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ABSTRACT

This thesis describes an investigation of the attenuation of
strong earthquake ground motion in the 0.4 to 16 Hz frequency band
during the M=6.4, February 9, 1971, San Fernando, California earth-
quake. It is found that Fourier amplitudes of ground acceleration decay
according to a simple expression incorporating a geometric spreading
term, and a material attenuation term with constant specific
attenuation Q. The scatter in the amplitude data about an expected
level given by the simple decay expression is nearly constant with
respect to both frequency and focal distance. Fourier amplitudes
of acceleration corrected to a reference hypocentral distance agree
well with those determined by a two-parameter source model of the
San Fernando earthquake. Focusing of energy to the south by the
southward propagating rupture is observed at frequencies below 8 Hz.
The propagation of rupture was incoherent with respect to higher-
frequency components.

The relationship between intensity of ground motion and site
geology is examined. It is found that while, in general, sedimentary
sites were accelerated more strongly than basement rock sites, no
clear difference could be found between sedimentary sites classified
as "soft" by Trifunac and Brady (1975) (generally recent alluvium) and
those classified as having ""medium' soil stiffness, generally consisting of
older alluvium and sedimentary rock. The difference between amplitudes
recorded on basement rock and sediments is more complex. In

general, smoothed amplitude spectra from accelerograms recorded
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on basement rock are lower than smoothed amplitudes at corresponding
sedimentary sites. However, basement site spectra show marked
isolated peaks, as high as those from sedimentary sites at similar
distances. This is attributed to the focusing effects of the irregular
topography normally accompanying basement rock outcrops. In the
frequency band considered, it is concluded that for the purposes of
aseismic design of structures no discrimination should be made between
the intensity of ground motion expected on basement rock, sedimentary
rock, and coarse-grained alluvium typical of Southern California.

The agreement between the recorded strong motion amplitudes
and those predicted by a simple two-parameter source model suggests
that the model can be used for the assessment of strong ground motion
to be used in design procedures. A procedure for estimating design
earthquakes using the source model and the amplitude decay expression

is presented.
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1. INTRODUCTION

This investigation studies the high frequency components of
strong ground motions, those in the frequency band of 0.4 to 16 Hz,
generated by the M =6.4, February 9, 1971, San Fernando, California
earthquake. This earthquake is unique in that it was the first and, to
date, the only earthquake to be recorded by a large number of
strong—motion* accelerographs, with 241 accelerograms being
recorded in all. This large body of data is particularly well-suited
to the study of the propagation of strong ground motion, since the
variables arising from the differences between one earthquake rupture
mechanism and another are not present. The large number of
recordings and particularly their spatial distribution, allows some
details of the rupture itself to be studied.

This investigation treats two specific problems in engineering
seismology. ™ They are: (a) the decay of Fourier amplitude of ground
acceleratidn as a function of both distance and frequency, and (b) how
well average strong-motion amplitudes can be predicted by simple,
recently-developed seismic source models. These problems are
addressed in Chapters 2 and 3, respectively, It is found that the
average Fourier amplitudes obey a simple decay expression and that,
to within a factor of two to three, average amplitudes corrected to a
reference hypocentral distance® agree with those predicted independ-

ently by -a two-parameter source model. The engineering use of this

A glossary of terms may be found in Appendix 5.



information in predicting earthquake ground motion is illustrated
by an example in Chapter 4.

The frequency band of interest in earthquake engineering is
governed by the natural frequencies of engineering structures. Long
suspension bridges, for example, may have fundamental periods of
vibration of as much as 20 seconds. Mechanical equipment and very
rigid structures, on the other hand, have natural frequencies of up to,
say 20 Hz. Thus the frequency band of engineering interest runs
from approximately 0. 05 Hz to 20 Hz.

The study was confined to the high frequency components of
strong ground motion since there is an essential difference in
complexity between high- and low-frequency components in both their
generation and in their propagation. The criterion is wavelength, If
the wavelength of the components being c-onsidered is long compared to
the dimensions of the area ruptured, a simple waveform is emitted;
the complexity of its subsequent propagation depends principally upon
whether or not the wavelength is large compared to the dimensions of
the inhomogeneities in its travel path. Hanks (1974b), finds that
ground displacement wave forms (characterizing components with
frequency, f<0.3 Hz, say) from the San Fernando earthquake were
propagated coherently™ over distances of tens of kilometers. On the
other hand, high frequenc? components are emitted erratically as the
rupture progresses along the fault, and they are further modified by

inhomogeneities in the propagation path. Crouse (1973) observed that

“See glossary.



acceleration wave forms (characterizing components with f>3 Hz,
say) do not propagate coherently for distances of more than a few
hundred meters. It is probable that the components contributing to
ground accelerations recorded at a particular location and at a
particular frequency result from the superposition of several different
waves arriving by different propagation paths. It is unlikely that these
waves will arrive in phase. More likely, they will interfere, causing
relatively high amplitudes of ground acceleration at some frequencies
and at some locatians, and relatively low amplitudes at other fre-
quencies and locations. In these circumstances, while phase
coherence is lost, it is possible that average amplitudes do propagate
coherently, and, in fact, this is found to be the case in the data
studied. Thus, on the basis of previous observations that acceleration
waveforms do not propagate coherently, but in the expectation that
their amplitudes might, Fourier amplitudes of accelerations were
studied.

The remainder of this chapter reviews some problems of
engineering seismology, and describes some currently used methods
of predicting future ground shaking for the purpose of designing

earthquake resistant structures.

