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1.0 INTRODUCTION

A necessary design element for buildings and other structures subjected
to strong ground motions due to earthquakes is an estimate of the frequency
and intensity of earthquakes expected to occur in the region during the
economic life of the structure. It is also necessary to estimate the ground
motion response at a site, given that an earthquake of a certain size and a
certain distance away from the site occurs. Recognizing the random nature of
earthquake occurrences, and the limited understanding of the physical pro­
cesses leading to seismic loading at a site, analytical models have been
developed to predi ct the probabil i ty of exceedi ng a gi ven 1eve1 of ground
motion during a specified period of time (Cornell, 1968; Esteva, 1969;
McGuire, 1974; Der Kiureghian and Ang, 1975; Shah et al., 1975; Kiremidjian,
1976; Mortgat, 1976; and Campbell, 1977). These seismic hazard* models have
resulted in seismic design criteria that are consistent with the intended use
(i.e., importance) and economic life of a given facility. Clearly, the
success of such models in accurately predicting the seismic hazard at a site
depends on the ability to accurately evaluate the ground motion response as a
function of the size and location of a seismic event. This report presents
the results of initial (Phase I) efforts to refine and improve state-of-the­
art models for predicting ground motion responses, and ultimately, to improve
subsequent seismic hazard estimates.

1.1 Strong Ground Motion Models

The characteri zat i on of strong ground motion response is shrouded in
the complexities of fault rupture (non-uni"form stress release along a fault;
rupture initiation, propagation, stopping); the propagation of waves through
an inhomogeneous, inelastic medium; and the local site characteristics (e.g.,
soil-structure interaction). In spite of these complexities, empirical models
have been developed (e.g., Joyner and Boore, 1982; Campbell, 1981; Chiarottini
and Siro, 1981; Herrmann and Geortz, 1981; Blume, 1977; McGujre, 1977 and

* Seismic hazard is defined as the probability of exceeding a given level of
ground motion during a given period of time.
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Idriss, 1978) which provide ground motion scaling laws correlating the
amplitude of the ground response with the size of the earthquake~ and with the
distance between the fault and the site.

The above scaling laws, sometimes referred to as attenuation laws or
ground motion models, are developed by first defining the distance and size
parameters (the independent vari ab1es) and response parameter (the dependent
variable). The definitions for both dependent and independent variables are
varied (see Boore and Joyner, 1982). This study focuses on one particular
format for ground motion attenuation (Joyner and Boore 1981). This is given
in equation 1.

(1)

where pga is the horizontal peak ground acceleration (the maximum value of two
orthogonal accelerometer components), M is the moment magnitude, and R is
defined as shown in equation 2:

where R is the distance measured in km, 0 is the closest distance to the sur­
face projection of the fault rupture in km, and k is an empirical constant,
equal to 7.3 km.

The coefficients c1-c4 in equation 1 are evaluated using regression
analysis. Y represents the mean value of lo910(pga), and the residuals define
the standard error of an assumed normal distribution in Y for given values of
Mand R.

The uncertainty in the predicted ground motion response, as defined by
the standard error of the residuals, is assumed to account for factors in the
ground motion model not accounted for in equation 1 as well as the underlying
randomness of ground motion responses. These factors include: __ .

• Variations in source characteristics for events of equal size
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• Azimuthal variations in pga (e.g., radiation pattern, directivity)

• Va ri at ions in pga associ ated wi th the propagat i on path of sei smi c
waves from the source to the site .

• Variations in pga due to local site characteristics.

Because data from different sei smogeni c regi ons (e.g., varyi ng earth

structures, varying fault types) are often lumped together to perform the

regression analyses, the variations in observed pga's associated with the

factors above cannot be identified with a high level of confidence. Further­

more, other sources of bias (Table 1) prevent clear discrimination of the

factors causing variations in pga. For these reasons, most ground motion

models retain only the size and distance terms with an accompanying increase

in the standard error. The impact of a large uncertainty in a ground motion

estimate is clear; as the uncertainty in the ground motion estimate increases,

the probability density associated with larger pga's increases. The net

result is a greater predicted seismic hazard, resulting in higher seismic

design loads. The ground motion at a site depends on the azimuth of the site

with respect to the direction of rupture propagation.

In this study, the azimuthal dependence in horizontal peak ground

accelerations is evaluated using simulated acceleration time histories from a

theoretical source rupture/wave propagation model. Ultimately, provisions are

made for incorporating azimuthal terms in strong motion prediction models,

thereby minimizing systematic errors in predicted ground motion amplitudes.

The following section describes two important mechanisms (radiation pattern

and directivity focusing) which result in azimuthal-dependent ground motion

response.

1.2 Azimuthal Variations in Strong Ground Motion Response

The observed data that are used to develop empirical ground motion

models represent an important source of information in estimating seismic

hazards. At the same time there are other sources, namely seismological and

geophysical theories concerning fault rupture processes and wave propagation,

which should be utilized in the development of strong ground motion models.

It is understood, for example, that the amplitude and phase of seismic waves

3



Table 1

Sources of Bias In Empirical Models

Various tectonic provinces

• differing earth structures
• differing source mechanisms
• differing anelastic attenuation properties

Different instrumentation practices
• depth of embedment
• soil-structure interaction effects
• record processing

Non-uniform distribution
• not enough events recorded close to the source
• not enough large events

emerging from a rupturing fault vary with the direction of wave propagation,
depending on the geometry of the fault. In fact, this radiation pattern is
used regularly to determine the earthquake focal mechanism. Conversely, if a
predominant focal mechanism is known for a given source (i.e., its dip and
slip angles), this information can be used to predict the variation in ampli­
tudes of waves produced by that fault as a function of azimuth.

Figure 1 shows the radiation pattern for a vertical strike-slip
fault. There are two four-lobed patterns in this figure; one for SH waves
(horizontally-polarized shear waves) and one for P-SV waves (compressional and
vertically-polarized shear waves). The amplitude of waves propagating at a
gi ven az imuth, ~, is proport i ona1 to the rad; a1 di stance from the ori gi n to
the appropriate curve. The SH waves have maximum amplitUdes in the directions
~ = 0, w/2, w, and 3w/2. At the same time, the P-SV waves theoretically have
zero amplitude at these azimuths. However, if the ground motion model
described in equation 1 is used to predict the wave amplitUdes as a function
of ~, a circle would be plotted in Figure 1, as this model has no provision
for azimuthal variations in amplitUde.
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SH

3n/2

n

(Vertical strike slip fault)

Figure 1. Azimuthal functions which scale the ground motion amplitudes:
Radiation Patterns and Directivity Effects.

