (Obs) divided
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fault rock attenuation curve versus My. (a) SH component. (b) SV
component.
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Peak Ground Displacement (cm)

Figure 5.19
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Mean RSHR attenuation curve plotted with the peak ground displacement
observations from the 1994 Northridge M,y = 6.7) earthquake. Plus and

minus one ot are indicated with the dashed lines.
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Reverse-Fault Mechanism: Rock SV Data
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Figure 520 Histogram of the residuals (observed minus predicted) from the mean

RSVR attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hglip distance.
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Peak Ground Displacement (cm)

Figure 5.21

Peak Ground Displacement: Rock (SV)
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Mean RSVR attenuation curve plotted with the peak ground displacement
observations from the 1994 Northridge M,, = 6.7) earthquake. Plus and

minus one ot are indicated with the dashed lines.
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Reverse-Fault Mechanism: Soil SH Data
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Figure 522 Histogram of the residuals (observed minus predicted) from the mean

RSHS attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hglip distance.
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~ Ratio Peak Ground Displacement: Soil SH
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Figure 5.23 Log of the ratio of the observed peak ground displacement (Obs) divided
by the predicted peak ground displacement (Pre) from the mean reverse-
fault soil attenuation curve versus Hglip distance. (a) SH component. (b)
SV component.
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Figure 524 Log of the ratio of the observed peak ground displacement (Obs) divided
by the predicted peak ground displacement (Pre) from the mean reverse-
fault soil attenuation curve versus My. (a) SH component. (b) SV
component.
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Figure 5.25 Mean RSHS attenuation curve plotted with the peak ground displacement
observations from the 1987 Whittier Narrows (Myy = 6.0) earthquake. Plus

and minus one ot are indicated with the dashed lines.
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Reverse-Fault Mechanism: Soil SV Data
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Figure 526 Histogram of the residuals (observed minus predicted) from the mean

RSVS attenuation curve. (a) Binned histogram plot. (b) Residuals plotted
versus Hslip distance.
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Figure 5.27 Mean RSVS attenuation curve plotted with the peak ground displacement
observations from the 1987 Whittier Narrows (My, = 6.0) earthquake. Plus

and minus one ot are indicated with the dashed lines.
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6. Conclusions and Recommendations

The goals of this research were to explore, explain, and summarize the variations
of peak seismic ground displacement as a function of seismic source type, site
classification, and horizontal versus vertical components of motion. Preliminary studies
led to the restriction of the observational sample to 12 well recorded crustal California
earthquakes, all of which have published inverted fault slip models (see Table 4.2). The
peak displacements were selected and measured with the wave types of the
seismological wave field taken into consideration. This procedure eliminated the
selection of any displaceinent measurements occurring in the surface wave time
window of the seismogram (see Figure 1.1). The attenuation curves, which are
presented here, are based on the largest peak SH and SV body wave displacement,
which corresponds with the time of largest ground acceleration. The SH and SV wave
forms selected for measurement of the peak ground displacement had wave periods
lying between 1 sec and 5 sec; the modal period was about 2 sec.

Eight peak displacement attenuation curves have been estimated in terms of
inter-variable and intra-variable statistics (see Table 5.2) and a discussion given in the
previous sections. The estimated coefficients for each attenuation curve are listed in
Table 6.1. The total sample for the soil sites is approximately twice the size of the rock
sample in all cases. For the reverse-fault mechanism sample, the four earthquakes were
all recorded in the Los Angeles basin region so that the transferability of the estimated
attenuation relations to other seismic regions could not be tested. The strike-slip models,
on the other hand, contained observations from both northern and southern California
and the significance of the inter-earthquake variability could be assessed (see Table 5.2).
In brief, this analysis showed that within the estimated precision the same strike-slip

source mechanism curve can be applied within all of crustal California. No analysis was
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done to test if the same transferability of the curves is valid for other geologic regions

outside California.

Table 6.1  Peak displacement attenuation coefficients for the eight separate mean
attenuation curves.