1.1. Some problems in engineering seismology.

This section provides a background to the investigation that
follows.. For a complete review of engineering seismology, reference
may be made to Bolt (1970a, b), Housner (1973a), Hudson (1972a, 1974),

and Newmark and Rosenblueth (1971).
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An engineer wishing to design a building to withstand earth-
quakes must first estimate the strength and frequency content of the
maximum ground shaking the building is likely to experience during
its life. Providing such estimates is the principal problem in
engineering, or strong-motion, seismology. Since small earthquakes
are more frequent than large, the engineer would like to know the
ground motion characteristics expected from a number of different
sized events, and the probability of occurrence of each. With this
knowledge, the risk of damage can be compared with the cost of
providing additional strength and insurance. However, the details of
the cause and mechanism of earthquake rupture are not completely
understood, and methods are not available for solving the resulting
problem of wave propagation from the source through the laterally
inhomogeneous earth's crust to a building site. Hence precise
estimates of future earthquake ground motion cannot be made, and
approximate methods that make use of available knowledge must be
resorted to.

There are several ways in which ground motion can be
characterized. The simpiest is a single-parameter characterization
of wave amplitude, often by peak acceleration. However, since the
frequency content of seismic waves, as well as their strength, varies
from earthquake to earthquake (Aki, 1972b) and is further modified
during transmission (Bullen, 1963), this is not likely to be sufficient.
Using peak values of acceleration, velocity, and displacement allows
a three parameter representation of frequency content, and empirical

relationships exist between these parameters and pseudo-velocity
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response spectra for a damped, single-degree-of-freedom linear
oscillator (Es_teva and Ros.enblue’ch, 1963; Brady and Trifunac, 1975).
The characterization of ground motion by response spectra is
extremely useful since they can be readily used in structural analysis
(Hudson, 1956; Newmark and Rosenblueth, 1971),

Power spectral density functions (or Fourier amplitude spectra)
afford more complete representations than the three peak ground
values, and can be used in structural analysis in various ways. The
power spectral density can be used directly with random vibration
theory to estimate the response of a single-degree-of-freedom
oscillator (Caughey and Stumpf, 1961), the response of multi-degree-
of -freedom systems being obtained by modal superposition (Merchant
and Hudson, 1962). Alternatively the power spectrum can be used to
generate either a single artificial accelerogram, or an ensemble of
accelerograms with a statistical distribution corresponding to the
uncertainties in estimating the effects of earthquake source and trans-
mission path (Jennings, et al., 1968). Response spectra may in turn
be computed from these accelerograms, or the accelerograms may
be used directly as input to a numerical structural model from which
the distribution of response is determined. The latter use represents
the most advanced technique currently in routine use in earthquake
_ engineering (Housner, 1973b).

As a matter of convenience in terminology, any such predicted

ground motion will be referred to as a '"design earthquake''
Any procedure for estimating design earthquakes should be

based as much as possible on what is known of the physics of the



several mechanisms causing the earthquake ground motion, and should
resort to empirical methods only when physical understanding or
computational capability fails. For research purposes, it is desirable
that a procedure be separated into steps corresponding to the various
related mechanisms contributing to generation and propagation of
- earthquakes so that each step may be up-dated as further knowledge
becomes available.
The broad physical processes in the generation of an earth-
quake are as follows:
(1) Large scale tectonic movements; these lead to stress build-up
in the earth's crust and rupturing as a mode of stress relief.
(2) The earthquake rupture mechanism. Since the triggering
of rupture depends upon details of the mechanism itself, (2) is
closely related to (1).
(3) Propagation of seismic waves away from the source.
In the design earthquake estimation problem, there are the following
steps:
(1) Prediction of the spatial and temporal distribution of earth-

quakes with rupture mechanisms described.by a particular

N
R

set of source parameters.
(2) Obtaining an estimate of the seismic waves radiated from the
source region, given a description of the rupture process by

the source parameters.

“See glossary.
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(3) Modification of both amplitude and frequency content of
seismic waves during propagation between source and site,
including the effects of local site conditions.

The theory of plate tectonics (Jacobs, et al., 1974) provides
a general understanding of why earthquakes occur, and explains why
they are much more prevalent in certain regions of the world, along
plate boundaries, than in others. But to make precise predictions
of the occurrence and nature of earthquakes requires a much more
complete understanding than exists at present of the cause of crustal
plate movements, c;f the material properties and stress state in the
crust, and detailed knowledge of rupture mechanisms. The theory
does, however, allow the seismic and geologic history of a region to
be used with more confidence in predicting earthquake return periods.
However, long historic records, even where they exist do not provide
a complete solution to the problem of estimating the likelihood of
earthquake occurrence. For example, records have been kept of
earthquakes for nearly 3000 years in the Kansu Province of China, yet
for one 800 year interval, from 200 A.D, to 1000 A.D., earthquake
activity was very low, with intensive activitir both before and after
that period (Mei, 1960). Ambraseys (1961) has translated an histqrical
record of earthquakes in the Middle East, and it shows a similar
irregular history of activity.

Some details of rupture mechanisms are not known, but it is
accepted that shallow focus earthquakes, Which,as the most damaging,
are of pfirne interest to engineers, are the result of shear dislocations
in the earth's crust under the stress field imposed by inter-plate

movement (Reid, 1911; Housner, 1955; Steketee, 1958;



Jacobs et al., 1964). While no exact dynamic solutions exist for
shear dislocation sources even under idealized material and geometric
conditions (Randall, 1973), tﬁere is intensive geophysical research in
progress into approximate source models, which capture the general
features of the mechanism in a small number of source parameters.
This work is reviewed by Brune (1971b) and Aki (1972a).

Brune (1970, 1971a) proposed a simple model from which a
far-field™ shear wave spectrum is obtained, given estimates of two
independent parameters of the fault (e.g. seismic moment and source
dimension; total dislocation and fault plane area). Results from
Brune's model have been found to be in good agreement with inde-
pendent teleseismic observations over a wide range of the model's
parameters (Randall, 1973). It does not follow that the model should
also prove satisfactory in regions of strdng ground motion where the
far-field assumption is not so clearly satisfied. However, it is seen
in Chapter 3 that amplitudes predicted by the model from independent
estimates of the San Fernando earthquake source parameters are in
good agreement with those observed from the strong motion data.
While the model is quite simple, in that the ampliﬁlde spectrum is
approximated by its high and low frequency asymptotes, its use in
design earthquake prediction offers an advance over the use of
magnitude alone, and brings the procedure closer to the underlying

physics.

