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ABSTRACT

The accele~og~ams ~eco~ded at g~ound elevation

du~ing the 1971 San Fe~nando Ea~thquake a~e examined th~ough

the use of time domain techniques. These techniques a~e the

buildup of the A%ias Intensity with time, the va~iation with

time of the ~oot mean squa~e accele~ation, the va~iation

with time of the p~incipal planes of g~ound motion, and the

change in the ~esponse envelope of a single deg~ee of

f~eedom system with time. These techniques exclude

conside~ation of the physics of the ea~thquake sou%ce o~

seismic wave p%opagation.

Th%ough the use of these techniques, a pa%t of the

accele~og~ams that includes the a~%ival of di~ect S-waves

f%om the sou~ce is computationally identified. This st~ong

pa~t is cha%acte~ized by two pa%amete~s, the du~ation and

the level of shaking. Ho~izontal plane %oot mean squa~e

acceleration is used to p~ovide a measure of the level of

shaking which is independent of the o%ientation of the

%eco~ding devices. The attenuation of the root mean squa~e

accele~ation with distance is gene~ally consistent with an

equation %ecently developed by Hanks which ~ela~es %OQt mean

squa~e accele~ation with the ea~thquake's sou~ce paramete%s.

Howeve~, no significant decrease in the scatter of the

xiv



attenuation ~elation was found when ~oot mean squa~e

accele~ation was used instead of the peak accele~ation.

Conve~sely, it was found that ~oot mean squa~e and peak

accele~ations we~e closely co~~elated.

A t~aveling Rayleigh wave is identified at two

deep soil sites located in the San Fe~nando Valley. The

speed, di~ection, and f~equency of the Rayleigh wave a~e

estimated and compared with theo~etical calculations. This

information and the p~oximity of the su~face faulting

suggest this wave may have been caused by the shallowness of

the faulting p~ocess.
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PART

INTRODUCTION

The ~eduction of the haza~ds caused by earthquake

shaking is related to the ability to fo~ecast the expected

intensity of the ground shaking. Through the use of this

info~mation, the engineer may ensu~e that his st~uctures a~e

adequately designed against ea~thquake fo~ces. Thus it

becomes necessa~y fo~ the enginee~ to examine past

ea~thquake events to gain insight into futu~e events. From

an engineering viewpoint, the measure of intensity

associated with ~eco~ded g~ound motions at a site should be

an easily dete~mined number o~ set of numbe~s which

indicates the destructiveness o~ seve~ity ~f those motions.

In the past, the intensity (Housner, 1975) has been linked

with the level of ho~izontal shaking and has been

cha~acterized by a single parameter, such as peak ground

accele~ation, peak ground velocity, Spectral Intensity,

Arias Intensity, or Modified Mercalli Intensity (MMI).

It has been shown (Husid, 1967; Housne~, 1970)

that the duration of shaking, in addition to its level, is

an impo~tant facto~ in determining the amount of damage o~

the collapse of a yielding structure subjected to the

combined action of earthquake shaking and gravity. This has
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also been ve~ified by the low failu~e ~ate of st~uctures for

earthquakes of short duration even though both maximum

acceleration and response spectrum ordinates were very

large. Duration is also important in determining the

potential of liquefaction for saturated sand deposits.

Therefore, Housner (1975) has proposed defining the

intensity of earthquake motion by a combination of two

parameters, one describing the level and the other the

duration of the motion. A third parameter determining the

failure potential of many civil engineering structures, such

as multistory buildings and dams, is the frequency content

of the motion. A definition of the motion by its level,

duration, and frequency content parameters should be

sufficient for many earthquake engineering purposes.

Dobry, Idriss and Ng (1978) have indicated that

accelerograms at both rock and soil sites in the epicentral

region seem to exhibit three distinguishable parts for

earthquakes up to magnitude 7. In rock the three parts are:

1) Initial weak part

2) strong high frequency part

3) Final weak part

In soil the three parts are:

1) Initial weak part

2) Strong high frequency part
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3) Final pa~t, which can be eithe~ weak o~ a mode~ately

st~ong low £~equency pa~t

The fi~st part at both ~ock and soil sites co~~esponds to

P-wave a~~ivals while the second co~responds mainly to the

a~rival of S-waves along a di~ect path from the sou~ce to

the site. The third pa~t which causes different responses at

rock and soil sites seems to co~respond to the arrival of

both indirect body waves and su~face waves.

The rest of this work attempts to characterize the

second and third parts of the accele~og~ams for basement,

first floo~, and free field sites that were subjected to

shaking from the February 9, 1971 San Fernando, California

Earthquake. This characterization excludes consideration of

the physics of the ea~thquake source O~ seismic wave

propagation.

The second high frequency part, which usually

contains the highest accelerations, is studied here using

time domain techniques developed by the author. The level of

shaking defined using root mean square acceleration and the

duration of this second part a~e determined to characterize

the motion. Finally, this characte~ization is compared

against the conventional measure of peak acceleration. It is

believed that root mean square acceleration will provide a

more stable measure of the level of shaking than peak
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accele~ation. Specific cha~acte~istics of the high f~equency

part which are related to the San Fernando faulting

mechanism a~e also explored.

The thi~d low frequency part is examined fo~ the

five soil sites in the San Fernando Valley fo~ which records

are available. Using the techniques developed in this thesis

it was possible to distinguish phases in which specific

su~face waves are prevalent. Estimates of the speed,

di~ection, and f~equency of these sur£ace waves are made.

The time domain techniques developed here should

provide engineers with new methods of studying earthquake

st~ong motion accele~og~ams. These methods ~equi~e a minimum

numbe~ of assumptions and the~efore are convenient to use in

p~actical applications. The application of these techniques

to the accelerog~ams recorded during the San Fe~nando

Earthquake serves as an illustration of the methods and also

provides insight into the characteristics of those records.
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TIME DOMAIN TECHNIQUES

This part develops the time domain techniques that

will be utilized in this investigation. Information about

the background of these methods is also discussed. Examples

are given demonstrating the unique contribution each

technique makes to the characterization of earthquake strong

motion accelerograms.

Four basic time domain techniques were used. They

are the following:

1) Husid plot of energy buildup

2) Roo~mean square acceleration

3) Principal planes of ground motion

4) Response envelope

The following will describe each technique in detail.

Typical plots of the four methods are shown in Figures 1, 2,

5, and 7.

2.1 HusidPlot of Enerqy Buildup

Arias (1969) assumed that the amount of damage

eKperienced by a structure was proportional to the energy

dissipated by the structure per unit weight during the

overall duration of the motion induced by an earthquake.

This concept was generalized by Arias by considering a

5
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collection o£ st~uctu~es whoseunda~pad ci~cula~

f~equencies, w, a~e unifo~mly distributed in the interval

(0,00) and which all have the same damping ratio, n. E is the

energy dissipated per unit weight by a structure of

frequency w as a result of the motion caused by the

ea~thquake. Thus Arias defined the intensity of the

earthquake as:

00

IA=fEdw
o

Arias assumed that all the structures could be modeled as

simple linear oscillators with viscous damping. He also

showed that the results are still generally applicable if

the oscillators a~e nonlinear or elasto-plastic (Arias,

1969),

(2)

After considerable manipulation it may be shown that:

t f

'A(n)= arccos n f 0 2(t)dt
gyr:n2

o
= Arias Intensity

n = damping ratio of a collection of

simple linear oscillators

g = acceleration of gravity

t f = total duration of the earthquake

aCt) = ground acceleration time history

Hote that Eqn. 2 is a product of two factors, with the first

factor being dependent on the structures considered, while



7

the second factor is dependent only on t~e grounn motion. It

can be shown that for the range of damping values associated

with real structures, the factor outside the integral is

practically a constant. Therefore a value of n=O was chosen

to standardize the process. The Arias Intensity then

becomes:

(3)

This provides a single number as a measure of earthquake

intensity for the event described by the acceleration time

history.

It should be noted that Arias Intensity can be

related to the Fourier ampl~tude spectrum of the

acceleration time history by the use of Parseval's theorem:

f(w)=(4)

(5)

j~ CtIe-;W1 dt

o
tf 00!a2<t>dt = ~ff2<W>dW

o 0

where f(w) = Fourier amplitude spectrum

w = frequency of vibration

tf = total duration of the earthquake record

a(t) = acceleration time history

Recorded ground accelerograms normally consist of

three orthogonal components, axCt), ayCt), and azCt), where
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axCt) and ayCt) a~e the hOIizonta~ components and azCt) is

the ve~tical component. The time t is the same for all three

components and is measured f~om the moment the ~ecording

device is t~igge~ed. The t~iggering time is gene~ally not

known on an absolute scale and thus usually vaIies f~om

station to station fo~ the same earthquake event. In

calculating the A~ias Intensity fOI ho~izontal 9Iound

motions aCt), may be taken to be eithe~ one of the

individual ho~izontal components. axCt) and ayCt). o~ the

horizontal plane acceleration. aHCt).