Attenuation Curve 01 62__ 03 oT
SSHR 500 1 .02_- -0.82 0.38
SSVR 556 1.11 -1.10 0.29
SSHS -4.81 1.10 -1.15 0.29
SSVS 494 1.07 -1.24 0.24
RSHR 344 092 -1.51 0.31
RSVR -357 088 -149 0.24
RSHS 326 091 -1.53 0.27
RSVS 4.81 1.05 -1.31 0.26

Lets us now make a comparison of the mean attenuation curves for each specific
seismic source mechanism, site condition, and component of motion. For this purpose I
selected, as a convenience, a standard reference My, = 7.0 earthquake with a point of
largest slip on the fault plane at a depth of 10.0 km. As was the case in all of the
previous graphs (see chapters 2, 3, and 5), the abscissa of the mean attenuation curves is
the epicentral distance (in km) defined here as the surface point above the largest slip on
the fault plane (see section 5.3). Units of peak ground displacement are centimeters. The
plus and minus one ot curves are also plotted. The mean attenuation curves will only
be drawn for the distance range in which there are observations.

A standard Student t-test was computed for each of the following comparisons to
estimate the statistical significance between the mean curves based on the empirically-
estimated variances (see Table 5.2). The probability density function is graphed for each

mean attenuation-curve comparison and discussed. The probability density function
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indicates the probability, that by chance alone, the difference in the two means is
significant. A value of unity indicates that the two mean estimates are not significantly
different, whereas a value of 0.05 indicates that the two curves are significantly different
at the 95% confidence level.

Figure 6.1 compares the strike-slip SH rock (SSHR) and the strike-slip SV rock
(SSVR) (see Table 5.1 for nomenclature) mean attenuation curves. The SSHR curve
(heavy line) lies above the SSVR curve (light line) and is statistically significant above
the 95% confidence level at all distances. Theoretical considerations predict that the
SSHR attenuation curve is higher than the SSVR curve by a factor of approximately 3
solely on the basis of the average radiation pattern coefficient for SH and SV body
waves (see section 3.2) from a vertical strike-slip source (Boore and Boatwright, 1984).
For r > 20 km the attenuation rate of the SSHR curve is lower than for the SSVR curve
leading to a larger separation at greater distances. There is some evidence that this
slower attenuation of the SSHR curve at larger distances may not be universal, but is an
artifact of the lateral refraction and amplification of seismic energy (see section 5.3) that
was observed in the 1989 Loma Prieta earthquake (Lomax and Bolt, 1992) and 1992
Landers earthquake (about 20% of the sample consists of these stations).

Next, compare the SSHS (heavy line) and SSVS (light line) attenuation curves
(Figure 6.2). The two mean curves have nearly identical curvature, but there is a
constant shift upward (on the log-log graph) of the SSHS curve and the mean estimates
are statistically different. Again from the respective radiation patterns, SSHS curve
would be expected to have a greater amplitude than the SSVS curve. For r > 20 km there
is no difference between the two rates of attenuation. Although the rock sites from the
Loma Prieta earthquake indicated an amplification of seismic energy at r > 75 km
beyond which there was a systematic increase in the observations, the soil sites yield
values from this earthquake that are very dispersed, varying by an order of magnitude.

The classification of a site as a soil site includes a wide range of soil structures defined
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by the thickness of soil layers and their respective elastic moduli. The wide scatter of
data points can be an artifact of the wide range of soil conditions at each site, which
would each have its own characteristic site response. For larger distances, the slower
attenuation rate that was observed in the SSHR attenuation curve is masked by the
scatter of the data points from the individual site responses.

Next a comparison is made between the SSHR and SSHS mean attenuation
curves (see Figure 6.3). Previous examination of peak ground-acceleration attenuation
models (Aki, 1988), has indicated that longer period motion is amplified on soil sites
relative to rock sites and that the opposite is true for shorter period motion. The
empirical mean attenuation curves from this research support the amplification of long-
period motion (displacement in this case) on soil sites relative to rock sites. The SSHS
curve predicts values which are significantly higher than the SSHR curve for r < 150 km.
Clearly the two curves have a different rate of attenuation, as was discussed above. For
r > 150 km the mean curves converge and the estimated peak displacement values are
similar in a statistical definition (see the probability density function).

The corresponding plot for the SSVR and SSVS curves is in Figure 6.4. In contrast
to the SH wave case, at shorter distances, the SSVS curve is greater than the SSVR for r <
55 km (at the 95% confidence level). For r > 100 km the predicted peak displacement
values from the two curves are identical within the variances of the curves.