1.

"See glossary.
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The third problem, that of propagation of seismic waves
through the earth's crust from an earthquake source to an engineering
site, also is difficult to solve because of material inhomogeneity and
irregular surface topography. At present, no analytical solutions
exist for wave propagation through a laterally inhomogeneous crust
(Bolt, 1970a). There are numerical techniques available, but due both
to cost and computational difficulties at present they are feasible only
for low frequency components with periods of a few seconds or longer
(Mal, 1974). Furthénnore, it is pointed out by Housner (1973a) that
even if computation techniques did exist for the realistic strong motion
propagation problems, there would be practical difficulties in applying
them. Obtaining sufficient knowledge of the material properties and
geometric configuration of the geology along the propagation path
would be an almost impossible task, and well beyond the resources of
a normal engineering project. As an illustration of this difficulty,
consider a 5 Hz wave travelling through sediments at a velocity of,
say, 1 km/sec. It has a wavelength of 200 meters. Since waves are
scattered by inhomogeities with dimensions of the order of one wave-
length, the geology should be known toa resolution of better than
200 meters. Housner concludes that a statistical approach to the
propagation problem is necessary.

A large number of the strong motion accelerograms from the
San Fernando earthquake were obtained within fairly narrow ranges of
direction from the epicenter, mainly to the south, but also in smaller
groups to the north and south-east. These groups of accelerograms

form excellent sets of data from which experimental studies of strong
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motion propagation can be made with relative freedom from source

details.

1. 2. Previous attenuation studies and design earthquake estimation

methods.

Previous studies of the amplitude decay of strong ground
motion generally involved only correlations between earthquake magni-
tude and recorded peak ground motion values, and did not consider
details of the rupture mechanism and the geology of overall wave path
between source and recording site. Many different expressions have
resulted from these investigations. Generally, the decay of ground

motion amplitudes has been accounted for by a factor of 1 /™, where

’
r is hypocentral distance and n is an empirical parameter adjusted to
obtain the best fit of the expression to the data set being studied.

Scott (1972) was one of the first in earthquake engineering to employ
two separate decay terms corresponding to the two physical phenomena
contributing to amplitude decay: geometric spreading, and energy
absorption or material attenuation by the travel path medium.

Prior to the 1971 San Fernando earthquake only a few_ strong-
motion recordings had been made of a single earthquake, and studies
of earthquake ground motion had, of necessity, included measures of
the source strength; Richter magnitude was generally employed for this
purpose. However, single parameters do not adequately represent
either the source or resulting ground motion, since the strength of
both is a function of frequency. Further difficulties arise when corre-
lations are attempted between earthquake magnitude and peak ground
acceleration since magnitude characterizes lower-frequency components
than those developing peak acceleration (Trifunac, 1972). It should be

pointed out, however, that early investigators did not have digital
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computers to integrate accelerograms and compute Fourier spectra,
and that peak acceleration and magnitude were the only parameters
readily available. Models offering a more comprehensive source
characterization are very .fecent, and are still at an early stage of
development.

An early design earthquake prediction method was given by
Esteva and Rosenblueth (1963), who published a procedure for esti-
mating response spectra from peak ground motion values. The high
frequency range of ti'le response spectrum was scaled in proportion to
peak acceleration, the intermediate in proportion to peak velocity, and
the low frequency range of the spectrum according to peak displacement.
They obtained expressions by regression analysis for the three peak
values as functions of focal distance r, and earthquake magnitude M,
from a set of data based mainly upon that of Housner (1961). The
expressions are:

o = 2000 0.8M

> (1. 1a)
T
16 M
v = T e (1.1Db)
r
and
1 1 1. 2M
x:( 1'4+--—2->e (1. 1c)
r r
where

a is peak ground acceleration (cm/secz),
v is peak ground velocity (cm/sec), and

x is peak ground displacement (cm).
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Noting that high-frequency components of ground motion give rise to
acceleration peaks, intermediate frequency components to velocity
peaks and low frequency components to displacement peaks, the
increasing importance of magnitude with decreasing frequency can be
seen in the equations. Larger magnitude earthquakes apparently
radiate a greater proportion of low frequency wave components. Also,
it can be seen from the exponents of r which include both geometrical
and material attenuation effects that the rate of attenuation increases
with increasing frequency; peak acceleration being attenuated more
rapidly with distance than peak velocity, which in turn is attenuated
more rapidly than peak displacement.

The authors plot the peak acceleration and peak velocity data,
normalized with respect to magnitude by multiplying the peak values

by e-O. 8M

and{ e_M respectively, against focal distance. At a given
distance, the normalized acceleration values are scattered over two
orders of magnitude. The velocity data are less scattered,

probably due to better correlation with M, and also to less sensi-
tivity of velocity peaks to variations in the source and the

propagation path. If we denote expected values of peak acceler-
ation and velocity computed by equations (1. 1a), (1.1b) by a and ;,

respectively, and the corresponding realized values from the data by

a and v, and define the uncertainty factors ka and kV by the

relationships

Wl
il
oo
=
1
<l|<

’ (1. 2)
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then the distributions of ka and kV can be computed. From the
authors' confidence interval plots, the upper semi-intervals at 90
percent confidence have the values ka = 3.8 and kv = 2.0. That is,
there is a 90 percent probability that a recorded acceleration will be

less than 3. 8 times the value predicted by equation (1. la). On this
basis, peak velocities show only half as much scatter as peak velocity
data. Nevertheless, these values both represent large uncertainties
in values predicted by equations (1.1a) and (1.1b). This is expected
because of the number of different earthquakes involved in the study.
Similarly large scatter is found in other measures of ground

shaking; for example, in response spectra (Adu, 1971) and in the

Fourier amplitudes of acceleration of this study. Particularly in high
frequency components large uncertainties are associated with any esti-
mate of earthquake ground motion that can be made at the present time,
anditisimperative that confidence intervals or some other measure of
scatter be given with design earthquake estimates so that the structural

designer is aware of this.