(6)

The advantage of the ho~izontal plane accele~ation is that

it p~ovides a measu~e of g~ound accele~ation which is

independent of the o~ientation of the recording device.

Husid (1967) chose to plot the buildup of Arias

Intensity as a function of time.

(7)

The function varies from h=O at t=o to h=1 C100%) at t=t f

The Husid plot is an indicator of how ~apidly ene~gy is

being dissipated by structures dUIing the various parts or
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sections of the ac~ele~og~am. It also has been noted (Husid,

1967; Housne~, 1975) that the slope of the Husid plot ve~sus

time is a measu~e of the level of shaking o~ the ~ate at

which the accele~og~am ene~gy is built up. This slope o~ the

powe~, p, of the motion is defined du~ing the inte~val ~:

tl+~

(8) p = ~!a2(t)dt

t
1

By examining the slope of het), an indication of the

seve~ity of g~ound shaking may be obtained. A constant slope

indicates a constant ene~gy input while an inc~ease o~

dec~ease in the slope indicates ~espectively an increase or

decrease in the energy input. Figure 1 shows the HS

component of ground accelerog~am as well as the Husid plot

calculated for the motion recorded during the 1971 San

Fe~nando Ea~thquake at 3838 Lanke~shim Bouleva~d. The

cent~al po~tion in Figure 1 having a steep slope corresponds

to a high level of shaking. A Husid plot may be calculated

for either an individual acceleration component or fo~ the

horizontal plane acceleration.

2.2 Root Mean Sguare Accele~ation

By taking the square root of the slope of the

Husid plot the root mean square acceleration is obtained. It

is defined as:



(9) o=y'P=

10

where a = root mean square acceleration in the

interval t 1 to tl + ~

~ = size of the time interval

t 1 = beginning of the time interval

It is this measure of.the level of shaking which will be

used in this thesis.

Hanks (1979) lists several seismological and

engineering reasons why using root mean square (rms)

acceleration should be superior to the use of peak

acceleration for characterization purposes. First, as the

result of integration, the root mean square could be

expected to be a more stable measure of high frequency

ground motion than an individual amplitude measurement.

Second, for many earthquakes the time interval of large

accelerations is much shorter than the duration of strong

shaking. Thus these intervals are not indi~ative of the

gross source properties (see also Seekins and Hanks, 1978).

Third, at close distances to the source the peak

acceleration is only weakly dependent on the the magnitude

of the earthquake (see also Hanks and Johnson, 1976).

Finally, the amplitude of the peak acceleration values could
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be reduced in most ~ccelerograms with little change in the

response of many structures (see also Schnabel and Seed,

1973; Donovan, Bolt and Whitman, 1976).

Hanks (1979) has also shown that the rms

acceleration can be predicted theoretically from a simple

model of the earthquake source. He points out that rms

acceleration does not quantify the intensity of the ground

motion by itself. It must be accompanied by a definition of

the duration.

The following equation results from the

consideration of a simple model suggested originally by

Brune (1970) and later developed by Hanks which calculates

the rms acceleration for an individual horizontal component.

(10)

where £ls = earthquake stress drop

f o = l/Td = spectral cOJ:ner fJ:equency

Td = faulting du:r:ation of the earthquake

R = distance to hypocenter

p = density of the medium

B = shear wave velocity of the medium

2 = quality factor of the medium

Thus using the rms acceleration, an engineering measure of



12

the level of shaking can be ~elated to a simple earthquake

sou:tce model.

It is especially useful to investigate the

va:tiation of the ~ms accele:tation as a function of time.

This can be done by employing a moving time window as

follows:

(11) a(t) =
t+O.5&1f o2(j)dj

t-O.55

whe~e 8 = width of the moving time window

DU:ting those parts of the accele~og:tam whe:te there is seve:te

ground shaking the value of aCt) will inc:tease accordingly.

Figu:te 2 p:tesents the moving time window :tms acceleration

calculated for the HS component of g:tound acceleration

reco:tded at 3838 Lankershim Boulevard. It should be noted

that aCt) values such as those in Figure 2 are highly

dependent upon the size of the moving time window. The time

window has the effect of "smoothing" energy ar~ivals ove~ a

period of time with the smoothing becoming more pronounced

as 8 inc:teases. Thus the usefulness of the numeric values

obtained fo:t moving time window :toot mean square

acceleration is questionable. The examination of the shape

of the a{t) g~aph, howeve:t, is helpful in ~ete~mining, in a

simple way, intervals of strong and weak levels of shaking.
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Tr ifunac and Brune - C'970) e x amine d the

accelerograms recorded at EI Centro for the May 18, 1940

Imperial Valley, California Earthquake and determined that

the earthquake consisted of multiple events at the source.

They could distinguish four clear events occurring during

the first 25 seconds of the record. Figure 3 is the moving

time window horizontal plane rms acceleration plot of that

record. The wave arrivals determined by Trifunac and Brune

are also indicated on the plot. In all cases these arrivals

correspond directly with an increase in the rms acceleration

plot. This confirms the usefulness of the moving time window

rms acceleration plot in identifying significant wave

arrivals at a recording station.

2.3 Principal Planes of G~ound Motion

The ability to distinguish between t-he types of

seismic waves which arrive at a site simplifies the

characterization of the ground motion at that site. With

this in mind, it is possible to define a moving time window

intensity tensor, [GCt)], for a set of ground accelerations,

aXCt), ayCt), and azCt), known along three mutually

perpendicular axes:



(12)

9XX 9 XY 9XZ

[GCt>] = 9yX 9yy 9yZ

9ZX 9Zy 9ZZ

14

whe:z:e

t+O.50

9ij = 9ij(t) =f OJ(T)Oj(T)dT

t-O.50

o = width of moving time window

The diagonal te:z:ms of the tensor have the fo:z:m:

t+O.50

9xxCt) = f o~(T)dT
t-O.50

While the off-diagonal te:z:ms have the fo:z:m:

t+O.50

9XyCt) f °X(T)Oy(T)dT

t-O.50

This definition of [Get) 1 is similar to that proposed by

A:z:ias (1969) and Penzien ePenzien and Watabe, 1975; Kubo and

Penzien, 1976; Kubo and Penzien, 1977). Penzien used his

p:z:ocedure to dete:z:mine the types of seismic waves a:z:riving

at as~te and thei:z: app:z:oKimate di:z:ection of t:z:avel at the

site.

The eigenvalues and eigenvectors of the tensor

[Get) 1 may be found as a function of time. The eigenvectol:s

correspond to the principal directions of the mov~ng time

window intensity while the eigenvalues correspond to the
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principal values of the moving time window intensity. This

is analogous to the determination of the principal stress

planes and the principal stresses for a continuum mechanics

or elasticity problem. The principal directions of intensity

correspond to the direction of principal earth ground

motions. Thus the maximum principal plane should be

indicative of the direction of the predominant ground motion

at time t. This information will be helpful in

distinguishing phases in which different types of seismic

waves and directions of travel at the recording site are

prevalent.

In order to simplify the interpretation, the

eigenvectors (x,y,z) are converted using the procedure shown

in Figure 4. The value of theta is with respect to the EAST

while phi is relative to UP. By varying t in the tensor and

calculating the corresponding values of phi and theta for

each principal plane, the time variation of the direction of

the ground motions may be obtained. The values corresponding

to the major principal plane are usually the most helpful.

Seismic body waves traveling from the fault to the

surface usually become more vertical in their travel paths

due to refraction occurring as they go from stiff to softer

rock and soil materials. Thus it could be expected that a

P-wave incident at a site should produce motions
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predominantly in the vertical direction corresponding to a

phi of 0 degrees. S-waves on the other hand should exhibit

motions predominantly in the horizontal plane corresponding

to a phi of 90 degrees. Thus it would be reasonable to

expect a shift in the phi angle of the maximum principal

plane from 0 degrees to 90 degrees at the initial arrival of

S-waves at a site (this presupposes that the recording

device was triggered by one of the initial P-wave arrivals).

This hypothesis has been confirmed by the work performed by

Kubo and Penzien (1976). It must be noted that Kubo and

Penzien used a very wide time window with a width of 5

seconds. This investigation util~zes a time window width of

0.5 seconds. This allows a much sharper determination of the

first S-wave arrivals. Figure 5 is a plot of the phi angle

for the maximum principal plane for 3838 Lankershim

Boulevard. A time window width of 0.5 seconds was used. This

method provides an accurate and easy to use procedure for

determining the time of initial S-wave arrival. It also has

the advantage of not requiring additional assumptions or

special training.