Directivity focusing is a second example where amplitudes and frequency
content of waves leaving a source vary with azimuth. This phenomenon has been
studied extensively (Singh, 1982, 1985; Boatwright and Boore, 1982; Bakun, et
al., 1978; Boore and Joyner, 1978; and Schoof, 1984), and occurs when waves
propagating from a distributed source with a moving rupture front (see
Fi gure 2) interact, constructively at some frequenci es and destructi vely at
others. The result is that larger amplitude/higher frequency waves are
generated in the direction of rupture propagation, and smaller amplitude/lower
frequency waves propagate in the opposite direction. For a rupture
propagating unilaterally from one end of a fault segment to t.he other, the
wave amplitudes decrease monotonically between. = 0 and, -'= 'Ir. Figure 3
(from Singh, 1981), shows how wave amplitudes vary with the rupture velocity
(the Mach number, M, is equal to the rupture velocity, Vr , divided by the
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Rupture
.urfaee

J
~Site

e-

.-Fault

Figure 2. Schematic source/site configuration showing the site azimuth, 41,
measured with respect to the direction of rupture propagation.

0.1+--+--+---+--+-....
o 0.2 0.4 0.6 0.8 1.0

MACH NUMBER, M

Figure 3. Amplitude scaling as a function of Mach number (rupture velocity
divided by phase velocity) and as a function of azimuth, a, for a
moving acoustical point source (from Singh, 1981). Amplitudes increase
greatly in the direction of rupture propagation (a = 0) as the Mach
number approaches 1.
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phase velocity, c, of the wave). As the rupture velocity approaches the phase
velocity, the amplification due to directivity focusing in~reases drama­
tically, as does the ratio of amplitudes in the, = 0 and, 1:" directions.
The deamplification of amplitUdes in the back-azimuth is less than the ampli­
fication at • = 0 for all but very low rupture velocities. A di rectivity
function as described would plot as a cardiod in the polar coordinate system
shown in Figure 1. Figures 1 an~ 4, taken from Kasahara, 1981, show how the
directivity function scales the radiation pattern of SH and P-SV waves from a
strike-slip fault.

As noted previously, propagation path effects, local site effects, and
generally sparse data make it difficult to resolve azimuthal effects in

(6) 11,1111 -0.9

Jl

'~',// ~
-+-~lIF--_---I_---+- ' --L' -+-

.. ~ _s_.o _

Figure 4. Effective radiation patterns for P and S waves for sources with a
moving rupture front.
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observed strong motion response. Therefore, a theoretical model for
synthesizing large ensembles of strong motion records is used in:this study to
create an artificial data base for studying the effects of radlation pattern
and directivity focusing.

1.3 Theoretical Modeling of Strong Ground Motion

A modal superposition technique is used to synthesize strong motion
acceleration time histories. These time histories are generated taking into
account the characteristics of the earth structure (such as the density and
elastic moduli as a function of depth) as well as characteristics of the fault
rupture process, rupture velocity, fault geometry and focal mechanism, seismic
moment, and dislocation rise time. Both SH and P-SV waves are computed, cor­
responding to body waves as well as surface waves. Figure 5 outlines the
procedure for simulating time histories using the normal mode method.

The normal mode method has been used to model long period time his­
tories of displacement, velocity, and acceleration (Fukao and Abe, 1971;

Herrmann and Nuttli, 1975; Swanger and Boore, 1978; and Wang and Herrmann,
1980), as well as high frequency (greater than 1 Hz) displacements and
accelerations (McCann, 1981; Schoof, 1984). The ability of the modal super­
position technique to represent observed ground motions has been demon­
strated. An example comparing observed and simulated displacement and
acceleration time histories from the 1968 Borrego Mountain earthquake is
presented in Appendix A.

One of the difficulties in correlating azimuthal variations with
observed ground motion responses in the empirical models in Section 1.2 is
that the data (e.g., pga1s) are typically too scarce and not distributed
uniformly around the fault. This is not the case in numerical simulations, as
time histories can be sampled at regular distance and azimuth intervals. In
addition, irregular propagation path effects and local site effects are not
present (nor are they possible) in the synthetics generated using this
model. On one hand, this is an advantage, because it allows one to focus on

8



1 .2

Spheroidal Toroidal

UCr)
wCr)

w

EARTH STRUCTURE

FOURIER TRANSFORM OF
ACCELERATION DUE TO

ONE RUPTURE SEGMENT

3

NORMAL MODES

Composite reeponee 4

(schematic)

GROUND MOTION AT SITE

Figure 5. Procedure for computing normal mode synthetics.

1. Define earth structure for the region.

2. Normal modes are computed which depend on the earth
structure only.

3. The Fourier transform of displacement or acceleration
due to a poi nt exci tat ion is obta i ned as a 11 nea r
combination of modal responses.

4. The site response is computed as a summation of
responses from many point sources representing the
fault rupture.
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the azimuthal dependence in strong ground motion by separating out these other
effects. At the same time, it is ultimately desi rable to tak~ into account
all the factors contributing to the response at a particular site, including
propagation path and site effects. For the case at hand, the normal mode
method is well suited to address the issue of directionality in strong motion
response.

Another compelling reason for utilizing the normal mode method is its
relative efficiency in generating large numbers of time histories. The syn­
thetic records are computed in two stages. First, the normal modes are evalu­
ated for a given earth structure. This is a sizable task as approximately
5000-6000 modes must be computed. However, once completed, the same set of
modes are used to simulate time histories by simply varying the source rupture
parameters and site locations. The computation of the acceleration response
for two horizontal components for a typical source made up of approximately 15
distinct rupture segments takes on the order of 30 seconds on an IBM 4381.

Other methods are available for simulating strong ground motion,
including evaluation of the elastodynamic Green's function (Apsel, 1983) and
various forms of ray tracing (e.g., Heaton and Helmberger, 1977). These
methods become inefficient when complex earth structure is introduced (this is
not the case in the normal modes approach), and neither method has a di rect
mechanism for accounting for anelastic attenuation. Furthermore, in these
types of models, the entire computational process must be restarted for each
simulation. These methods, as well as the normal mode method, become increas­
ingly expensive as the upper frequency bound increases.

1.4 Phase I Objectives

A primary goal of this work is to demonstrate that there exist viable
sources of information which support a quantitative evaluation of the azi­
muthal dependencies in strong ground motion models. This study is intended to
indicate justification for extending current ground motion models of the form
10910(pga) =f1(M) + f2(R) to the form 10910(pga) =fl(M) + f2(R) + f3(+).