The comparison between the RSHR and RSVR cases is presented in Figure 6.5. In
agreement with the regression for strike-slip earthquakes, the mean RSHR regression is
significantly higher than the mean RSVR curve at all distances. This result is perhaps
theoretically unexpected. For a purely dip-slip source on a dipping fault plane of 30°,
the opposite effect is predicted, based on the SH and SV radiation patterns (Boore and
Boatwright, 1984). A closer special analysis is needed in this case. In the available
sampling, seventy-six percent of data points for the rock stations from the set of four

reverse-fault mechanism earthquakes are from the 1987 Whittier Narrows earthquake
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and the 1994 Northridge earthquake (see Table 4.5). The source inversion model for the
Whittier Narrows earthquake (Hartzell and Iida, 1990) indicated that the seismic source
propagated down-dip, and hence away from the ground surface. This slip would tend to
reduce the strong ground motion on the surface because of rupture directivity and also
have a greater effect on the vertical component of motion. For the Northridge
earthquake, the opposite is true, with the seismic source rupture up-dip. However, the
scarcity of rock strong ground-motion stations located up-dip from the source leads to
an under-sampling of these amplified ground motions.

Increased amplitude of the SH motion is also observed for the soil sites from the
reverse-fault mechanism eérthquakes (see Figure 6.6 for a comparison between RSHS
and RSVS). The RSHS curve has a higher rate of attenuation and begins to approach the
value of the RSVS curve for r > 100 km. However, over the available sample range, the
two mean estimates are significantly different. The dispersion about the mean
attenuation curve for the soil sites (see section 5.4) is larger than the dispersion for the
rock sites (see section 5.3), as was also observed in the peak displacement measurements
from the strike-slip earthquakes. This larger dispersion of the observations will control
the rate of attenuation in the empirically estimated attenuation model and can be
attributed to the individual site responses of the soil sites as was the case for the strike-
slip sample values.

Figure 6.7 shows the comparison between the RSHR and RSHS mean attenuation
curves. As is expected from the other empirical comparisons between the mean curves
for soil and rock sites, the RSHS curve predicts larger peak SH ground displacement
values for distances less than approximately 65 km (at the 95% confidence level). The
RSHS curve has a higher rate of attenuation than the RSHR curve. This higher rate of
attenuation for the soil sites was also observed for the strike-slip earthquakes (see

Figure 6.3).
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In comparison, the curves for the SV component for reverse-fault mechanisms do
not exhibit a different rate of attenuation. The RSVR and RSVS curves are drawn in
Figure 6.8. The soil site regression trend is systematically shifted higher and statistically
different over the entire distance range, but the two curves have identical rates of
attenuation for all practical purposes. Care must be taken, however, in the comparison
between the rock and soil site estimates of peak ground displacement, because the
amplitude sampling for the rock sites is rather limited. The rock sample consists of only
42 observations with the majority at distances between 20-60 km (see section 5.4.1).
Because of the limited sample, the rate of attenuation of the mean RSHR and RSVR
curves is not well constrained. The soil site attenuation curves, on the other hand, are
fitted with a more uniformly distributed sample.

Next, a different behavior is found in the attenuation curves for the two types of
seismic source mechanisms. Plotted in Figure 6.9 are the SSHR and RSHR mean
attenuation curves. The strike-slip curve (§SHR) predicts lower values for r < 15 km and
greater values for r > 15 km, due to a slower rate of attenuation (the lower rate of
attenuation of the SSHR curve was addressed earlier). However, the mean estimates are
only significantly different for r > 25 km at the 95% confidence level. The relative poor
sampling of the RSHR curve for r > 60 km can also be contributing to the large observed
differences between the two curves. Theoretically, the strike-slip amplitudes (SSHR)
should be higher than the reverse-fault amplitudes (RSHR) based only on the
coefficients of the radiation pattern by a factor of approximately 1.5 (Boore and
Boatwright, 1984).

The variation of SSVR and RSVR attenuation is presented in Figure 6.10. The
RSVR mean attenuation model predicts smaller values than the SSVR curve for all
distances plotted, and is significantly different for r > 15 km at the 95% confidence level.
As was noted for the SH curves, the strike-slip SV attenuation curve (SSVR) has a

slower rate of attenuation than the reverse-fault SV attenuation curve (RSVR). The faster
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rate of attenuation of the reverse-fault mechanism attenuation curve could possibly be
an artifact of the nature of the rupture directivity (see section 5.4) of the reverse-fault
mechanism earthquakes studied.