An excellent check of this method of processing

accelerograms was obtained by an examination of the

acceleration data recorded at San Francisco Golden Gate Park

during the March 22, 1957 San Francisco Earthquake. Figure 6
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is a plot of the phi angle fo~ the maximum p~incipal plane

fo~ this site. An afte~shock occu~~ed app~oximately 28

seconds afte~ the initial shock while the ~eco~de~ was still

~unning. The phi plot dips towa~d 0 deg~ees at the fi~st

P-wave a~~ival co~~esponding to the afte~shock. Phi ~etu~ns

to app~oximately 90 deg~ees when the S-waves f~om the

afte~shock a~~ive.

The theta plot fo~ the maximum p~incipal plane

does not p~ove as easy to inte~p~et. Figu~e 5 shows the

theta plot of the maximum p~incipal plane fo~ 3838

Lanke~shim Bouleva~d using a time window width of 0.5

seconds. The angle changes ~apidly making conclusions hard

to d~aw. The fact that phi can be inte~p~eted successfully

demonst~ates that S-waves a~~ive almost ve~tically at a

site. The va~iation of theta, howeve~, suggests that this

technique can not be used to dete~mine the pola~ization, if

any, in a specific ho~izontal di~ection.

A precaution must be observed when employing this

p~ocedure. Phi an~ theta are calculated through ~he use of a

time window. Thus estimates of the exact time of a wave

arr~val are accurate to within about one half of the time

window size or ~0.25 seconds for a time window of 0.5

seconds.
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2.4 Response Envelope

It is also useful to eHamine how the frequency

content of the individual acceleration components change

with time. A moving time window procedure was used to

calculate the Fourier amplitude spectrum as a function of

time by Kubo and Penzien (1976; 1977). They found that the

value of the dominant frequency generally decreased with

time. In some cases the dominant frequency changed its value

suddenly at a fiHed time. It was concluded that this may

indicate the arrival of a different type of seismic wave.

This method, however, contains some serious drawbacks

because of the use of a time window. The time window must be

large, several seconds in length, in order to properly

sample the low frequency content of the record. Conversely,

it would be desireable to use a small time window so that

the variation of the high frequency components can be

observed. Thus the moving time window approach has obvious

limitations.

This meth~d can, however, be successfullyap~lied

to a specific segment of acceleration data. The equivalent

frequency of a stationary random process is usually defined

as (Clough and Penzien, 1975):
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whe:re w = angula:r f:requency

sew) = powe:r spect:ral density of the p:rocess

v = equivalent f:requency

Fo:r a dete:rministic signal, such as an accele:rog:ram, Sew)

can be defined in terms of the Fou:rier amplitude spect:rum of

the accele:rog:ram (Bendat, 1958):

(14)
1 2

Sew) = ~1T t (w)

where d = time inte:rval conside:red of the

accele:ration time history

few) = Fou:rie:r amplitude spect:rum

The above equation assumes that du:ring a limited du:ration,

the accele:rogram is a random process with a constant ave:rage

frequency content. The Fourier amplitude spectrum can easily

be calculated for a set of disc:rete data by employing the

Fast Fou:rier T:ransfo:rm method. Combining both equations

results in the following:
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The equivalent frequency is used for probabilistic studies

which require an equivalent number of cycles.

Following a similar procedure, Liu (1970) divided

an accelerogram into contiguous segments, calculating the

power spectral density for each segment. This method

represents approximately the evolution of the frequency

content with time.

Kameda (1975) made use of a technique developed by

Priestley to calculate approximately an evolutionary power

spectrum. This is a multifilter technique which employs a

single degree of freedom linear oscillator to filter the

input accelerogram. A modification of Kameda's work was used

in this thesis. The equation of motion of a single degree of

freedom linear oscillator subjected to a base acceleration

is:

(16)

where aCt) = relative displacemnt of the oscillator

n = damping ratio of the oscillator
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wo = natu~al f~equency of the oscillato~

aCt) = base accele~ation time histo~y

The ene~gy of the oscillato~ is p~opo~tional to the ~esponse

envelope, e (t) :

2 [. J2
e(t) = [d(tU + ~~)

The fi~stte~m ~ep~esents the potential ene~gy sto~ed in the

sp~ing while the second te~m ~ep~esents the kinetic ene~gy

~esulting f~om motion of the mass of the system. When the

value of the damping ~atio is small the oscillato~ acts as a

na~~ow band filte~ ~esponding p~ima~ily to f~equencies close

to its own natu~al f~equency. The ~esponse envelope

indicates how the ene~gy of the accele~ation time histo~y

va~ies as a function of time fo~ a specific individual

f~equency. By va~ying the natu~al f~equency of the filte~ it

is possible to dete~mine what f~equencies a~e p~evalent

du~ing va~ious pa~ts of the g~ound motion. A damping ~atio

of 0.05 was used in this study following Kameda's suggestion

that the damping should be in the ~ange 0.05 to 0.2. Figu~e

7 shows the ~esponse envelopes ~esulting f~om the use of 5

and 10 Hz filte~s on the NS component ~eco~ded at 3838

Lanke~shim Bouleva~d. Kameda modified the ~esponse enveloFe

by the natu~al f~equency and damping ~atio of the filte~ to
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obtain the evolutionary power spectral density of the

acceleEogram.

This method eliminates the pEoblems associated

with the use of a time window. However, the user must select

a value for the frequency of the filter that corresponds to

the frequency of the seismic waves of interest. To determine

the parts of an accelerogram in which the energy at the

filter frequency is prevalent, a comparison of the relative

magnitudes found in the response envelope plot should be

made.

2.5 Computer Proqrams

Following the definition of the above techniques,

a computer program was writt~n to allow their application to

corrected accelerograms which were obtained from Caltech,

and which are described in Volume II of the series, strong

Motion Earthquake Accelerograms (Hudson et. al., 1971). This

program was labeled SMAP (~trong notion Analysis ~rogram)

and is described in Appendix 1.

It is possible to substitute velocity for

acceleration in Husid, rms, and principal plane

calculations. These substitutions were made and another

program was written to perform these procedures for velocity

time histories.

Both computer programs were used to process the
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~eco~ds obtained du~ing the 1971 San Fe~nando Ea~thquake.

The %esults a~e p~esented in Pa~t 3. Some applications of an

ea%lie~ ve~sion of the accele~ogram p~ocessing p~ogram we~e

~epo%ted by Dobry, Singh and Bond (1978).



PART 3

CHARACTERIZATION OF THE SAN FERNANDO EARTHQUAKE

Seve~al p~ocedu~es have been suggested by othe~

~esea~che~s to cha~acte~ize and ~ep~esent g~ound motions in

both f~equency and time domains. Shoja-Taheri and Bolt

(1977) p~oposed the use of a spect~ally maximized ~eco~d.

This ~eco~d is obtained by combining the Fou~ie~ spect~a of

both ho~izontal components in o~de~ to maximize the

~esultant spect~um. The ~eco~d resulting f~om this

combination is independent of azimuthal orientation. The

spect~ally maximized ~ecor~may be used fo~ engineering

analysis. Seed and Id~iss (1971) evaluated the liquefaction

potential of saturated sand deposits th~ough the use of a

peak acceleration and an equivalent numbe~ of cycles. This

method of cha~acterization has been used p~imarily to study

the ~esponse of soils. Pe~ez (1973) has defined a g~aph

called the time duration spect~um. A response spectrum is a

plot of the maximum response of a single deg~ee of freedom

system subjected to a pa~ticula~ accele~ation time histo~y,

fo~ a specific damping factor and fo~ a range of

f~equencies. Howeve~, the use of this maximum value does not

indicate the du~ation of time that a specified level is

exceeded. Fo~ that purpnse, Pe~ez calculated the velocity

24
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response of a single degree of freedom system versus time

for a given damping ratio and for a range of system

frequencies. These results p~oduce the velocity response

envelope spectrum. By plotting the cumulative total time

that the velocity response envelope spectrum equals or

exceeds a given level. the time duration spectrum is

obtained. Thus, a level of response and an associated

duration become available fo~ design purposes.

This study will characterize ground motions using

a procedure suggested by Housner (1975). The intensity will

be defined by a combination of two parameters. one

describing the level of shaking and the other the duration

of the shaking. The level of shaking will be measured by the

horizontal plane rms acceleration which is defined as

follows:

t]+~

(18) 0H - +f [a~(t)+a?(t)Jdt
t]

where ~ = time corresponding to the beginning of

strong high frequency shaking

~ = duration of strong shaking

(this is in principle identical with

the duration of the second part of

the accelerogram record defined in
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Part 1)

aXct), ayCt) = orthogonal acceleration time

histories recorded in the

horizontal plane

As discussed in Part 2, rms acceleration is used as a

measure of the level of shaking for several reasons. One of

these reasons is the expectation that a reduction of scatter

will be realized over the more conventional measure of peak

acceleration. The horizontal plane definition used provides

results which are independent of the orientation of the

recording device.