10



The fi rst task is to study the attenuation of pga as a funct i on of R
and 4> using a data base of synthetic acceleration records. Th~ earth struc­
tu re defi ni t i on used to compute the normal modes corresponds to that of the
Imperial Valley, although for the purposes of this investigation, any reason­
able definition would have sufficed. Samples of the horizontal peak ground
acceleration (the maximum of two orthogonal components) are obtained at regu­
lar distance intervals (every 5km between 10 and 80 km) and at regular azi­
muths (every n{10 radians between 0 and n radians). For each event modeled,
4>-dependent and 4>-independent ground motion models are developed and compared.

Second, data from two earthquakes are studied in an attempt to identify
azimuthal variations in horizontal peak ground accelerations. These earth­
quakes include the April 24, 1984, Morgan Hill earthquake in Northern
California, and the November 23, 1980, Campania-Lucania earthquake in Southern
Italy. The Morgan Hill earthquake was selected to test the concept of observ­
able directivity focusing in strong motion acceleration records. The Italian
earthquake, on the other hand, demonstrates a strong correlation with the
radiation pattern associated with the normal faulting that occurred. As in
Task I, 4>-dependent attenuation models are developed, which are then compared
with ,-independent ground motion models.

The final task is to provide guidelines for incorporating the results
of Task I and Task II in the ground motion models to be used ina seismi c
hazard analysis. Clearly, the azimuthal dependencies in strong ground motion
will vary from region to region, according to the types of faults (e.g.,
strike-slip vs. normal), the characteristics of the faults rupture process
(e.g., unilateral vs. bilateral rupture propagation), and the particular earth
structure.

The results of Tasks I, II, and III are presented in Sections 2, 3, and
4, respectively. ; A summary of the results and conclusions is presented in
Section 5. Included in Section 5 is a discussion of the impact that azi­
muthal-dependent ground motion models will have on subsequent- seismic hazard
calculations.

11



2.0 GROUND MOTION MODEL

In order to account for azimuthal dependencies, the grouna motion model
in equation 1 is modified as shown in equation 3.

(3)

where Mis the moment magnitude, R is as shown in equation 2, and

(4)

(5)

(6)

where g1(~} includes terms corresponding to directivity focusing, and g2 (~)

i ncl udes terms correspondi ng to the sei smi c radi at i on pattern. The functi on
g1(~} is assumed to be quadratic, which allows directivity scaling that is
either monotonically decreasing from ~ = 0 to ~ =n (as in a unilateral fault
rupture) or as in the case of bilateral rupture, a scaling such that the
amplitudes increase at ~ = 0 or + =n while decreasing when 0 < ~ < n. Func­
tion g1(+) is shown in equation 7.

(7)

The function g2(~) depends on the type of fault rupture, and contains
harmonic functions which account for the radiation pattern. For a vertical
strike-slip fault, g2(+) is

For a normal fault,

12

(vertical strike slip)

(normal)

(8)

(9)



While the functions g2(') are written as harmonics in the log scale, the shape
of the normalized functions in the linear scale (for which they ~re originally
defined) is adequate to represent variations associated with the seismic
radiation pattern.

The site azimuth, is measured from the epicenter. This definition is
used instead of the, corresponding to the closest rupturing segment because,
when considering a site alongside a fault, the IIclosest-distance ,II would
always be tr/2, even though the rupture may for the most part be propagati ng
directly toward ,the site. However, it is most likely that there exists a
point somewhere between the epicenter and the closest distance to rupture that
would optimally define the effective distance and azimuth measures. For a
vertical strike slip fault with a uniform distribution of energy release along
the fault without directivity, it seems clear that the closest distance to
fault rupture, and the, associated with this part of the fault, would be the
appropriate spatial parameters. In this case, all sites between the fault
endpoi nts have the same effecti ve azimuth and the SH-wave radi ati on pattern
amplitude (unity). However, when directivity plays an important role in the
spatial distribution of amplitudes, the locations of points on the fault trace
defining the effective distance and azimuth are uncertain. In fact, there may
be one point defining the effective distance and a different point defining
the effective azimuth. The analysis of the energy arriving at a site from
each segment of a fault (e.g., using synthetic accelerograms) would help shed
more light on this issue, and represents an important topic for future
research.

Combining constants in equations 4, 5, 7 and 8 (considering only verti­
cal stri ke-sl ip faults), and omitting the magnitude dependence, the ground
motion model for the simulated events is

Y =c1 + c2*R + c3* 10910(R) + c4' + C5,2 +
c6Isin2,\ + c7 \cos2,\ (10)

The coefficients c2 and c3 are assumed to be known from previous ground motion
studies, and are fixed in the regression model. From Joyner and Boore, c2 =
-0.00255 and c3 = -1.0. Therefore,

13



Y =c1 -.00255*R - 10910(R) + c4~ + C5~2 +

c6lsin2~1 + c7Icos2'\.

2.1 Analysis of Synthetic Acceleration Time Histories

(11)

A total of 990 acceleration time histories, representing 6 different
earthquakes, were generated using the Imperial Valley earth structure as
defined by Hamilton, 1970. Table 2 shows the density, shear wave velocity,
and compressional wave velocity in each layer of the upper 20 km of the
crust. The fault was assumed to be vertical strik.e-slip. Table 3 identifies
the fault rupture characteristics for each event modeled. The moment magni­
tude for each simulation was 6.1, and the attenuation factor, Qt, was 200.

Table 2
Iq>erial Valley Earth Structure

R(b)· pea) pCb) vs(a) v (b) v (a) v (b)
(km) (glee) (glee) (km/s) (~m/s) (~m/s) (k&/S)

6351.0 3.10 3.10 4.50 4.50 7.80 7.80
6359.5 3.00 3.00 4.10 4.10 7.10 7.10
6366.5 2.90 2.90 3.60 3.60 6.20 6.20
6368.15 2.50 2.50 2.50 2.50 4.30 4.30
6369.10 2.40 2.40 1.90 1.90 3.30 3.30
6370.45 2.20 2.20 1.40 1.40 2.40 2.40
6370.75 2.20 2.20 1.20 1.20 2.10 2.10
6371.00 2.00 2.00 1.00 1.00 1.70 1.70

* R(b) is the radius at the top of the layer; p(a} corresponds to the density
at the bottom of the layer. The variation p, vs ' and vp from the bottom to
the top of a layer is assumed to be linear.

t analogous to structural damping
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Table 3

Fault Rupture Characteristics for Simulated EYents~·-

Simulation Rupture Velocity Rise Time lO t..
(km/sec) (sec) (ltm) (km)