The mean soil attenuation curves for each seismic source mechanism are plotted
in Figure 6.11. Unlike the comparison for the rock sites (see Figure 6.9) which were
statistically significant only for r > 25 km‘ (at the 95 % confidence level), the mean SSHS
curve is statistically different than the mean RSHS curve at all distances. For the soil
reverse-fault mechanism sample, over half of the data points are from the 1987 Whittier
Narrows earthquake, which had a downward propagating seismic rupture. The ground
motions on the surface would be reduced in amplitude based on the effects of
directivity focusing (see section 3.5) and this reduction would contribute to the
statistical estimate of greater average SH soil values for the strike-slip mechanism.

Finally, the soil site SV curves are plotted in Figure 6.12. The two curves, SSVS
and RSVS are nearly identical, but the t-test indicates that the means are still statistically
different, with the RSVS curve predicting slightly lower values. The similarity between
the two curves indicates that the effects of rupture directivity discussed earlier are not
as pronounced for the SV component as for the SH component of wave displacement, or
that the regional attenuation of SV motion is lower than the regional attenuation of SH
motion from reverse-fault mechanism earthquakes (i.e., the southern California region

attenuation). A summary of the various comparison outlined above are given in Table

6.2.
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Table 6.2  Summary of the comparison results between the eight separate mean
attenuation curves.

Comparison Mean Curve Rate of Attenuation Figure Number

SSHR/SSVR  Significant over all r SSVR greater 6.1
SSHS/SSVS  Significant over all r Identical 6.2
SSHR/SSHS  Significant over r < 150 km SSHS greater 6.3
SSVR/SSVS  Significant over r < 50 km  SSVS greater 6.4
RSHR/RSVR Significant over all r Identical 6.5
RSHS/RSVS  Significant over all r RSHS greater 6.6
RSHR/RSHS Significant over r < 65 kmm  RSHS greater 6.7
RSVR/RSVS Significant over all r Identical 6.8
SSHR/RSHR Significant over r >25km  RSHR greater 6.9
SSVR/RSVR  Significant overr > 10 km  RSVR greater 6.10
SSHS/RSHS  Significant over all r RSHS greater 6.11
SSVS/RSVS  Significant over all r Identical 6.12

The above inter classification analysis also allows a number of general
conclusions.

® The largest scatter in the observed peak ground displacement measurements
from the mean attenuation curves appears to be attributable to the effects of rupture
directivity (see section 3.5). As the individual discussion in sections 5.3 and 5.4 suggest,
each of the 12 earthquakes examined provided observations which were either
increased or decreased in amplitude due to the propagating seismic rupture on the
slipping fault. The more noticeable effect was for stations located along the direction of
rupture which had a large increase in peak ground displacement amplitude (e.g., see
the section on the Imperial Valley, Morgan Hill, Landers, and Northridge earthquakes).
The effects of the increased amplitude of peak ground motion was observable on both

the SH and SV components, and it was more prominent for stations located at Hglip <40

km.
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® The calculated curves are restricted in their sample distribution for distance
and magnitude (see Table 6.3). The strike-slip attenuation models were regressed based
on the sample from earthquakes with magnitude range 54 < My < 7.2. The
extrapolation of the relationships to higher magnitude earthquakes remains uncertain
although the S wave generation and propagation from larger fault sources should not
change in a fundamental way. The reverse fault mechanism attenuation curves were

even more restricted in magnitude size (i. e., 5.6 < My < 6.7).

Table 6.3  Applicability range in My and Hglip for the eight mean attenuation
curves.

Attenuation Curve M, range Hslig range

SSHR 54-7.2 3-224km
SSVR 54-72 3-224 km
SSHS 54-72 2-190 km
SSVS 54-72 2-190 km
RSHR 5.6-6.7 4 -92km
RSVR 5.6 -6.7 4-92km
RSHS 5.6-6.7 4 -180 km
RSVS 5.6-6.7 4-180 km

® The set of mean attenuation curves are limited in their Hslip range. The
applicability of the attenuation curves for My and Hgjip is listed in Table 6.3. The
extension of the estimates of peak ground displacement to Hgip distances less than the
closest observations also remains uncertain. The same uncertainties arise when
extended the attenuation curves to Hglip distances larger than in the sample.