Seed et al. (1969) proposed a methodfor generating design earth-
quakes based on the device of scaling existing accelerograms according
to peak acceleration. The first stepinthis procedureis to estimate peak
accelerationata hypotheticalbedrock~soilinterface. The authors present
anempiricalrelationship betweevn magnitude, distance and peakaccelera-

tion on ""bedrock' based onthe same data as that of equation(l.1a)butarbi-
trarily modified to give lower peak accelerationvalues with the rationale
that the original data base included records from both soil and rock sites and

that rock sites ""ought''to have lower peakaccelerations. The attenuation
relationship has subsequently been revised by Schnabeland Seed (1973) to
conform more tothe San Fernando data. Anexistingaccelerogram selected

ona basis of magnitude, site, and distance similarityis thenscaledtohave
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the same peak acceleration value in ""bedrock''. The greater attenuation
of higher frequency components is allowed for to some extent by scaling
the time base of the accelerogram according to ""predominant period',

a parameter referred to in Gutenberg and Richter (1956). The scaled
accelerogram is then used as input to the vertically-propagating shear
wave model of Idriss and Seed (1968), to obtain an accelerogram of
motion at ground surface.

This procedure has found widespread use in engineering
practice, despite its serious limitations. Chief among these are sole
reliance upon peak acceleration to scale the ground motion, and use of
the one-dimensional soil model whose assumptions of uniform hori-
zontal soil layers and vertical wave propagation are seldom met in
practice. These points are taken up in Sections 1.2.1 and 1. 2. 2.

Davenport (1972) obtained an empirical relationship.between
M and a, having the same functional form as that of Esteva and

| Rosenblueth (1963), butfrom a larger data set whichincluded data from
eleven earthquakes recorded since 1963. With data from a total of
46 North and South American earthquakes, he found the following

expression using a least-squares parameter estimation technique:

270 0.8M

i - e
r

(1. 3)

For Davenport's data and equation (1. 3), the distribution of ka’ defined
as before by equation (1.2), was approximately log normal, with

Ologekz 0. 74, The value of k (the subscript is no longer necessary) at



.
the upper limit of the 90 percent confidence interval computed from a

log normal distribution with © log K= 0. 74 is 3.3, whichisinreasonable
=

agreement with the value of 3. 8 given by Esteva and Rosenblueth. Using
data from the San Fernando earthquake only, but withoutfurther separation
into groupsaccording to source-stationazimuthor site geology, he found

the following relationship:

840 e0. 65M

a="77.48
r

(1. 4)

with ologek =0, 46.

Equations (1.1a) and (1. 3) have the same magnitude dependence.
However, their initial constants and eﬁponen‘ts of r are quite different,
with the larger constant of equation (1. la) being compensated for to
some extent by a larger exponent of r. The difference between the
two expressions can be seen by dividing equatiozn (1. 1a) by

equation (1. 3), which yields

a
E 7.4

S S e . kk.B)
ap r0.36

where aE denotes the peak acceleration value at distance r from

Esteva and Rosenblueth's relationship, and a_ that from Davenport's

D
expression. The ratio is plotted against distance in Figure 1.1, where
it is seen that for r<100 km, E.steva and Rosenblueth's expression
yields values at least 1.5 times greater than those from Davenport's
expression. The differences between these expressions are further

demonstrated by Figure 1.2 in which peak acceleration values computed

from equations (1l.1la), (1.3), and (1. 4), normalized with respect to M,
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Figure 1.1. Ratio between estimates of peak ground acceleration
ap by Esteva and Rosenblueth's formula and ap
by Davenport's (1972) formula, equation (1. 3).
Ratio is independent of M.
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Figure 1l.2. Peak accelerations normalized w.r.t. M given by
Esteva and Rosenblueth's (1963) equation (1. 1a)
and Davenport's equation (1l.3), and (for San
Fernando earthquake alone) equation (1. 4).
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are plotted against the focal distance. The large differences between
the expressions and the height of the confidence limits shows the

amount of uncertainty involved.
There is a lower scatter in peak accelerations from the San

Fernando earthquake alone, seen in the lower value of © This

logek’

suggests that further factors such as the overall propagation-path

geology and details of the rupture mechanism contribute significantly

to the recorded ground motion. Further uncertainties may be introduced

by differences in instrument response. For example the 1.1 g peak re-
corded at Pacoima Dam would have registered .60 to 0. 7 g on the
Japanese SMAC accelerograph (Hudson, 1972).

A similar correlation has been made by Donovan(1973) using a
data set that includes some Japanese and South Pacific earthquakes.

There is an implicit assumption in empirical, statistical corre-
lations such as these that the greater the number of earthquakes included
in the study the better. This is not necessarily so, because more earth-
quakes also means more variation in the data from variables (such as
hypocentral depth and rupture mechanism) not considered in the simple
correlations. The éorrect procedure is to select the events to be in-
cluded in the data set in such a way as to reduce the number of variables
that should be considered. For this to be done, consideration must be
given to the underlying physics of the problem. The validity of this point
is illustrated by the differences in standard deviation between Daven-
port's study of the San Fernando data alone and thatof the large group of
earthquakes.