HHRO 1.9 0.50 10.0 4.0
HHR1 2.1 0.61 21.3 5.0
HHR2 2.1 0.66 38.6 4.1
HHR5 2.0 0.80 43.1 18.6
HHR6 1.5 0.80 43.1 2.6
HHR7 1.7 0.80 10.0 5.0

M

6.1
6.1
6.1
6.1
6.1
6.1

LO = Length of rupture in ~ = 0 direction
Ln =Length of rupture in ~ =n direction

Figures 6 through 11 show sample time histories for event HHR6, where 6
through 8 are for sites in the ~ = 0 di rection (the di rection of rupture
propagation), and 9 through 11 are for sites in the, = n direction. Note
that the amplitudes in the, = 0 direction are much greater than those in the
opposite direction. This is a result of the directivity focusing. These
figures indicate an apparent contradiction in that the time histories toward,
= 0 do not show as much high frequency response as those in the back
azimuth. What has happened in this event is the rupture velocity was such
that the 1 Hz frequencies are greatly enhanced in the, = 0 direction. Con­
sequently, other higher frequencies do not show up appreciably when super­
imposed on the high-amplitude 1 Hz signal. The long period (-4 sec) Love
waves noticeable at the end of the time histories for. =n are also present
in the, = 0 direction, and have approximately the same amplitude indicating
that directivity has not appreciably affected the low frequency response.

Another interesting point is that the peak amplitudes do not decrease
monotonically with increasing source-to-site distance as all ground motion
models suggest. For example, the peak amplitude at R = 55 km and, = 0 is
0.1479 (Figure 7) while the peak at R =50 km , =0 is 0.1219. This reminds
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us of the complexity of the superposition of waves arriving at a site at a
given instant, and that there are inherent sources of variabil}ty in strong
ground motion response which empirical ground motion models will~never be able
to capture.

Table 4 summarizes the results of regression analyses performed on the
six data sets obtained through simulation. Three runs were made on each data
set; one including only the R-dependence f2(R) (equation 5), another adding in
the directivity terms, f2(R) + gl($), and the third including the radiation
pattern as well.

In each case above, adding the $-dependent terms reduces the standard
error, 0log(y), as syst~matic errors in the $-independent ground motion models
are corrected by accounting for these azimuthal variations. The reduction in
the standard deviation obtained by including the $-terms in these examples
ranged from 30% to 40%. This reduction in standard deviation is significant
at the 0.005 level, according to an F test. Thus we are 99.5% certain that
the azimuthal terms belong in the model.

To observe this more closely, the residuals, or the observed values of
10g10 (pga) minus the predicted values, from the 4>-independent data set HHR5
are plotted as a function of azimuth (Figure 12). Data set HHR5 corresponds
to a fault with bilateral rupture (approximately 40 km in the $ = D direction,
and 18 km in the $ = n direction), and so directivity focusing is anticipated
primarily in the 4> = 0 direction, and, to a lesser extent, in the $ = n

direction as well. In Figure 12, the residuals indicate that the ,­
independent ground motion model underestimates the actual ground motion
amplitudes (positive residuals) near $ =0 and $ =n. At the same time, the
variations in the residuals show a correspondence to the SH wave radiation
pattern which is proportional to cos (2$) •. This agrees with the physical
understanding that vertical strike-slip faults are more effective in
generating SH waves than P-SV waves. Taking the directivity and SH radiation
pattern into account in the regression model, the residuals i_O·Figure 13 are
obtained, and are plotted as a function of $. In the figure, the residuals
are centered about the zero line. The standard deviations of the residuals
corresponding to Figures 12 and 13 are 0.28 and 0.17 respectively.
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Figure 12. Residuals (observed minus predicted) for data set HHR5. Azimuthal
terms are not considered in ground motion model.
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Figure 13. Residuals for data set HHR5 including azimuthal terms.
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In both Fi gures 12 and 13, it appears that there is a greater vari­

ability in pga as ,decreases. This is apparent in Figure 14, w~ich shows the

pga at each simulation node. Referring to Figure 14, one nofices that for

sites lying on the fault trace (the fault is buried at a depth of 7 km); each

being the same distance from the fault, there is a great deal of variation in

pga. At least a part of this is attributed to the non-uniformity of fault

segments for this fault, as the potential for focusing of wave energy is

related to the random length of each coherent rupture patch. At the same

time, there is likely some error in the distance function f 2(R) for shorter

source-site distances.

Finally, for HHR5, ground motion amplitudes are predicted for the

,-i ndependent and ,-dependent cases and are compared for a source-site di s­

tance of 30 km in Figur~ 15. The ,-independent case plots as a straight line,

with the ,-dependent curve exceeding the ,-independent curve near the ends.

By including directivity effects, the ,-dependent model predicts a pga at

, =0 which is four times greater than what is predicted by the ,-independent

model. This ratio is approximately two at , = n. Comparing the coefficients

c4 and c5 in the cases when the radiation pattern is and is not included in

the regression model, it appears that the radiation term cos(2,) contributes

in part to the fit of the radiation pattern. As an example, consider the

regression analysis for HHR5. Neglecting the radiation pattern, c4 = -0.731

and c5 = 0.225. This implies that the ratio of amplitudes at , = 0 and, =n

is 10 raised to the power (c4n + c5n2) = 0.821. That is, amplitudes are

approximately 18% less in the opposite direction of rupture propagation.

However, when cos(2,) is included, the ratio of amplitudes is 10 to the power

(1.903(n) + .S88(n)2) = 0.668, i.e., amplitudes are 33% less in the n = ,

direction.

Figure 16 shows the distribution of· peak ground accelerations for

simulation HHRI around a fault having rupture lengths of 21 km in the, = 0

direction and 5 km in the, =n direction. Here, directivity focusing results

in higher amplitudes in the, = 0 and, = n direction than elsewhere. At the

same time, the scaling associated with the SH-wave radiation pattern shows up

very distinctly. The effect of radiation patterns is most important for
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Figure 14. Distribution of horizontal peak ground accelerations for source
HHR5.
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ation pattern is apparent as well.
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faults with small rupture lengths; as the length of the rupturi ng surface

becomes longer, the effects of radiation scaling tend to average:out.

2.2 Discussion

The results of Section 2.1 highlight the importance of including azi­

muthal dependencies in the estimation of strong ground motion response. Both

the peak amp1i tude of the response and the spat i a1 di st ri but; on of the peak

ground accelerations have been linked to the physical characteristics of the

fault rupture process. Important also is the significant reduction in the

errors associated with ground motion prediction obtained by incorporating

azimuthal terms. This decrease in uncertainty has important implications when

considering long return period events in seismic hazard estimation, as the

evaluation of these low probability events is sensitive to the tails of the

ground motion probability density function.