3.1 Definition of the Duration of strong Shaking

Methods used in the past for the determination of

the duration of strong shaking will be examined first. The

first definition, bracketed duration (Bolt, 1973; Cloud and

Perez, 1969; Cloud, 1973}, is the time interval during which

the acceleration amplitude equals or exceeds a specified

level. This level is usually specified as 0.05 g or 0.10 g.

This method has been found useful due to its approximate

correspondence with the strong part of ground shaking and is

generally applied to the individual acceleration components.

It should be noted that for a given earthquake event, the

duration by this definition decreases with an increase in

distance from the source, with the duration becoming zero
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when the peak accele~ation at a site is less than the

specified level (Chang and K~initzsky,1977),

The second method fo~ dete~mining du~ation

examines the Husid plot of ene~gy buildup ve~sus time

(T~ifunac and B~ady, 1975). The du~ation using this second

method is the time inte~val ~equi~ed to accumulate a

p~esc~ibed f~action of the total A~ias Intensity. Thus the

time inte~val between two a~bit~a~y levels, fo~instance, 5%

and 95% of the total A~ias Intensity would be defined as the

du~ation. This methods eliminates, at least pa~tially, the

beginning and end of the accele~og~am which ~ep~esent a low

ene~gy input.

Anothe~ method (Vanma~cke and Lai, 1977} assumes

that an accele~ation time histo~y is a stationary Gaussian

p~ocess with the expected peak acceleration occu~ring once

du~ing the du~ation of motion. Unde~ this assumption the

peak accele~ation is related to the ~ms accele~ation by the

following equation:

(19)

The ~ms accele~ation, bo ' may be ~elated to the A~ias

In tensi ty, IA (see Eqn. 3), by the following equation:

(20) 29 I -I -b2-:;:r- A - 0 - So 0
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Combini,ng these' equations yields:

(21)

where I o = (Zg/w)IA

~ = strong motion duration

~ = rms acceleration

ap = peak acceleration

~ = predominant period of the motion

Knowing I A , ap, and To it is possible to calculate bo and

~. This method essentially replaces the accelerogram by a

sample of a Gaussian stationary process whose total Arias

Intensity and expected peak value match those of the record.

McCann and Shah (1979) have determined the

duration of strong shaking through the use of the cumulative

rmsacceleration which is defined as:

(22)
t

crms(t) = +ja2(T}dT

o

where crmsct) = cumulative rms

acceleration from the

beginning of the record

to time t

act) = acceleration time history

This is equivalent to obtaining the square root of the slope
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of a line d~awn f~om the o~igin to the point on the Husid

plot co~~esponding to time t. The time afte~ which the

cumulative ~ms accelezation is always dec~easingisassumed

by McCann and Shah to co~zespond to the end of st~ong

shaking since the accumulated accele~ogzam enezgy pe~ unit

time has ~eached its highest level and is now decxeasing. By

~eve~sing the accelezation time histozy and again

dete~mining the time afte~ which the cumulative zms

accelezation is always deczeasing, the time at the beginning

of the reco~d whe~e significant ene~gy begins to a~~ive may

be dete~mined. The time inte~val between these points is

defined as the inte~val of strong shaking. In this indi~ect

way, the method attempts to dete~mine the portion of the

record where the average rate of energy arriving is

incxeasing Or at a constant level.

The above p~oceduzes are ~elated only in an

indizect manner to the underlying seismological cause of the

st~ong shaking pazt, the axzival of dizect S-waves. It is

desirable to define an engineering approximation which

cO~Iespondsmoze closely to the actual seismological phases

obse~ved. Also, se~ious p~oblems may a~ise when the

definitions proposed by Trifunac-B~ady, Vanmarcke-Lai, and

McCann~Shah are used for soil records, as these definitions

will tend to lump together the strong, high fzequency and
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the moderate, low frequency parts of the accelerogram. .
without considering their different freguency content.

Hanks (1979) has suggested that the fault rupture

duration should indicate the duration of shaking experienced

at sites. This definition makes use of a seismological

parameter. Unfortunately, no account is taken of how the

energy is modified during its travel to the considered site.

As discussed in Part 1, Dobry, Idriss and Hg

(1978) have indicated that three distinct parts may be seen

in the accelerogram recorded at a rock site. These three

parts can be more clearly defined by examining the slope of

the Husid plot. These parts are related to three different

sets of wave arrivals at the site and to different slopes in

the Husid plot. They are as follows (see Figure 8):

1) Initial weak part, corresponding to P-wave arrivals, and

to the initial flat slope of the Husid plot.

2) Intermediate strong part, corresponding mainly to the

arrival of S-waves following a direct path between the

earthquake source and the recording station. This strong

part corresponds to the steep slope of the Husid plot.

3) Final weak part, corresponding to the arrival of indirect

body waves and surface waves.

The significant duration of the record is defined for the

purposes of this thesis as the duration of the intermediate
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st~ong pa~t of the record which co~~esponds tQ the steep

slope of the Husid plot. This du~ation will hopefully also

correspond to the time interval which contains the a~rival

of S-waves following a direct path between the ea~thquake

source and the recording station. This time interval may be

difficult to identify in the accelerograms recorded at soil

sites. The third part of the ~eco~d obtained at soil sites

is moderately strong, making it difficult to distinguish

from the second part.

Two times, t 1 and t 2 , will be defined as

cor~esponding respectively to the first and last times of

direct S-wave arrival. The Husid plot, moving time window

rms acceleration, and the p~incipal planes of ground motion

techniques described in Part 2 are directly applicable to

the determination of ~ . As a check, ~ calculated by these

methods for the San Fernando Earthquake reco~ds will be

compared to ~B ' the time of first S-wave arrival estimated

by Berrill (1975). Berrill calculated this time by the use

of a technique described by Hanks (1975) which ~equi~es the

computation of a set of rotated horizontal accelerograms

parallel and perpendicular to the souIce-station direction.

For the 1971 San Fernando Earthquake, Berrill's value, t lB '

was 1.8±O.2 seconds at the 3838 Lankershim Boulevard

station. Figures 8 and 9 are plots of the NS accelerogram,
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ho~izontal plane Husid plot, horizontal plane rms

acceleration, and maximum principal plane phi fo~ 3838

Lankershim Boulevard. Note that the beginning of the steep

slope in the Husid plot cor~esponds approximately to the

value tlB calculated by Berrill. An examination of the

moving time window root mean square acceleration plot at 1.8

seconds also indicates that the ene~gy input is increasing.

However, the sudden jump in accele~ation cor~esponding to

the initial S-wave arrival evident in the accelerogram is

not found in the moving time window rms acceleration plot.

This is because the time window size smooths the transition

from low to high levels of acceleration when it calculates

an average value for the width of the time window. The

maximum principal plane phi plot is also in transition at

1.8 seconds from a value of approximately 10 to 80 degrees.

This indicates a change from predominantly vertical motion

corresponding to P-waves to predominantly horizontal motion

corresponding to S-waves. This transition is also gradual

due to the smoothing effect of the width of the time window.

The use of the Husid plot in conjunction with the moving

time window rms acceleration and maximum plane phi plots

provide a good estimate o£ ~ The value t j = 1.6 seconds

obtained from these techniques for the Lankershim record is

indicated in Figures 8 and 9.
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The dete~mination of t2' the time co~~esponding to

the a~~ival of the last di~ect waves p~oves to be mo~e

difficult. The Husid plot is no~mally ff~ounded"in shape

du~ing the t~ansition from direct to indirect wave a~rivals.

This is demonstrated by the Husid plot found in Figure 8 for

the time inte~val from about 7.0 to 8.0 seconds. The maximum

principal plane phi plot shown in Figure 9 makes no dramatic

changes in value comparable to the P to S-wave transition at

t 1 . Hence the Husid and maximum principal plane phi plots

offer little insight into the determination of t2. However,

the moving time window rms acceleration plot values found in

Figure 9 drop in the time interval from 7.0 to 8.0 seconds.

An examination of the accele~ogram in Figure 8 indicates

that this time interval corresponds approximately with the

termination of large amplitude high frequency acceleration

pulses at the site. Thus, for the San Fe~nando records, ~

will be defined as the time at which the moving time window

rms acceleration values are in transition from the high

values experienced following the initial S-wave arrivals to

a final lower level. The value t2 = 7.5 seconds obtained

from the rms acceleration for the Lankershirn station is also

indicated in Figures 8 and 9. Figures 10 and 11 show the ~

and t2 values determined for four San Fe~nando sites on

plots of moving time window rms acceleration. Thus strong
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shaking is defined to occur in the time interval from tl to

t2 and the duration of the strong shaking equals

~ = t2 - t 1

3.2 Moving Time Window RMS Acceleration Plot

As previously mentioned, this study examined the

accelerograms which were recorded at free field, basement,

and ground floor sites that recorded shaking from the

February 9, 1971 San Fe:tnando Earthquake. Altogether, 97

sets of accelerograms, each consisting of three individual

components (2 horizontal, vertical) were considered. The

list of stations studied is presented in Table 1. A map of

the area of strong shaking is contained in Figure 12. The

map explicitly locates each recording station for which a

plot is presented in this thesis.