Johnson (1973) presents an empirical method for obtaining 5

percent critically damped pseudo-velocity response spectrum ordinates
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SV- as functions of magnitude and epicentral distance, s. At each of
14 discrete frequencies in the band 0.4 to 11. 0 Hz, he estimates the
parameters C and o in the equation

Msm

s, =C10 (1. 6)

using the method of least squares. His data are taken from 23 Western
United States earthquakes (in large part, those used in the correlations
described above), with magnitudes between 5. 3 and 7.7. Values of
the attenuation exponents m, which are different for each frequency,
are taken from a study of Lynch (1969) of response spectra of ground
shaking due to nuclear explosions. The value of m varies-from
-1.14 at 0. 4 Hz, generally decreasing, to -1.40 at 18 Hz. As seen
from the exponents of r in equations (1. 1), the variation in m again
shows higher frequency components of ground motion being attenuated
more rapidly with distance than the lower frequency components.

Only two San Fernando earthquake records are included in
Johnson's data, so his method is not greatly biased by that event.
Six examples are given in which spectra are estimated for accelero-
grams not included in the data set. When compared with response
spectra computed from the actual accelerograms, three are in good
agreement, two are underesti:rné.ted over a wide frequency band by a
factor of about 2 to 3, and the sixth is overestimated by about the same
amount. Again, large uncertainties are associated with the predictions.

Johnson's procedure is inconsistent in putting so much detail
into the frequency dependence of the resulting spectrum, while at the

same time using only a single source parameter M. However, it
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does take into account the frequency dependence of attenuation; and

a measure of the average frequency dependence of the source emissions
of earthquakes in the data set is included in the coefficients C and .
This method compares favorably with the procedure of scaling
according to peak acceleration, where each frequency component is

scaled equally.

1.2.1. Some shortcomings of magnitude-peak acceleration correlations

Two deficiencies in empirical ground motion investigations
employing M and a to represent the source strength and site motions
respectively have been noted in the previous sections: (1) Because
similarity with respect to frequency components is not preserved from
one earthquake to another, a sSingle parameter is insufficient to
represent either source strength or ground motion; and (2) M and a,
representing different frequency bands, are not strongly correlated.

A particular shortcoming of the use of magnitude, pointed out
by Housner (1965), arises from the way in which magnitude is
determined., Magnitude is an arbitrary, relative instrumental measure
of earthquake strength and is defined as the peak response recorded on
a standard Wood-Anderson seismograph at an epicentral distance of
100 km. Since instruments situated much closer than 100 km to
epicenters of large earthquakes go off-scale during the earthquake,
magnitude determinations are usually made from observations at
greater distances,corrected back to 100 km. Housnér (1965) notes
that at distances of 100 km or more, high frequency components of

seismic waves have been attenuated and the peak instrument



20~

response is most probably caused by wave components with frequencies
near or below that of the instrument's naturalfrequéncy. Thus, while the
natural frequency of 1. 25 Hz gives the appearance that magnitude
measures the center of the frequency band of general interest to
enginéers, in fact, due to high frequency attenuation, it actually
measures lower frequency components. |

Furthermore, in some cases magnitude determinations are
made from 20-secund period surface waves, rather than the compo-
nents near 1 Hz from which localmagnitude is determined. For example
M=7.7 for the 1952 Kern County earthquake, and M=7.1 for the 1940
Imperial Valley earthquake are both surface wave magnitudes deter-
mined at teleseismic distances.

Peak ground accelerations, on the other hand, have been
observed to develop generally atfrequencies of 3to5 Hz or more (Brady
and Trifunac, 1975) and, hence, depend on different components of
ground motion than do magnitude estimations. Thus, the two
measures are not necessarily related.

The lack of correlation between M and a has been demonstrated
by Donovan (1972) who fitted an attenuation curve with the same
functional form as equations (1. 1a), (1.3), and (1.4) to a set of peak
acceleration data from American and Japanese earthquakes. The
standard deviation of the data scatter measured by logek was
Glogek: 0.92. He then normalized the acceleration data with respect

to magnitude by dividing each data point by the magnitude term

of the attenuation curve equation, eo' 58M. The ""best fit'" curve was
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then estimated again, and ¢ K was found in this case to be 0. 84.

log
Thus, normalizing the peak acceleration data to‘remove the influence
of M resulted in a very small reduction in scatter, indicating a poor
correlation between M and a.

To sum up the foregoing, magnitude alone is not a good
measure of the earthquake source, both because a single parameter
does not provide an adequate spectral description and also because mag-
nitude as the parameterin particulaf measures mainly low-frequency wave
components. Similarly, any single parameter does not adequately
measure earthquake ground motion; peak acceleration, measuring
high frequency components, isanespecially bad choice for a ground
motion parameter, since,when correlated with M, it tells little of the

strength of intermediate and low frequency components which often

have the greatest influence on the earthquake response of structures.

1.2.2. One-dimensional modeling of local geology.

Much attention has been given in recent years to modeling the
effects of local soil conditions on incoming seismic waves by uée of a
simple one-dimensional shear wave model. This procedure has been
applied in a wide range of situations, even though the assumi:otions upon
which it is based are extremely restrictive. There is a growing body
of evidence, reviewed by Salt (1974), that its range of validity is, in
fact, much more limited than was first thought, and in almost all
circumstances its use is not justified. |

Several particulé,r models have been put forward, differing in

the way in which material and radiation damping are introduced, and in
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whether the model is formulated for transient or for steady state
excitation. All are based on the two assumptioﬁs:

(1) that the soil occurs in uniform horizontal layers whose .

lateral dimensions are large compared to their depth, and

(2) that the base of the soil layer system is excited uniformly

in a horizontal direction.
The latter assumption requires either vertically propagating shear
waves or long wavelength Love waves. (Some models will also treat
vertically propagating P-waves.) The reader is referred to Tsai(1969).
for examples of advanced one-dimensional models, and for a discussion
of their relative merits.