The use of synthetic accelerograms as an artificial data base has

provided a mechanism by which theoretical considerations from the geosciences

are included in the evaluation of ground motion response. Furthermore, this

theoretical quantification of azimuthal effects allows the hazard analyst to

account for such variations in a manner which is consistent with the fault

rupture characteristics and earth structure for the region of interest.
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3.0 AZIMUTHAL VARIATIONS IN OBSERVED STRONG GROUND MOTION RECORDS

In this section, the peak horizontal accelerations ob~erved in two
earthquakes are studi ed in an attempt to detect systematic vari at ions in
ampl itudes associated with the azimuth of the recordi ng site. For both
events, the spatial distribution of peak ground accelerations is plotted with
the location of the fault rupture. The closest distance to fault rupture and
epicentral azimuth is calculated for each recording site, and regression
analyses are performed to evaluate the impact of azimuthal effects in these
events.

3.1 Ground Motion Modeling for the 1984 Morgan Hill Earthquake

The April 24, 1984, Morgan Hill earthquake occurred on the Calaveras
fault, east of San Jose, California. The surface wave magnitude Ms was 6.1;
the body wave magnitude mb was 5.7 (Bakun, et al. 1984). The determination of
the focal mechanism for this event indicates right lateral strike slip motion,
with a dip angle of 84 degrees (nearly vertical). The strike direction was N
33 W(Eaton, 1984). Figure 17, shows the location of the Calaveras fault that
ruptured unilaterally from northwest to southeast for a distance of 25 km
(estimated from the distribution of aftershocks). Figure 18 shows the loca­
tions of stations recording the main shock, with an indication of the hori­
zontal peak ground acceleration. Where data were available on both horizontal
components, the maximum value was selected.

This event exhibits evidence of constructive wave interference, pro­
ducing larger amplitudes to the southeast, and lower amplitudes to the north­
west. A notable case is the 1.29g acceleration recorded at Coyote Lake. This
is .attri buted to a double-source mechani sm (Abrahamson and Darragh, 1985),
where waves leaving the first source aligned with those produced by an ener­
getic second source, located approximately 17 km southeast of the epicenter.
Abrahamson and Darragh poi nt out that peak accel erat ions are approxi mately
three times larger in the direction of rupture propagation than in the back
azimuth.
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The ground motion relationship used to account for the azimuthal varia­
tions in this event is given in equation 11. Table 5 compares the results of
the regression analysis using this model with the results of'- using the ,­
independent model.

Table 5

Regression Coefficients for Morgan Hill Data Set

Model

1

2

3

.371

.558

.226

cz

-.00255
-.00255
-.00255

-1.0
-1.0
-1.0

-.184
.400

.028
- .151 .068 .222

.28

.26

.26

Modell: Y1 = c1 + c2R + c3l0910(R)
Model 2: Y2 = c1 + c2R + c3 10910(R) + c4' + cS,2
Model 3: Y3 = c1 + c2R + c3l 09l0(R) + c4' + cS,2 + c6

I sin2, I + C7 I cos2, I

The residuals are plotted in Figure 19 for Modell. A trend is observed,
although subject to much scatter, in which the residuals go from positive to
negative as , goes from 0 to w, indicating that the observed amplitudes in the
direction of rupture propagation are generally higher than what the ,-indepen­
dent ground motion model predicts, and are generally lower in the back­
azimuth. There i~ no observable evidence of scaling due to radiation pattern
in these data.

There was only a slight decrease, from 0.28 to 0.26, in the standard
error of the residual by adding the, and ,2 terms in Model 2, and virtually
no decrease when the sin2, and cos2, terms were added. Therefore, given the
number of observed data, it is not possible to state with high confidence that
the data support the azimuthal dependencies included in Models 2 and 3
(especially for Model 3).
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Figure 19. Residuals (observed minus predicted) for the Morgan Hill event
neglecting azimuthal terms in the ground motion model. Observed data
generally exceeds the predicted values near, = 0, and are generally
less than the predicted values near, =n

The regression curves for the ,-independent model (Model 1) and the ,­
dependent model (Model 2) are plotted for a source-site distance of 30 km in
Figure 20. The monotonic decrease in pga is anticipated for the unilateral
fault rupture for this event. The ,-dependent model predicts amplitudes which
are approximately 50% greater than the ,-independent model at , = 0 and ampli­
tudes which are approximately 25% less in the, = n direction.
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Figure 20. Ground motion model for Morgan Hill event including azimuthal
terms, evaluated at R = 30 km. This ,-dependent model predicts ampli­
tudes which are 50% greater than those for the ,-independent model at
, = 0, and predicts amplitudes which are 25% less at , =n.
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3.2 Ground Motion Modeling for the 1980 Campania-lucania Earthquake

The November 23. 1980. Campani a-Lucani a earthquake 1n southern Italy
had a 6.5 Richter magnitude (Barnardi. 1981). and triggered 21 accelero­
meters. The fault dislocation was primarily normal (dip angle = 75°) with a
small strike component. The hypocenter was approximately 17 km deep. Figure
21 shows the spatial distribution of peak horizontal accelerations represent­
ing the maximum amplitude of the two horizontal components.

This event is of particular interest because the observed pga1s show a
strong correlation with the radiation pattern for a normal fault. The radia­
tion pattern for this type of fault is proportional to Isin~l* and Icos~l. so
the function g2(4)) in equation 9 is used in the regression analyses. the
results of which are given in Table 6. The reduction in standard deviation by
adding azimuthal variation is significant at the 0.1 level. according to an F
test.

Figure 22 shows a plot of the residuals in the ,-independent model
(Modell) as a function of 4>. Here the amplitudes are overestimated in the
4> = 0 and 4> = 'II' directions (where the radiation pattern amplitude is small).
and are underestimated near, = n/2.

In Table 6. it is noted that the quadratic function representing azi­
muthal variations does just as good a job in predicting the amplitude as the
Isin4>1 and Icos4>1 terms do. as it assumes a shape which is concave downward,
similar to Isin'l. A comparison of the 4>-independent and 4>-dependent ground
motion models (1 and 3) evaluated at R = 30 km, is shown in Figure 21. This
curve is distorted somewhat (the dip at , = '11'/2) as a result of the relatively
large coefficient for Icos4> I and the fact that the function exp(sin 4» is used
to fit the data. Omitting the Icos4> I term in the regression analysis. in
order to obtain a. symmetric function. the ground motion model in Figure 24 is
computed. The standard deviation is increased somewhat (to 0.28). reducing
the confidence in this model to below 90%, the confidence level. obtained when
the Icos4>1 term is retained.