Several reports have provided information about

the source characteristics of the 1971 San Fernando

Earthquake (Bolt, 1972; Mikumo, 1973; Trifunac, 1974; Hanks,

1974; Boore and Zoback, 1974; Niazy, 1975; Bouchon and Aki,

1977; Bouchon, 1978; Heaton and HeImberger, 1978). The

thrust fault produced an earthquake with a local magnitude,

Ml=6.3 (Kanamori and Jennings, 1978), Figure 12 shows the

location of the surface trace of the fault. Figure 13 shows

the approximate geometrY of the fault with depth. The

causative fault which dips to the northeast ruptured along a
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total length of 15 to 23 km. The zuptuze stazted at ~he

hypocentez, located to the nozth of the gzound suzface tzace

and at a depth of 10 to 15 km, and pzopagated up and south

until it zeached the gzound suzface. The zuptu~e velocity at

the fault was estimated to be between 2 and 3 km/sec. Values

estimated foz the total zuptu~e du~ation a~e fzom 9 to 10

seconds (Bouchon, 1978; Heaton and Helmbezgez, 1978).

Hozizontal plane Husid, hozizontal plane moving

time window zms accelezation, and maximum p~incipal plane

phi plots were produced for each station. A moving time

window width of 0.5 seconds was used when obtaining the

moving time window ~ms accelezation and maximum pzincipal

plane phi plots.

An examination of the moving time window zms

accelezation plots pzoduced foz sites within sevezal

kilometezs of each othez produced intezesting zesults. A

distinct shape of the moving time window zms accelezation

values is evident. This fact is illustrated in Figuzes 14

through 17 which show plots for four pairs of adjacent

sites, whose locations are indicated in Figure 12. These

figures indicate that stations located in a small area

experienced the same sequence of energy arrivals regardless

of local site conditions.

Figure 14 shows the moving time window rms
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accele~ation plots at Hollywood Stoxage Basement and

Hollywood Sto~age P.E. Lot. These stations a~e located

within seve~al hund~ed feet of each othe~. The shapes of the

plots a~e simila~, indicating the same sequence of a~~ivals,

but with diffe~ent absolute amplitudes, p~obably due to the

influence of local conditions. The Hollywood storage

Basement site has lower absolute ~ms accele~ation values

than the Hollywood Sto~age P.E. Lot site which is located in

the free field.

The azimuth of the sites with ~espect to the

epicente~ (north or south) also affects the resulting moving

time window root mean square acceleration shape. Figures 14,

15, and 16 contain plots f~om sites located to the south of

the epicenter while Figure 17 shows the plots from ~wo

northern sites. The northern sites in Figure 17 have one

short duration jump in the moving time window xms

acceleration while the southern sites exhibit more numerous

jumps with a greater total duration. The consistency of

duration chaxactexistics for stations south of the fault is

illustrated by Figuxe 18, which shows horizontal plane Husid

plots for ~our stations. III four sites axe located in the

Santa Monica Mountains (see Figure 12). In Figure 18, all

four time scales have been shifted so that ~ occurs at 2.0

seconds for all of the plots. This difference between
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northern and southern sites, which was also true for other

stations. must be related to the directionality of the

faulting and wave radiation process which has also been

observed by other researchers CHanks, 1974; Heaton and

HeImberger, 1978).

3.3 Probabilistic Model of the San Fernando Earthguake

The similarity of moving time window rms

acceleration plots for specific areas and azimuths suggests

that the shape may be related to definite wave arrivals

which adjacent sites experienced. Thus, to characterize the

strong part of ground shaking experienced at a site and

obtain good results, a nonstationary model would be

required.

A plot representing the average moving time window

rms acceleration for aset of 11 sit~s south of the

epicenter was produced. Table 2 identifies the 11 locations.

The moving time window rms accelerations computed for 22

horizontal components, recorded at 11 different locations

were normalized and averaged. The individual components were

shifted by the time of initial S-wave arrival determined by

Berrill, ~B • This aligns the initial S-wave arrivals at all

the sites. Then the average, [SaCt)!ave ' was computed as:
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1 I: 1 /2- a'(T)dT
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whez:e t vaz:ies from 0.0 to 6.2 seconds

(24)
6.2-lfa7<t>dt6.2 I

o
aj (t) = ith acceleration time history

shifted by t 1B

A duration of 6.2 seconds was assumed since this value is

representative of the strong motion duration of the 11

stations listed in Table 2. [So (t) love has an average value

~f1 since each individual moving time window root mean

square a.cceleration plot has been noz:malized by (sa)T .

Figure 19a gives the resulting [So (t) love plot. Figure 19a

shows the same two main peaks that are present in moving

time window rms acceleration plots for most stations south

of the epicenter (see Fig. 11). A simple nonstationary

model, ~n(t), consisting of two peaks of equal height and

two valleys of equal height was fitted to [So (t) love as

shown in Figure 19a. Therefore, for computational purposes,

~n(t) can be divided into two succesive stationary segments

of dUl::ations dl and d2 with d1 + d2 = d = 6.2 seconds. The

segment of height ¢1 z:epresents the peaks, while the second
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segment of height $2 represents the valleys. It should be

noted that 1/d (cPTd1 + <P~d2 > = 1. Then the normalized

nonstation~ry model <PnCt> was used to pzedict the times of

occurrence, t p , of peak accelerations for the ground motion

during the San Fernando Earthquake.

For a stationary model, the probability density

function of the time of peak acceleration, t p , is:

(25)

Thus with a stationary model, the peak acceleration has an

equal chance of occurring anytime during the strong motion

duration d. The probability density function of the

nonstationary model can be calculated by assuming

independence between the two stationary segments $1 and <P2 .

(26)

where v = equivalent frequency (This quantity is

c alcula ted using Eqn. 15, An aver age

value of 4.5 cps was calculated for

the 22 components)
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By multiplying m1 and m2 by the total numbe~ of actual cases

(108), a theoretical histogram was obtained. This histogram

is included in Figu~e 19b. The theoretical histogram shows

the same peaks and valleys observed in Figure 19a. Figure

19b compares the theo~etical histog~am with one obtained by

plotting the number of actual cases of component peak

accelerations which correspond to a value of t p - tlB for

108 horizontal components recorded at 54 stations south of

the epicenter during the San Fernando Earthquake. The time

scales of the individual components were shifted by the

corresponding value of tlB . The shape indicates that there

were two intervals of strong horizontal shaking lasting

about 1 second each, occurring at about 2.5 and 5 seconds

after the first S-wave arrival. Most of the recorded peak

accelerations occurred within these intervals. The shapes of

the theoretical and observed histograms in Figure 19b show

very good agreement. It should be noted that the histogram

resulting from a stationary model would plot in Figure 19b

as a horizontal line with a constant uniform d~stribution

and a height of 8.7 cases. Thus, the strong shaking part

experienced to the south of the epicenter can not be

accurately modeled using a stationary process. This

probabilistic model was also presented in a previously

published paper (Dobry, Bond and O'Rourke, 1979).
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Perhaps the observed moving time window rms

acceleration plots can be related to the process which

occu~~ed at the fault. The diffe~ences observed between

moving time window rms acceleration plots from the no~th and

the south of the epicente~ may possibly be explained by the

directionality of the faulting process which has been noted

by other researchers (Hanks, 1974; Heaton and HeImberger,

1978). Additionally, as shown in Figure 13, the faulting

occurred on two planes separated by a bend at a depth of

about 5 km (Hanks, 1974; Bouchon and Aki, 1977; Bache and

Barker, 1978; Bouchon.1978). Archambeau (1978) and Heaton

and Helmberger (1978) have found it necessary ~o include

both directionality and fault plane irregularities in their

San Fernando fault models in order to obtain good results at

various azimuths between predicted and recorded ground

motions. Bouchon (1978) provides an explanation of the

distinct shape found for certain areas and azimuths for the

moving time window rms acceleration plots. He has introduced

a San Fernando rupture model which contains barriers or high

strength materials. As the propagating rupture encounters

these barriers, high localized stress drops and high

frequency acceleration pulses result. Archambeau (1978)

proposed that two high stress drop "events" occurred during

the fault rupture. One event occurred at the hypocenter at a
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depth of about 14 km while the second occu~red at the fault

bend at a depth of about 5 km. Thus, the moving time window

rms acceleration shape may be ~elated to acceleration and

deceleration pulses which ~esulted f~om the faulting

p~ocess. The consistency in the shapes of the moving time

window rms acceleration plots and in the time of the peak

accelerations, illust~ated by Figu~es 19a and 19b , could

then be explained by body wave phases related to these

bar~iers. Fo~ example, based on the work Bouchon and Aki

(1977) and Bouchon (1978), it could be speculated that the

fi~st peak at about 2.5 seconds in rigu~es 19a and 19b may

be associated with S-wave a~rivals f~om the fault plane

below the fault bend, while the second peak at about 5

seconds could be associated with S-waves gene~ated at the

a~ea between the fault bend and the fault tip.