In general, motion at the surface of a soil-layer system
satisfying the two assumptions ofthismodel, and in which soil'stiffness
increaseswith depth is amplified relative tothemotion that would have
occurred at the surface of theunderlying stiffer medium in the absence of the
soil layers. For linear, elastic layers, large amplifications occur
near the natural frequencies of the system, with little amplification
occurring between them. However, the tendency for motions to be
amplified is opposed by damping, which for most soils increases with
strain level and also increases with decreasing soil stiffness (Seed
and Idriss, 1970). For this reason, sites which, under low levels
of shaking, may exhibit the narrow band amplification predicted by
the model, do not necessarily show the same behavior under strong

shaking.
Practical criteria are needed for determining how closely the

geometric assumptions must be met before the model can be applied,
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an‘(i for what soil types, or range of soil properties, it may be used.
At the present time no such rules are available.

Experimental evidence from strong ground motion observations
does not resolve this problem, but it does put bounds upon it. On the
one hand, there is clear evidence that amplification by a well-defined
soft soil layer is the cause of narrow band spectral peaks at about
0.4 Hz in ground motion records made at Mexico City (Zeevaert, 1964),
Similarly, amplification by a soft layer of younger bay mud beneath
the Southern Pacific Building, San Francisco, accouni;s for pronounced
spectral peaks near 0.9 Hz during the 1957 San Francisco earthquake
(Borcherdt, 1970). On the other hand; however, there is a growing
number of studies citing situations in which the type of behavior
expected from the one-dime nsional shear model did not occur. Some
of these are noted below.

Tsai (1969) analyzed two separate shocks from the 1968 Borrego
Mountain, California, earthquake, recorded at San Onofre, California
at a distance of 110 km. Although the shocks were separated by about
six seconds,both originated in the same area and thus both traveled
essentially the same path to tl%e recording site. Tsai could find no
similarities in their spectra and. hence concluded that the differences

between the recorded motions were due entirely to their respective
source mechanisms.

Udwadia (1972) analyzed 15 different strong motion accelero-
grams recorded at El Centro, California, from earthquakes occurring
over a wide range of distances and directions from the recording

station. He could find no recurring peaks in their Fourier amplitude
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spectra. He concluded that the source mechanism and overall
propagation path played the major roles in determining the nature
of ground shaking at El Centro.

Hall et al. (1973) noted that if amplification did occur according
to the simple shear model, then both horizontal components of ground
motion records should be affected. They searched 20 strong motioﬁ
recordings (those in Part A, Volume IV of Hudson, ed., 1972) and
could find no plionounced spectral peaks that were common to both
horizontal components of the same record. They concluded that the
one-dimensional model was adequate for predicting site effects only
at exceptionally soft sites. Trifunac and Udwadia (1974) reached a
similar conclusion from the study of a different group of Southern
California strong motion accelerograph records.

Further insights into the complexity of the local geology
problem, even with relatively simple geometric configurations, have
been provided by Trifunac (1971) and Wong and Trifunac (1974). They
consider the problems of semi-cylindrical and semi-elliptical sediment
filled valleys in a half-space respe ctively, subjected to harmonic
SH-wave excitation. Both the material filling the valley and the half
spaces were assumed to be homogeneous, isotropic and linearly
elastic. They found complicated wave interference within the valley,
and a highly variable pattern of amplification along the valley surface,
strongly dependent on the direction of the incoming waves. Peak
amplifications of the order of 10 were found; however it is likely that
lower amplifications would be observed under transient excitation

(Wong and Jennings, 1975) or when damping is present in the valley
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material. It is clear from these models that wave propagation in
sediment-filled valleys is very complicated. In real valleys with
less regular basement rock-sediment interfaces, and with inhomo-
geneous valley materials, more complex interference patterns can

be expected. Since thedirection of approach of future earthquake
wave motion is not likely to be known in advance, precise determinis-
tic computations of the effects of local geology on high frequency ground
motion components when the soils and their geometric configurations
are not uniform, is clearly impossible. The suggestion by Housner
(1973a) that a statistical approach be taken, indeed seems to offer

the only hope for estimating the effects of propagation path geology

on the high frequeﬁcy components of strong ground motion.
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2. ATTENUATION OF STR ONGV GROUND MOTION

FROM THE SAN FERNANDO EARTHQUAKE

In this chapter, propagation of the high frequency componen'ts
of strong ground-motion from the M= 6.4, February 9, 1971, San
Fernando California earthquake is studied by observing the behavior
of Fourier amplitudes of acceleration computed from the horizontal
components of 95 strong motion accelerograms recorded within
200 km of the epicenter. Correlations are made between the Fourier
amplitudes and overall propagation path geology bet\ﬁeen the source
and station, local site geolog&, and average source-station azimuths
of groups of records in approximately the same direction from the
epicenter.

Many strong motion accelerograms recorded in the United
States, including those from the San Fernando earthquake, have
been digitized and published by the California Institute of Technology
Karthquake Engineeri.ng- Research Laboratory (EERL). Each accel-
erogram has been assigned a reference number by the EERL,. for
example, C041, from the Pacoima Dam during the San Fernando
earthquake. These numbers will be used throughout this text to identify
both the record itself, and the recording station or site. The ""C" in
this example signifies that the record appears in Part C of the appro-
priate volume. Four volumes of data derived from the digitized
accelerograms have been, or are in the process of being, prepared:
Volume I, consisting of the uncorrected accelerograms; Volume II,

consisting of corrected accelerograms,velocities, and displacements;
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Vélume III, consisting of response spectra; and Volume IV, Fourier
amplitude spectra. For further details of the series as a whole,
reference may be made to Hudson (1969).

In this study, use will be made of the corrected accelerograms,

found in Volume II of the series,Strong Motion Earthquake Accelero-

grams (Hudson, et al., 1971), and of Fourier amplitudes of accelera-
tion found in Volume IV of the series (Hudson, ed., 1972). Also
some preliminary work is de scribed which made use of peak values
of ground displacement, velocity and acceleration from Volume IL
Henceforth these volumes of data will be referred to simply as
Volume II and Volume IV.