* Because the dip angle is large (75°). the radiation pattern will be
dominated by the Isin4>1 term.
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Figure 21. Distribution of horizontal peak ground accelerations for the
Campania-Lucania earthquake.
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Figure 22. Residuals (observed minus predicted) for the Campania-Lucania
event, neglecting azimuthal terms. Note the systematic trend of over­
estimation of amplitude.
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Figure 23. Predicted ground motion amplitudes for Campania-Lucania earthquake
as a function of azimuth, evaluated at R = 30 km. While this curve
gives the lowest mean square residual, the dip near, = n/2 illustrates
a shortcoming in the azimuthal terms used to fit the radiation pattern.
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Figure 24. Predicted ground motion amplitudes for Campania-Lucania earth­
quake, retaining only sin. for the radiation pattern function,
evaluated at R = 30 km.
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Table 6

Regression Coefficients for the Campania-Lucania Data.Set

Model

1

2

3

1.52

1.12

0.55

-.00255

-.00255

-.00255

-1.0

-1.0

-1.0

1.152 .527

1.04 0.58

°log(y)

.33

.25

.25

Modell: Y1 = c1 + c2R + c3l0910(R)

Model 2: Y2 = c1 + c2R + c3 10910(R) + c4~ + c5~2

Model 3: Y3 = c1 + c2R + c3l0910(R) + c6 Isin~1 + c7 Icos~l

3.3 Discussion

In both the Morgan Hill and Campania-Lucania data sets, a reduction in

the uncertainty in the ground motion prediction models was achieved, although

the confidence levels for both are below 90%. This does not mean that the

azimuthal terms introduced in the ground motion models are invalid, but that

there are not enough data to pass statistical significance tests at high

confidence levels.

However, the azimuthal terms were easily justified, with 99.5%

confidence, in synthetic data with sufficient samples (Section 2). A more

reliable method for evaluating azimuthal variations in observed strong motion

data is described by Boatwright and Boore (1982), where data from two of the

Livermore earthquakes during January of 1980 are analyzed. In these events,

the direction of unilateral rupture propagation reversed; that is, in the

January 24 event, the rupture propagated from north to south, and in the

January 27 event, from south to north. This allowed Boatwright and Boore to

analyze the ratio of peak ground acce1erat ions at each recordi ng station for

the two events, and in effect, filter out the effects of local site conditions

and propagati on effects by assumi ng that such factors affect the observed

response at a given station in a similar manner.
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4.0 STRONG GROUND MOTION ESTIMATION FOR SEISMIC HAZARD ANALYSIS

The examples in Section 3 reflect the difficulties 1" quantifying

azimuthal dependencies from observed ground motion data. Whi le the correla­

ti ons obtai ned are consi stent with a physi cal understandi ng of fault rupture

processes, the data were not sufficient to allow high confidence conclusions

that azimuthal effects were the cause for the variability in the observed

data. However, the azimuthal terms always improved the fit, whether

statistically significant or not. In Section 2, on the other hand, it was

found that theoreti cally, these azimuthal vari at ions are extremely important

in estimating strong ground motion response. Faced with the need to provide

estimates of strong ground motion response for seismic hazard mapping, one

must uti 1i ze all sources of i nformati on, includi ng the observed (although

scattered) data, as well as theoretical information.

4.1 Combination of Observed and Theoretical Infonmation

The information typically required by the seismic hazard analyst is the

mean and variance of the ground motion response, y = log (pga) and
10

010910(pga)2, given the magnitude, distance, and now, azimuth of a site.

These two parameters can be used to define the normal probability density

function fYIM,R,,(Ylm,r,,). Bayesian estimates of the mean and variance are

obtai ned as a combi nat i on of the observed and theoret i ca1 i nformat i on on

ground motion response (see Benjamin and Cornell, 1970; Schoof, 1984). The
*prior distribution on the mean value of the ground motion response, y ,is

obtained from regression analyses performed on data from synthetic

acceleration time histories, as in Section 2. Since this information is

linked to specific earth structure and fault rupture characteristics, several

different prior distributions. may be developed, wherein unilateral rupture

propagation is considered in one, bilateral rupture in another, etc., and

included in the hazard analysis. The prior variance, 0*2 is obtained as the

variance of the residuals. The prior distribution of the mean ground motion
-*response can be assumed normally distributed with mean y - and variance

0*2 :
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(12)

and f3(') depends on the azimuthal terms being considered.

Observed data are used to define the likelihood function and are, for
convenience,t assumed to be normally distributed with known variance, s2. The
mean value of the data is described using y = f(M,R,,) from the observed
data, as inSect ion 3. Si nce the response data mean and pri or mean are both
normal, the posterior distribution on the mean ground motion is a weighted
average of the data mean and prior mean:

-**y

-*
y + Y
a*z "7"(s~2r-:/~n"t"")

=~-~.....".--

1 + 1
a*z -;-(s"""'zr-:/-n)

(13)

where n is the number of observed data.

The posterior variance is:

The Bayesian distribution on the ground motion parameter y is

(14)

t If the prior and data are both normally distributed, the posterior distribu­
tion will also be normal. (See Raiffa and Schlaifer, 1961, for conjugate dis­
tri butions).
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The following example illustrates the development of the posterior
distribution on the mean ground motion response considering unilaterial rup­
ture propagation as observed in the Morgan Hill earthquake. Prior information
on the mean value of peak ground acceleration given an event size, distance,
and azimuth is obtained from the analysis of data set HHR5 from Section 2.
This assumes that the ground motion scaling associated with azimuthal effects
for the Morgan Hill area are similar to those synthesized using the Imperial
Valley earth structure. The prior mean is shown in equation 16.

-:It
Y = 0.692 - .00255 + R - lo910(R) - 1.903~ + 0.588~2

-0.065 Isin2~1 -0.454 Icos2~1

(16)

The function y* is scaled such that the expected peak ground acceler­
ation at any azimuth is equal for the ~-dependent and ~-independent ground
motion models in order to retain only the azimuthal information contained in
the synthetics. That is,

This is achieved by replacing c1 ( = 0.692) in equation 16 with 1.432. The
prior mean becomes

y* = 1.432 - 0.00255R - lo910(R) - 1.903 ~ + 0.588,2 (17)

-0.065 Isin~1 -0.4541 cos~1

The prior variance is 0*2 = (0.17)2 = 0.029. The sample mean y is

y = 0.558 - 0.00255R - lo910d(R) - 0.184 ~ + 0.028 .2 (18)

and the assumed sample variance, s2 is (0.26)2 = 0.068.t The resulting pos­
terior mean and variance are:
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y** =0.588 - 0.00255R - 10910R - 0.247 + + 0.048 +2
- 0.002 ISin2+\ -0.017 \cos2+\

(19)

and

0**2 = 0.0011

and 0** =0.0324. In this example, n, the number of observed data, is 62. As
other data sets exhi biti ng unilateral fault rupture become avai 1able, these
would be used to refine the estimates of the sample mean. The expected value
of pga is plotted as a function of azimuth in Figure 25, and is compared with
the ,-independent response amplitude obtained in Section 3.1.
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Figure 25. Predicted ground motion amplitudes for Morgan Hill example using
the Bayesian distribution for the peak ground acceleration. This
curve, evaluated at R = 30 km, is based on theoretical information from
the simulated HHR5 and on data observed in the Morgan Hill earthquake.