3.4 Duration of the San Fernando Earthguake Strong Shaking

Using the p~ocedu~e desc~ibed at the end of Part

3.1, records from 97 sites from the 1971 San Fernando

Ea~thquake were examined to determine t] and t 2 . It was

possible to dete~mine ~ andt2 fo~ 68 of the 97 sites.

Those sites for which a tl o~ t2 value could not be

dete~mined along with a possible explanation a~e contained

in Table 3. ~ could not be calculated fo~ those sites where

the accele~og~aph trigge~ed late. A late triggering
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~eco~~~ng device p~oduces accele~og~ams which show no

cha~acte~istics of the t~ansition f~om P to S-wave a~~ivals.

In these cases, the moving time window zms accele~ation plot

has high values at the beginning of the plot indicating that

the typical initial low level part co~responding to P-wave

a~zivals was not ~ecorded. Additionally, the maximum

pzincipal plane phi plot has values of appzoximately 90

deg~ees at the sta~t confi~ming that the S-wave a~~ivals had

stazted befo~e the beginning of the recozding. Ceztain soil

sites also intzoduced p~oblems. The detezmination of t2 fo~

these soil sites is difficult because the t~ansition f~om

high to low levels of moving time window ~ms accele~ation

values is gzadual with no distinct separation. This p~oblem

will be investigated fu~ther in Pa~t 4 foz the sites C048,

I137, and J145. Sites located in close p~oximity to the

Pacific Ocean and at lazge distances f~om the epicente~

demonstrated no disce~nible stzong pazt. This is p~obably

due to the increased impo~tance of suzface waves ~elative to

body waves with inc~easing distance f~om the sou~ce (the

sho~eline sites weze50 to 100 km f~om the epicenter).

Table 4 contains the va.l ues of t] , t2 ,and

t] fo~ the 68 stations. Also included in Table 4 is

~B ' the time of initial S-wave ar~ivalsestimated by

Bez~ill (1975). Figu~e 20 demonst~ates that t] calculated by
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this study is in goo~ agreement with tlB calculated by

Berrill for most of the stations. Berrill's method seems to

produce betteL results for distant records than the method

used in this thesis.

Figures 21 and 22 present plots of the duration of

strong shaking, ~, versus distance to the hypocenter and

azimuth from the epicenter respectively. The value of

duration does not seem to be related to distance. This

result may appear at first sight inconsistent with studies

made by other researchers (Trifunac and Brady, 1975; Dobry,

Idriss and Ng, 1978; Hays, King and Park, 1978) where

duration was found to increase with distance from the

source. These other studies, however, calculated significant

duration using the Trifunac-Brady procedure described in

Part 3.1 where the duration is defined as the time interval

required to accumulate between 5% and 95% of the total Arias

Intensity of the record. The Trifunac-Brady procedure

includes in the computed duration, in addition to the strong

shaking part, some of the indirect, reflected, and surface

wave arrivals contained in the third weak part of the

record. These wave types increase in importance ~ith

distance from the source thus increasing the Trifunac-Brady

duration. The method used in this thesis to compute duration

attempts to eliminate this effect by considering only the
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st~ong shaking pa~t and thus shows no influence of distance

on du~ation.

A correlation exists between the duration and the

azimuth from the epicente~ as seen in Figure 22. Azimuth is

measured clockwise with respect to no~th which is 0 degrees.

Sites north of the epicenter have a duration, ~, of 3 to 4

seconds while sites south of the epicenter have a duration

of 5 to 8 seconds. The total ~upture duration for the San

Fernando Earthquake has been estimated as 9 to 10 seconds

(Bouchon, 1978; Heaton and HeImberger, 1978). However, the

San Fernando Earthquake fault process was directional with

the thrust fault rupture propagating in a southernly

direction. This effect causes ~ecording stations to see

different apparent durations depending on their azimuth.

Heaton and HeImberger (1978) found the shear wave radiation

time to be approximately 8 seconds for the sites south of

the epicenter and 12 seconds for the sites north of the

epicenter. Thus, the method used in this thesis shows good

agreement for the southern sites and bad agreement for the

northern sites. Evidently for the northern sites, the

procedure only identified the time interval corresponding to

the strong ~upture which occurred at the hypocenter.

The determination of duration at soil sites is

clearly more complex than at rock sites. The time domain and
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duration characterization at soil sites should consist of

two parts. The first part is the strong, high frequency part

of the accelerogram which is also evident at adjacent rock

sites. This part has a duration ~. the second part is the

moderate, longer period part found only at some soil sites.

These parts together determine the motion experienced at a

site. Thus, for practical purposes it may be reasonable to

separate the duration experienced at rock and soil sites and

to define them as two distinct entities in future studies.

3.5 Level of Stronq Shaking of the San Fernando Earthquake

Using the values of t 1 and ~ determined in Part

3.4, the horizontal plane rms acceleration, aH defined by

Eqn. 18 was determined for the 68 sites listed in Table 4.

Table 4 contains the values calculated for aH' Two other

quantities were also calculated for comparison, aHB and apH

aHB is the horizontal plane rms acceleration calculated by

using Berrill's estimate of the first S-wave arrivals, t 1B '

as the beginning of the strong part coupled with a constant

duration, ~, of 6.0 seconds. A duration of 6.0 seconds was

used for two reasons. First, it corresponds closely to the

value of duration found for sites south of the epicenter in

Part 3.4. Second, it is better to underestimate the duration

in the calculation of aH than to overestimate it. By

overestimating the duration, the low level shaking following
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the strong part is included in the calculatLon of aH'

resulting in an underestimated value of aH. By

underestimating the duration, only the strong shaking part

is included. This produces a more realistic value for aH.

The values of aHB for the 97 sites have been included in

Table 4.

apH is the horizontal plane peak acceleration.

This measure of the peak acceleration is independent of the

orientation of the recording devices and is determined as

:follows:

(27) 0H(t) = o~(t)+ o?<t)

°pH = IOH(t)1
max

where aH(t) = horizontal plane acceleration

ax(t), ay(t) = horizontal plane acceleration

components

Table 5 contains the values calculated for apH. apH is

closely related to apx and a", the peak acceleration values

of the horizontal components. This is illustrated by the

plot of apH versus the maximum of apx and apy in Figure 23.

In the calculation of aH' it was observed· that

some small geographic areas contained stations with

comparable values of aH (example - C051:534, C054:575,
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E078:554, K157:598, 2241:538, R244:589). In othex ~mall

axeas, dissimilax values of aH wexe obtained. This lack of

similaxity was pxominent at the Hollywood Stoxage Basement

and Hollywood St~rage P.E. Lot stations where ~H was

calculated to be 672 and 937 mm/sec/sec respectively. These

stations are within sevexal hundred feet of each other.

exouse and Turner (1978) and Shakal and Toksoz (1978) have

noted a diffexence in the Fourier amplitude spectra of these

accelerogxams fox frequencies higher than 5 Hz. The P.E. Lot

station is a free field site and its Fourier amplitude

spectrum contains more enexgy above 5 Hz than the basement

station. Newmark et. al. (1977) and Crouse and Turner (1978)

have explained this by suggesting that the large building

foundation filtered out the high frequencies and thus

averaged the ground motions at the building site. In an

effort to assess the effect of this difference and to

simulate crudely the filtering effect of large buildings,

the Hollywood storage accelerograms as well as the other

accelerograms in Table 4 were band pass filtered with only

frequencies below 5 Hz passed. The horizontal plane rms

accelerat~on was then recalculated using the filtered

accelerograms. The filtered horizontal plane rms

acceleration, aHF' may be found in Table 4 for the 68

stations. The results at the Hollywood storage sites are
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encouraging. aHF is 637 and 743 mm/sec/sec for Hollywood

storage Basement and Hollywood storage P.E. Lot

respectively. The free field site root mean square

acceleration value decreases more than the basement value

confirming what was observed in the Fourier amplitude

spectrum. In most other areas, however, the band pass

filtered values of aHF did not show a reduction of scatter

compared with the unfiltered values of aH. This suggests

that other effects besides the filtering of high frequencies

by massive foundations of multistory buildings influence the

scatter of rms acceleration.

aH' aHB' and apH were plotted versus the

hypo central and epicentral distances to the recording

stations to determine the attenuation of these values with

distance. The distances of the stations from the hypocenter

and epicenter were obtained from Berrill (1975). Figures 24

through 30 present the plots of apH' aHB' and ~H ve%sus

distance to the hypocenter. Plots of apH' aHB' and aH versus

epicentral distance may be found in Appendix 2.