The ground velocities and displacements given in Volume II
were obtained from the accelerations by an iterative procedure of
integration and baseline adjustment. Details of the digitizing,
correction and integration procedures are given in Part A of Volume II
The principal corrections are for long period errors in the digitized
records and for recording instrument response characteristics. Errors
in the corrected, digitized accelerograph data have been analysed by
Trifunac et al. (1973) and Hanks (1973) who have concluded that the
corrected records represent thé ground motion faithfully in the
frequency band 0. 125 Hz to 25 Hz, and that for accelerograms
recorded on 6 in. and 12 in, paper (about 50 percent of the San
Fernando records) the lower limit may be extended to 0. 07 Hz.
Evidence of digitizing noise was found in the Thigh frequency
components of low amplitude records in the course of this study. It

will be observed in plots of the 16 Hz Fourier amplitude data, where
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digitization noise is seen to dominate the signal at epicentral distances

greater than 60 km.

2.1. Preliminary study.

Before starting on the large amount of computing necessary to
obtain Fourier transforms of the set of 95 accelerograms, a prelim-
inary study of a smaller group of records was made, using computed
data already available. This preliminary study brings out some
essential features of strong ground motion propagation and is
described below.

When peak accelerations from the San Fernando earthquake
are plotted against focal distance, they show considerable amounts of
scatter. (See, for example, Hudson, 1972b Figure 3.) In order to
find if some of the scatter could be attributed to variations in azimuth,
data recorded over a fairly small range of source-station azimuths,
south-east of the epicenter,were examined. Site locations are shown
in Figure 2. 1.

The peak value déta taken from Volume II are shown in
Figure 2.2, where they are plotted against epicentral distances. By
comparison with Figure 3 of Hudson (1972) it can be seen that the range
of scatter of the peak accelerations in Figure 2.2 is smaller by a
factor of about 0. 6 than that of the complete set of San Fernando
accelerograms. Thus variations with azimuth in such factors as
source radiation and overall propagation path geology do appear to

influence the intensity of strong ground motion.
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It is seen from Figure 2.2 that the peak displacement data are.
more scattered than peak velocities, which, in turn, are more
scattered than peak accelerations. This is in contrast to the data.
of Esteva and Rosenblueth (1963) in which peak accelerations were
more scattered than peak velocities. Since their data had been
normalized with respect to magnitude, this may be due to a closer
relationship between magnitude and peak velocity than between
magnitude and peak acceleration. However, that explains only the
wider scatter seen in Esteva and Rosenblueth's peak accelerations,
which were obtained from many earthquakes. It does not explain why
in Figure 2. 2 the acceleration peaks are less scattered than the velocity
peaks, since they are obtained from the same earthquake. Furthermore
they were recorded within a narrow range of azimuths, eliminating
source-station direction as a variable. The principal variable
remaining is local geology, in this instance referring to the
upper 10 to 15 km of the crust. From an examination of the Volume II
plots of acceleration, velocity and displacement —in which the peak
values are marked —it is seen that acceleration peaks occur early in
the accelerograms, peak displacements generally occur
several seconds later, with velocity peaks occurring between the two.
This suggests that the high frequency components contributing to the
development of acceleration peaks (frequencies above 5 Hz; Brady
and Trifunac, 1975) travel a larger proportion of their propagation
paths in basement rock whereas to some extent, the middle range
frequencies at which velocity peaks develop, and particularly the low

frequency components developing peak displacements travel
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considerable distances as surface waves in the low-velocity surface
sediments. The relatively low scatter in acceleration peaks may
then be attributed to their more uniform, basement-rock travel paths.

On the other hand, the anomalous appearing growth in peak
displacement from sites G110 to F086 has been attributed by Hanks
(1974b) to the development of surface waves. At station G110 (The
Jet Propulsion Laboratory, Pasadena) which rests on a small depth
of alluvium relative to the wavelengths developing displacement peaks,
Hanks identified the displacement waveform as predominantly one of
body wave arrivals. As the waves move out across the increasing
depths of sediment in the San Gabriel Valley and Los Angeles Basin -
(see Figure 2.7), surface waves are seen to develop in the displacement
records with increasing amplitudes until éite F086, the Vernon CMD
Building,is reached. At this point the Basin sediments are 20, 000 feet
deep (Yerkes et al., 1965) and should contribute to the formation of
Love waves. Beyond Vernon, wave dispersion and geometric
attenuation apparently dominate, and the displacement peaks again
decay with increasing epicentral distance. The high amplitude at
station C048, the Holiday Inn, 8244 Orion Boulevard, Los Angeles, can
also be explained by the devel_ofment of surface waves across the deep,
sediment-filled San Fernando Valley (Drake and Mal, 1972).

As with the peak displacements, peak velocities increase,
rather than decay, with distance from G110 to F086, but the increase
is not as marked as that seen in the peak displacements. Since peak
velocities are developed by higher frequency components of motion

[approxi:nately 0.3 to 3 Hz (Brady and Trifunac, 1975)] than peak
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displacements, it appears that the influence of surface waves is not
as strong in this mid-frequency range as it is at the lower frequencies
characterizing peak displacements.

In a homogeneous, isotropic, linearly elastic, unbounded solid,
except at small distances, body-wave amplitudes decay by geometric
spreading in ﬁroportion to the inverse of distance from the earthquake
source. Surface-wave amplitudes on a similarly idealized half space
decay in proportion to the inverse of the square root of distance (see
Bullen, 1963, for example). Energy absorption by the propagation
medium further attenuates the amplitudes of waves travelling in real
materials. This effect is referred to as material damping or material
attenuation. The curves plotted in Figure 2.2 enable a comparison
to be made between the observed amplitude decay and that expected in
an idealized solid.