The Bayesian distribution of y = 10910(pga) is given in equation 20.

**
fY1M,R,,(y!m,r,+) =1.523 exp[~ (YO:Or8/)2] (20)

where 010910(Y) = 0.262. This probability density function is integrated to
obtain the probability that y lies within a given range. Specifically, it is
of interest in seismic hazard analysis to know the probability that y is less
than a given level YO:

t This value of s is taken from Joyner and Boore.
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P[y<Yo] = fYO 1 523 exp [~ (y_y**)2 ] dy
~. ~ 0.068/ (21)

The cumulative distribution function in equation 21 is a result of
utilizing both subjective information (theoretical information from the analy­
sis of synthetic time histories) and objective (observed) data. As such, it
represents a more complete description of the random variable y and provides
improved estimates of the seismic hazard at a site. In Section 4.2, a hazard
analysis is performed using the above Bayesian distribution on y given an
event size, the source-to-site distance, and the epicentra1 azimuth.

To summarize, probabilistic ground motion models are obtained by
developing the prior distribution on the mean value of the ground motion
response parameter using the synthetic acceleration time histories. A large
ensemble of pseudo-observations is generated for a particular earth structure,
and the ground motion response, pga, is evaluated as a function of the event
size, source-site distance, and epicentra1 azimuth. That is, y* = f(M,R,~).

The term y* is the mean value of the response for the specified values of M,
R, and " and is taken to be the pri or mean of the ground mot i on response
parameter. The prior variance, 0*2 is defined by the residuals of the
synthetic observations with respect to y*.

Observed data, if they exist, are used to update the prior information
on the mean value of the response. The mean value of the data is represented
by a different function relating the ground motion response to the same, or
different, independent variables. The variance, which in this development is
assumed to be known, can be taken as the va ri ance obtai ned in gl oba1 ground
motion studies, which include uncertainties in propagation path effects, local
variations in amplitude, etc.

The posterior mean and variance of the expected ground motion response
are calculated as shown in equations 13 and 14. These, in addition to the
inherent variability of the data are combined to give the Bayesian distribu­
tion of the ground motion response parameter (equation 15). This distribution
will always have a variance which is greater than (or in the limit, equal to)
the inherent variability in the ground motion response. However, the mean
value can change dramatically, as in the case when azimuthal terms are added
to the ground motion model.
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It is re-emphasi zed that observed data are not requi red to obtai n the

Bayesian distribution on the ground motion response parameters. If no

applicable observed data are available. the posterior distribution can be

taken to be equal to the prior. At the other extreme. a diffuse. or non­

informative prior can be assumed. wherein the observed data carryall the

weight in specifying the posterior distribution.

4.2 Hazard Analysis for the Morgan Hill Region

To test the impact of including azimuthal terms in the ground motion

model for peak ground acceleration. the seismic hazard is evaluated for the

Morgan Hill region assuming that a 30 km rupture occurs on the Calaveras fault

once per year. The fault rupture is assumed to propagate unilaterally. but

can proceed to either the northwest or the southeast with equal probabi 1ity.

Further. the 30 km rupture segment can occur along any portion of the fault

with equal probability.

The pga's corresponding to 100-year return period are given for the ~­

independent and ~-dependent ground motion models in Table 7. The location of

each site. and the ratio of pgalQO for the ~-dependent and ~-independent

models are shown in Figure 26. It is noted at S1. which is 30 km from the

fault. that the ~-dependent model indicates higher accelerations. as

anticipated. because the rupture can propagate directly toward the site.

Figures 27 and 28 show the exceedence probabilities and return period curves

for site 51 for both the ground motion models. Note that in Figure 28. the

difference in pga's increases as the return period increases. At station 52.

still 30 km away from the fault. the ,-dependent model indicates much lower

(nearly 50%) accelerations than the model which neglects azimuthal terms.

Moving to stations along a normal to the midpoint of the fault. the t­
independent ground motion model consistently overestimates the peak ground

accelerati ons when di recti vity focusi ng is important. This seems to become

more pronounced at sites further away from the fault trace. The ratio of

pgalOO for the ~-dependent model to pgalOO for the ,-independent model

decreases from 0.88 to 0.75 as the source-site distance increases from 20 km

to 50 km. In a case not shown in Table 7. a site 5 km from the fault midpoint
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Figure 26. Comparison of 100-year peak ground accelerations at sites SSl-SS6
using +-dependent and +-independent ground motion models. The number
in parentheses is the ratio of pgalOO for the +-dependent model to
pgalOO for the +-independent model. The +-dependent model yields
hazard estimates which are larger close to the fault than the +­
independent model. At 1arger di stances. the +-i ndependent model pre­
dicts higher ground motion response.

has a ratio of pga's equal 1.05.

the +-dependent model will always

model similar to that for site Sl.

It is anticipated that on the fault trace.

indicate an increase over the +-independent

This example shows how the channeling of wave energy along the fault

results in higher seismic hazard at the fault ends. but a much lower hazard

perpendicular to the fault. This will naturally have a great impact on

seismic hazard mapping which. to date. does not account for the focusing

potential of seismic waves.
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Table 1

Comparison of IOO-Year Return Period Peak Ground Accelerations
for +-Independent and +-Dependent Ground Motion Models

Site R(km) +-Independent pgalOO +-Dependent pgalOO Ratio
(g) (g) . +-Dependent,+lndependent

51
52
53
54
55
56

30
30
30
50
25
20

.36

.36

.43

.24

.52

.65

.31

.19

.35

.18

.44

.57

1.16
0.53
0.81
0.75
0.85
0.88

4.3 Discussion

In an actual hazard analysis, several different ground motion models

represent i ng different rupture scenari os shoul d be consi dered. For example,

one model representing unilateral rupture propagation and directivity focus­

ing, another considering bilateral rupture, and a third which does not include

directivity focusing effects might be utilized. In such a case, it would be

necessary to assess the probability that each of these scenarious would occur

for a given earthquake. The lack of reliable observations of directivity

focusing at this point precludes such assessments on a relative frequency

basis, and consequently, subjective assessments (engineering judgment) would

have to provide these probabilities.
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5.0 RESULTS AND CONCLUSIONS