A least squares analysis was performed assuming an

equation of the form y = cxd where y represents the

acceleration quantity at a distance x from the source. The

numerical values for the parameters c and d are found in

Table 6. The curves resulting from the least squares
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analysis a~e plotted in Figures 24 through 27 fo~ the 97

sites of Table 4, Figuxes 28 and 29 fox 68 sites, and F~guxe

30 fo~ xock sites only. The accelexation data fits the least

squaxes cu~ves well with the coefficient of coxxelation, x,

ranging from 0.83 to 0.89 (see Table 6). Howevex, the

scatte~ of aHB and aH values measured by the value of r in

Table 6 is not significantly less than the scatter of apH

values. This result was not expected and tends to discourage

the use of aHB or aH ove~ apH fo~ chaxacterization purposes.

The equations for aHB (97 sites) and aH (68 sites) in Table

6 axe very similar, if x = hypocentral distance, aHB =

1. 17*105 x-1.46 and aH = 1.20*105 x-1.43 The equation for apH

(97 sites) is apH = 4.22*105 x-1.54 This confirms that aH is

app~oximately equal to aHB and suggests that on the average

apH is about thxee times la~ge~ than aH. The cuxve

calculated for rock sites only contains too few sites to

draw any definitive conclusions.

Figure 31 is a plot o£ aH versus aHB' aHB

calculated using a constant duxation, ~, of 6.0 seconds

pxoduces results which axe comparable to aH which was

calculated using a duration, ~ = t2 - t 1 except for sites

north of the epicenter. At these northern sites 6.0 seconds

overestimates the duration experienced resulting in an

underestimated value of rms acceleration. This conclusion
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pIobably applies also to the values of rms acceleration

computed by Hanks (1979) using a constant duration of 10.0

seconds for the San Fernando Earthquake. Figures 32 and 33

are plots of apH versus aHB and aH respectively. apH is

closely related to both aHB and aH as shown in these plots

with apH ~ 2,55aH - 2.7aHB. This result together with the

values of r in Table 6 suggests that for a given earthquake

event such as San Fernando, apH is as sui table as aHB or aH

for earthquake characterization. This conclusion should be

verified, however, for other earthquake events. It is also

possible that the factor 2.7 may change for other

ea:r:thquakes.

The reg:r:essions summarized in Table 6 suggest that

apH' aHB' and aH are similarly attenuated with distance as

(hypocentral distance )-1.5 • This is exactly what is

predicted by the Brune-Hanks model of Eqn. 10. Therefore, it

was decided to compare the attenuation cu:r:ve p:r:edicted by

this model for the San Fernando Earthquake with the

empirical attenuation curves from the regression found in

Table 6. Figures 34 and 35 include these comparisons for aHB

and aH. In order to convert from component to horizontal

plane rms acceleration, Equation 10 was multiplied by a

factor of~:
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(28)

whexe the symbols a%e the same as Eqn. 10

The following estimates of the San fernando pa%amete%s used

in Figuxes 34 and 35 were made by Hanks (1979):

~s :: 50 bars

Td = 10 seconds

p :: 2.8 gm/cubic cm

B :: 3.2 km/sec

Q :: 300

The obsexved cu%ves are greater than the theoretical curve

by a factor of about 1.9 with all three curves being

similarly attenuated by distance. Hanks has assumed a

faulting duration of 10 seconds for calculating the

theoretical cuxve while 6 seconds was used here for the

calculation of ~HB' If the faulting duration was taken to be

6 seconds, the ratio between the theoretical and the actual

curves would increase to a factor of about 2.5.

Hanks (1979) also noticed this discrepency between

the predicted and observed values of rms acceleration for

the San Fernando Earthquake and offers two possible

explanations. First, the data includes all azimuths and thus
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samples diffeEent paEts of the iEEegulaE focal spheEe which

concentIated its ene~gy mainly to the south. Second, Hanks

believes that the event was mo~e eneEgetic than the

theoIetical paIamete~s suggest. A laEgeE value of stIess

d~op, ~s, in Eqn. 28 would imp~ove the ag~eement between the

theo~etical and obse~ved values.

3.6 Examination of Velocity as ~ St~ong Shaking Pa~ameter

It was shown in the previous section that rms

accele~ation was not significantly supe~io~ to peak

acceleration as a gIound motion paIamete~. Thus the decision

was made to attempt to characterize the level of strong

shaking by rms velocity. Velocity was chosen because it

represents longer wavelength motions, which are hopefully

mo~e consistent over a wideE area than the shoEteE

wavelength motions repIesented by the acceleration. The

horizontal plane Ims velocity, vH' is defined as:

tl+~

(29) VH = ~ f [v~(t)+v?(t)Jdt
tl

where t 1 = time corresponding to the beginning

of stIong shaking

~ = dUIation of strong shaking

Vx (t), Vy (t) = velocity time histories in the

horizontal plane
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The time interval corresponding to the strong shaking is

assumed 1:0 be ~ = t2 - 1:1. The values of 1:1 and.:i found in

Table 4 were used to calculate vH.

The horizontal plane peak velocity, vPH' was also

calculated for comparison purposes. vPH is defined as

follows:

(30) VH(t) = v~(t)+v?(t)

vPH = IvH(f)I
max

where vHct) = horizontal plane velocity

Vx (t), ~ Ct) = horizontal plane velocity

components

Table 5 contains the calculated values of vPH and vH.

Figures 36 and 37 are plots of vPH and vH versus

distance to the hypocenter respectively. Appendix 2 has

these values plotted versus the distance to the epicenter. A

least squares analysis was performed assuming an equation of

the form y = cxd where y represents the velocity quantity at

a distance x from the source. The numerical values for the

paramters c and d are found in Table 6. The coefficient of

correlation, r, for acceleration versus distance for both

soil and rock sites ranged from 0.83 to 0.89 while the range

for velocity versus distance for the same sites ranged from
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0.73 to 0.80. The fit of data points to the curves in

Figures 36 and 37 indicates that the scatter is larger for

velocity than for acceleration. Therefore, the expectation

of decreasing the scatter by utilizing velocity was not

realized. Boore et. al. (1978) have concluded that for the

San Fernando Earthquake, peak acceleration is not

significantly modified by soil sites. Velocity, however, was

amplified at soil sites. This may help explain the larger

scatter found when plotting velocity instead of acceleration

versus distance.

The time at which vPH occurred was also.

determined. Table 5 indicates which records had vPH occur

during the interval from t j to t2. 50 of the 68 stations

(78%) have vPH occurring in the strong shaking part. Hence

the arrival of direct body waves and not surface waves seems

to be responsible for approximately 75% of the vPH values.



PART 4

ANALYSIS OF SURFACE WAVE MOTION
IN THE SAN FERNANDO VALLEY

This pazt des~zibes a detailed analysis of five

San Fernando Valley records using the time domain techniques

of Part 2. These sites are:

Caltech numbez Location

C048 8244 Orion Blvd. , Los Angeles

H115 15250 Ventura Blvd., Los Angeles

I137 15910 Ventuza Blvd., Los Angeles

J145 15107 Vanowen Street, Los Angeles

2233 14724 Ventura Blvd. , Los Angeles

Figure 12 is a map which gives the approximate locations of

these sites in the San Feznando Valley. C048 and J145 are

lbcated near the center of the valley. H115, 1137, and 2233

are located at the southern end of the valley close to the

boundary of the valley and the Santa Monica Mountains.

The San Fernando Valley is a broad, fairly flat

plain bounded on the north by the San Gabriel and Santa

Susana Mountains, on the west by the Simi Hills, to the

south by the Santa Monica Mountains and on the east by the

Vezdugo Mountains. Tables 9, 10, and 11 summazize subsuzface

infozmation foz the San Feznando Valley pzesented by Duke

et. al. (1971). Table 9 corresponds to station C048 which is

56
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located nea:r the. cente:r of the valley. Table 10 co:r:responds

to station J145 which is mo:re to the south. Table 11

co:r:responds to the th:ree Ventu:re stations (H115, I137, and

2233) which a:re close to the southe:rn edge of the valley

(see also Figu:re 12). These tables show that the valley

geology consists essentially of a layer of alluvium followed

by sedimenta:ry :rock, both unde:rlaid by basement :rock. The

thickness of the alluvium is about 1000 feet at C048 and

decreases to the south being about 80 feet at the ventu:ra

stations (see also Shannon and Wilson, 1978; A:rango and

Clayton, 1978). The combined thickness of the alluvium and

the sedimenta:ry laye:rs also dec:reases :rapidly to the south,

being 13900 feet at C048, 9500 feet at J145 and 6000 feet at

the Ventu:ra stations. The P-wavevelocities, ~, in Tables

9, 10 , and 11 a:re field measu:rements. The S-wave

velocities, ~, a:re field measu:rements only at shallow

depths (0 to 100-300 feet). The S-wave velocities at g:reater

depths a:re estimated from P-wave velocities.