A comparison between the mean attenuation curves regressed in this study and
the few independent peak ground displacement attenuation relations (see section 2.3) is

of interest. As was mentioned in section 2.3, the use of different definitions of distance
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limits somewhat direct comparisons. The mean attenuation curves calculated in this
research predict peak displacement values which are greater than both the Kawashima
et al. (1986) (KAT86) and Theodulidis and Papazachos (1992) (TP92) curves by a factor
of about 2. This comparison is made for strike-slip seismic sources. The differences in
earthquake observations used in the respective regressions probably accounts for these
differences as both the KAT86 and TP92 curves include measurements from deeper
occurring subduction earthquakes, while this study only examined crustal California
earthquakes.

Recently a number of recorded strong ground motion seismograms from the
1994 Hyogo-Ken Nanbu (M = 6.9) earthquake have been released (Nakamura et al.,‘
1995). Although there are no published fault slip inversion models at this time, a simple
comparison of the peak ground displacement observations can be made with the mean
empirical attenuation curves. Three strong ground motion accelerometers (Nakamura et
al., 1995) were located within 10 kilometers of the strike-slip fault plane (no site
classification is given in the report). The largest peak displacement value of 42 cm
(north-south component) was recorded at the Takatori train station located within 2 km
from the seismic fault (Nakamura et al., 1995). Takarazuka is located at the northeast
end of the rupturing fault and the observed peak displacement is 25 cm (north-south
component). The Nishi-Akashi station is located about 4 km northwest of the fault plane
and had a peak displacement of 7 cm (north-south component). In comparison, the
mean estimated peak ground displacement from the SSHR curve (see Figure 6.1) is
approximately 12 cm at a Hglip distance of 10 km. The peak ground displacement at
Takarazuka and Nishi-Akashi fall within one standard deviation of the mean; the
Takatori recording does not. However, the amplification of ground motion at Takatori,
which is located along the fault in the direction of rupture propagation, would be

expected to be increased from the directivity focusing of the seismic source (cf., section
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4.2.8). The same amplification due to directivity focusing is observed at the Takarazuka
station.

The interpretation and statistical work described has provided the first
exhaustive set of attenuation relations for peak strong ground motion displacement for
crustal California earthquakes. These attenuation curves are available for use as scale
parameters in seismic hazard assessmeﬁts of a large engineered structure or a base-
isolated building. The attenuation curves can also be used as reasonably robust
estimates in standard probabilistic seismic hazard algorithms to estimate the probability
of exceeding a given ground displacement level. However, the caveats should be
stressed above should be used in applying the numerical results.

As more strong ground motion recordings become available from future
earthquakes enough tabulation is given in this work for the attenuation models
presented to be updated and modified. Displacement from past earthquakes should be
added as fault slip inversion models are published for the fault rupture sources. A key
aspect in the entire procedure in this work is knowledge of the position of largest slip
on the fault plane. Determination of the slip model for past recorded California
earthquakes (e. g. , the 1983 Coalinga, My = 6.7; the 1991 Big Bear, My, = 5.6; the 1992
Joshua Tree earthquake, My = 6.2; and the 1992 Petrolia earthquake, M, = 7.2), would
easily double the available sample on which to regress. The inclusion of observations
from other reverse-fault mechanism earthquakes would facilitate the determination of
robustness and transferability of the reverse models presented here, which were
regressed based on strong ground motion recordings restricted to southern California

strong ground motion stations.
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Strike—Slip Mechanism: Soil (SH:SV)
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Figure 6.2 Comparison between SSHS (heavy line) and SSVS (light line) attenuation

curves. The plus and minus one ot curves are drawn as dashed lines. The
curves are for a My, = 7.0 earthquake and are plotted over the applicable
distance range based on the observations. (a) Peak ground displacement
curves. (b) Probability density function from a student's t-test.
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Strike—Slip Mechanism: SV (Rock:Soil)
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Figure 6.4 Comparison between SSVR (heavy line) and SSVS (light line) attenuation

curves. The plus and minus one oT curves are drawn as dashed lines. The
curves are for a My, = 7.0 earthquake and are plotted over the applicable
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3 Reverse Mechanism: Soil (SH:SV)
10 o lInillIIriiiiniiTiianIiIviiIIIIILIIIIILI LI

Peak Ground Displa