In this study, the variations in strong ground motion res,ponse (pga)

associ ated with azimuthal effects have been evaluated on the basis of two

distinct sources of information. first, a realistic source rupture/wave

propagation model was used to simulate nearly 1000 time histories representing

six different rupture processes. These served as an artifical data base with

which to quantify the scaling of peak ground accelerations as functions of the

seismic radiation pattern and directivity focusing potential. This scaling

was then incorporated into the classical form of ground motion models which

include functions of magnitude and source-site distance by adding a quadratic

function of azimuth (to account for directivity) and harmonic functions of

azimuth (to account for radiation pattern). The predictive capability of this

refined model is evidenced by the dramatic decrease in the residuals obtained

as the difference between the actual peak ground accelerations observed in the

simulations and the values predicted by the new ground motion model. The

standard deviation of the residuals was 30% to 40% lower when the azimuthal

terms were considered, a difference that is statistically significant at the

0.005 level.

The same methods used to evaluate the functional relationships between

peak ground acce1erati on and the azi muth of an observation poi nt for the

simulated acceleration records were used to correlate the observed pga's with

the station azimuth in two actual earthquakes. These correlations did not

result in the drastic, highly significant decrease in standard deviations

obtained in the simulations, although reductions of 8% and 25% were

realized. In both cases, the azimuthal functions obtained through regression

analysis were indicative of the source rupture characteristics observed in

each earthquake.

In order to effectively utilize the results from both the theoretical

simulations and those based on strong ground motion observations, a Baye~ian

probabi 1ity model was developed whi ch will allow one to ev~1uate the mean

value and variance of the ground motion response as a function of the size of

an earthquake, the source-to-site distance, and the epicentra1 azimuth.

Either theoretical information, observed data, or both can be used to evaluate

the expected ground motion response.

48



An example was presented in whi ch both theoret i ca1 i nformat i on and
observed data were used to characterize the strong ground motion. response for
a fault exhibiting directivity focusing. It was found that at sites near the
ends of a fault, the focusing of wave energy resulted in lOa-year return
period accelerations that were 16% greater than what would have been predicted
ignoring the azimuthal terms. For sites adjacent to the fault trace, direc­
tivity focusing produces lOa-year pga's which exceed the classical estimates
by approximately 10%. However, as the source-site distance for these sites
increases beyond approximately 10 km, the classical ground motion models yield
lOa-year pga's that exceed those obtained by including directivity. At a
distance of one rupture length away from the fault, the lOa-year return period
pga for the azimuth-dependent model was 20% less than that estimated by the
classical model.

The incorporation of azimuthal terms in ground motion prediction will
have an important impact on seismic hazard mapping, because, as indicated, the
shape of hazard contours around a fault will change significantly when faults
are capable of focusing wave energy. When designing structures for seismic
loads, the potential for azimuthal variations in ground motion response must
be accounted for; it is preferable that this be accomplished by utilizing both
theoretical information and empirical information as opposed to assuming that
such effects are included in the uncertainty in the ground motion estimates.

Fi nally, the methods used here in the characteri zat i on of peak ground
accelerations are directly applicable to the characterization of other ground
motion response parameters, including peak ground displacements and veloci­
ties, rms amplitudes, durations, spectral amplitudes, and response spectra
amplitudes. In fact, any characterizations routinely developed based on
strong motion accelerograms can be implemented using the theoretical simula­
tion model utilized in this work.
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APPENDIX A -
MODELING OF THE STRONG GROUND MOTION RESPONSE AT

STATION ELC DURING THE 1968 BORREGO MOUNTAIN EARTHQUAKE

The synthetic acceleration and displacement response at Station ELC
computed for the 1968 Borrego Mountain earthquake are compared with the
observed records for this event. The earth structure used is given in Table 3

in Section 2.2, and the fault rupture characteristics are as shown below in
Table A-1.

Table A-I

Source Parameters for the 1968
Borrego Mountain Earthquake

MO
Mean Depth
Rise Time

Rupture Velocity

Q

c5

).

6.9 X 1025 DYNE-CM
6.5 km (4-9 km)

0.75 sec (boxcar)
2.7 km/sec (5 km toward ELC;

4 km away from ELC)
200

90 0

00

Figure A.1 shows the observed acceleration waveform (N-S component) at ELC
(top curve), and the simulated time history (2nd curve). The remaining curves
represent the accelerati on response for each overtone which are summed to
obtai n the simul ated response. Excell ent agreement is noted between the
observed and simulated time histories, both in terms of amplitude and
frequency content t • as well as with respect to phase arrivals. High frequency
body waves (hi gher overtones) domi nate the response in the early part of the

f The observed time history has been low-pass filtered at 5 Hz.
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record (t = 15 to 30 sec.) while long period surface waves (lower overtones)

dominate during the latter part of the record.

The displacement responses for this event are shown in Figure A.2. The

synthetic displacements were simulated using the same earth structure and

source parameters used in modeling the acceleration response. Again, excel­

lent agreement is achieved throughout the record.
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Figure A.l. Comparison of the observed and theoretical acceleration response
at stati on ELC duri ng the 1968 Borrego Mountai n earthquake. In
this example, the fundamental mode and first 19 overtones are
summed to compute the total SH and .P-wave response, which yields
excellent agreement with the observed acceleration response.
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APPENDIX B - SIMULATED ACCELERATION TIME HISTORIES

The time histories for four simulations corresponding to HHRO, HHR1,
HHR2, and HHR5 are shown for sites of epicentral distances ranging from 10 km
to 80 km, and epicentral azimuths ranging from 0 to n. Each fault is assumed
to have the major extent of rupture to the north (, = 0). The component with
the maximum acceleration is shown in each figure. The epicentral distance and
azimuth, dislocation, rise time, and rupture velocity for each simulation is
also given.

The fi gures are set up ina matri x recorded on mi crofi che where each
row corresponds to a single distance, and each column corresponds to a
different azimuth as shown below:

decreasing distance/increasing azimuth •

J
Rows 1-15 correspond to HHRO, 16-30 correspond to HHR1, 31-45 cor­

respond to HHR2, and 46-60 correspond to HHR5.

59



APPENDIX B

SIMULATED ACCELERATION TIME HISTORIES



APPENDIX C - RECIPIENTS OF PHASE I RESEARCH RESULTS

1. Professor Haresh C. Shah, Department of Civil Engineering, Stanford
University.
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