Because of the amount of scatter in the peak displacement
values, it is difficult to tell whether or not they are better fitted by
the curve whose ordinates are inversely proportional to epicentral
distance or by that with ordinates proportional to the inverse of the
square root of epicentral distance. The general trend in velocity
peaks is more clearly proportiénal to the inverse of epicentral
distance. Peak acceleration data appear to decay at a greater rate
than the inverse of epicentral distance, Since peak accelerations are
developed by high frequency components (=5 Hz, Brady and Trifunac,
1975), this suggests the presence of some frequency-dependent material
attenuation. Development of surface waves does not appear to be

reflected in peak acceleration values, The high values in records
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, GllO and G106 are consistent with lower material attenuation expected
from crystalline rock propagation paths. No definite explanation has
been found for the differences in records G107 and G108, which were
recorded within 1000 feet of each other on the Caltech campus. The
main differences in amplitude spectra of the two records occur

between 3 and 6 Hz, with Millikan Library (G108) spectra being
stronger. A possible, simple explanation is that standing surface waves
were form;ad in the soil between the Library basement and the deep
basements of the adjacent buildings. Distances and wave velocities

are consistent with this hypothesis.

The presence of material attenuation apparent in the peak
acceleration data of Figure 2.2, was investigated further using root
mean square (r.m. s.) acceleration values from the same group of
accelerograms. The r.m.s. accelerations were obtained from an
ﬁnpublished study of accelerogram correlation functions begun by
H.-Y. Ko and R. F. Scott, and continued by the writer. R.m.s.
accelerations were available from N-S, E-W, and from radial and
transverse components. In order to eliminate the component- orientation
with respect to the source-station direction as a variable, transverse
components were chosen for study rather than N-S or E-W components.

The logarithm of r.m. s. acceleration, normalized for the effect
of an assumed body-wave geometric spreading (inverse of distance) are
plotted against epicentral distance, s, in Figure 2.3. Although
including considerable scatter, the data again show a well-defined

straight-line falloff with epicentral distance, represented bythe equation
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(ads = cle_(CZS/Q) (2. 2)

where (a) is r.m.s. acceleration and ¢y and ¢, are constants.
This expression is consistent with body-wave amplitude decay
expressions commonly used in seismology, where c, = wf/B is
employed, B being shear wave velocity and 1/Q a dimension-
less constant, the specific attenuation (Knopoff, 1964).

Since the r.m. s. acceleration is a frequency-averaged
quantity, it would be expected that r. m. s. accelerations are less
scattered than peak accelerations. Comparing Figures 2.2 and
2.3, this is seen to be so. If it is assumed that the average frequency
characterized by the r.m. s. acceleration is 5 Hz, and assuming a
shear wave velocity B of 3.0 km/sec, the slope of the solid line in
Figure 2.3 corresponds to a value of Q = 400. To show the effect
of changes in the value of Q, the dotted line is drawn for a value
of Q = 800 and the dashed line for a value of Q = 160 both for an
assumed f =5 Hz. Alternatively, for constant Q = 400, the dotted
line corresponds to a frequency of 2.5 Hz and the dashed line to a

frequency of 12.5 Hz.
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The conclusions of this preliminary investigation may be
summed up as follows:
1) Peak ground displacements do not show a regular pattern of

attenuation with increasing epicentral distance. Their values are

“influenced by the development of surface waves in deep, relatively
soft surficial soil layers, and they show much more scatter than

peak velocities and peak-accelerations: Their mean trend cannot
be well described by a geometric spreading term such as the inverse
of either epicentral distance or of its square root.

2) Peak ground velocities are clearly influenced by the
development of surface waves but not to the same extent as peak
displacement values. Surface waves do not dominate peak velocities,
and with considerable scatter, their amplitude decay is proportional
to the inverse of epicentral distance.

3) Peak and r. m.s. ground accelerations follow a well-defined
pattern of attenuation with distance; the rate of fall-off is greater
than the inverse of distance, and is consistent with an exponential
material attenuation term with Q of about 400, in addition to a
spherical spreading term proportional to the inverse of epicentral

distance.
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From this limited set of data it appears that the propagation
of low frequency components of str‘ong ground motion is dominated by
generation of surface waves depending upon path geology and epicentral
distance. The higher f-requency components, however, which
contribute to peak velocities and peak accelerations, behave in a
-much more regular manner, decaying steadily with distance and
exhibiting less scatter; part of the scatter in these data is caused,
but not dominated, by surface waves. These observations suggest
that studies of strong ground motion attenuation should deal separately
with the low frequency band, where surface waves are an important
factor, and with the intermediate and high frequency bands, where a
much more regular amplitude decay behavior is observed. The
remainder of this chapter describes an empirical and much more
detailed study of the amplitude decay of strong ground motion from the
San Fernando earthquake, in the higher frequency band, from 0. 4 to

16 Hz.



-39-

2.2. Main study: the data set.

Of the 229 strong motion accelerograms from the San Fernando
earthquake, 101 were recorded at ground level, mostly in building
basements, within a radius of 200 km of the epicenter (Hudson, 1971).
Of these, 95 were included in the set of corrected accelerograms
-published by the Earthquake Engineering Research Laboratory; the
remaining six records were of very low amplitude, and were not
processed to the Volume II stage. Fourier amplitudes of the horizontal
components of these 95 accelerograms form the data set for .this study.
The recording sites, labelled by their Caltech reference numbers, are
shown in Figure 2.4 and are listed in Table 2. 1.

Two separate sets of Fourier amplitude data were derived
from the set of accelerograms. One was taken directly from
Volume IV which presents Fourier transforms of the corrected
accelerograms given in Volume II. Details of the transform computa-
tions using the Fast Fourier Transform algorithm are given by
Trifunac and Udwadia (1972) in Part A of Volume IV,

Since accelerographs are usually oriented so that the é.ccelero—
gram component directions coincide with the principal axes of the
building in which they are located, the horizontal accelerogram
components in the Volume II data are randomly oriented with respect
to the earthquake source-station direction, or azimuth. In order to
eliminate component orientation as a variable, a set of rotated
accelerograms was computed from the Volume II records having

radial and transverse components parallel and perpendicular to the
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