Hanks (1975) and Dobry, Idriss and Ng (1978) have

indicated that the San Fernando Valley structure contributed

to the number of indi:rect, reflected, and su:rface waves

which stations located in the valley experienced. The

:resulting ground motions in the valley were considerably

diffe:rent from those expe:rienced in the neighboring hills.
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Figure 38 compares the ~orizontal plane Husid and moving

time window rms acceleration plots at one of the San

Fernando Valley sites (I137) with those those of the

Lankershim station (L166). The time scale of I137 has been

shifted so that t 1 of both records corresponds to 1.6

seconds. The motions experienced at Lankershim are

representative of the motions experienced by stations

located in 'the Santa Monica Mountains. This can be verified

by comparing the moving time window rms acceleration plot

for Lankershim with Figure 19a which represents the average

moving time window acceleration found in the Santa Monica

Mountains. The shape of the moving time window rms

acceleration plots is similar during the strong part of

shaking which corresponds to the time period from about 1.5

to 7.5 seconds. At 7.5 seconds the level of shaking at the

Lankershim site drops rapidly while the level of shaking at

th~ Ventura site maintains a high level. This' continued high

level confirms the existence of wave arrivals unique to the

San Fernando Valley. Table 7 gives specific information

describing the five stations which recorded motions during

the San Fernando Earthquake.

Stations C048 and J145 will be considered in more

detail first. In the preceding section, it was not possible

to determine a t2 value for these sites. The reason why can
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be seen by examining Figuzes 39 and 40, which cbntain the

hozizontal plane Husid and ~ms accele~ation plots fo~ the

two sites. The Husid plots exhibit no distinct changes in

slope aftez the end of the dizect S-wave azzivals and the

zms accelezation values ~emain at a high level foz a

considezable poztion of the recozd. This inczease in the

inte~val of st~ong shaking can be attzibuted to the azzival

of indizect, ~eflected, oz suzface waves at these stations.

Additional details become evident when an examination is

made of the veztical zms accelezation, obtained using Eqn.

11 with the veztical gzound accelezation, azet), and maximum

p~incipal plane phi plots contained in Figuzes 41 and 42. An

unusual phenomenon is found in the plots of the C048 site

starting at about 18.0 seconds and the J145 site sta~ting at

about 23.0 seconds. The ve~tical ~ms accelezation values

oscillate between high and low levels while the phi angle

oscillates between 10 and 90 degrees. The meaning of this

peziodic behavioz becomes cleaz when the definition of the

phi angle is examined. The phi angle indicates on which

plane the predominant ground motions aze occuzzing. The

periodic change in the dizection of pzedominant gzound

motions evident in Figuzes 41 and 42 is consistent with the

passage of a Rayleigh suzface wave. The ground pazticle

motion of a Rayleigh wave is elliptical in a veztical plane.
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This hypothesis would explain the period~c variation of the

phi angle. The phi angle is determined by sampling a 0.5

second portion of the accelerogram and then calculating the

principal direction of ground motion for that portion. If a

Rayleigh wave were passing the site, a different phi angle

would be determined depending upon which portion of the

Rayleigh cycle was sampled. When the motion is predominantly

vertical phi will be approximately 0 degrees while phi will

be approximately 90 degrees when the motion is predominantly

horizontal. Thus the phi angle of the maximum principal

plane will be constantly changing as the ground particle

motion traverses an elliptical path, with phi going from 0

to 90 degrees or vice versa every quarter of a cycle. It

should be noted that the time window size must be

considerably smaller than the period of the Rayleigh wave in

order that the sampling will produce this effect on the phi

angle. This suggests that if the wave arriving at the two

sites after 18.0 and 23.0 seconds respectively is a Rayleigh

wave, the period of this wave is considerably larger than

0.5 seconds.

The vertical moving time window rms accele~ation

plots contained in Figures 41 and 42 also support the

Rayleigh wave hypothesis. A Rayle~gh wave would produce

periodic changes in the vertical rms acceleration as the
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accele~ation alte~nated f~om p~edominantly ho~izontal to

p~edominantly ve~tical. In Figures 41 and 42 a peak in the

ve~tical ~ms accele~ation plots co~~esponds to a valley in

the principal plane phi plots. The g~eatest ve~tical rms

acceleration is experienced when phi is app~oximately 0

deg~ees, implying motion p~edominantly in the ve~tical

plane. A valley in the ve~tical rms acceleration plots

cor~esponds to a peak in the p~incipal plane phi plots. Low

values of vertical ~ms acceleration are expe~ienced when phi

is app~oximately 90 degrees, implying motion predominantly

in the ho~izontal plane. Figure 43 shows the plots of the

ve~tical moving time window ~ms accele~ation expe~ienced at

the C048 and J145 sites supe~imposed. The time scales of

both plots have been shifted. The time of 2.0 seconds in

this plot corresponds to 18.6 and 23.0 seconds in the plots

of the C048 and J145 sites respectively. The~e is very good

agreement between the acceleration experienced at both sites

between 2.0 and 6.0 seconds in this graph. A consistent

patte~n of energy a~rivals is evident. Thus it will be

assumed that 18.6 seconds at the C048 site record and 23.0

seconds at the J145 site record represent approximately the

same point in the Rayleigh wave train at both sites. Table 8

presents the minimum and maximum values of vertical rms

accele~ation and phi for the time period of 18.5 to 22.5
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seconds fo~ the C048 station and 23.0 to 27.0 seconds fo~

the J145 station.

An estimate of the pe~iod of the Rayleigh motion

may be obtained by dete~mining the times at which the

minimum and maximum values of ve~tical ~ms acceleration and

phi occur. By finding the time between every other minimum

or maximum, the time to complete an entire period may be

determined. The period estimated for these portions of the

suspected Rayleigh wave train fo~ both stations is

approximately 2.5 seconds or a frequency of 0.4 Hz.

An estimate of the frequency allows the use of the

response envelope technique to verify the existence of the

Rayleigh wave t~ain. The response envelope fo~ the ve~tical

component at each site defined by Eqns. 16 and 17 is

calculated by obtaining the response of a single degree of

freedom system having a natural period of 2.5 seconds and a

damping ratio of 0.05. Figu~e 44 illustrates the 0.4 Hz

vertical response envelope plots for two stations not in the

San Fernando Valley, specifically 445 Figuroa Street and

3838 1ankershim Bouleva~d. Figures 45 and 46 contain the 0.4

Hz vertical response envelope plots for the C048 and J145

s~tes respectively. The vertical response envelope increases

rapidly during the 18 to 24 s~cond period at the C048 site

and the 23 to 28 second period at the J145 site. The
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resp~nse at C048 and J145 is more than 25 times greater than

the response at 445 Figueroa street and 3838 Lankershim

Boulevard. This high response in the San Fernando Valley

could most likely be explained by a low frequency Rayleigh

wave having a large vertical amplitude.

Additional confirmation is obtained by examining

the locus of surface ground particle displacement as it

varies during time. Figures 47, 48, and 49 contain the

ground particle ~otions experienced at the C048 site from

18.5 to 22.5 seconds projected on the horizontal and two

vertical planes. Figures 50, 51, and 52 contain the the same

information at the J145 site from 23.0 to 27.0 seconds. The

ground particle motions in the vertical planes are

elliptical. This is characteristic of Rayleigh wave motion.

Assuming that 18.6 seconds in the C048 site record

and 23.0 seconds in the J145 site record represent

approximately the same point in the Rayleigh wave train, the

direction of the ~ave train may be estimated. An examination

of the particle displacements in the horizontal plane

demonstrates that both sites exhibit the majority of their

motion in a predominantly northeast-southwest line. This is

seen in Figures 47 and 50. This is reasonable since the area

of surface faulting is located approximately northeast of

the two stations (see Figure 12). A more exact measure is



64

obtained by finding the value of theta fo~ the maximum

p~incipal plane that corresponds to a phi value of 90

degrees for the ground accelerations during the Rayleigh

motion. When phi is approximately 90 deg~ees, both

accele~ation and displacement a~e predominantly in the

ho~izontal plane and the theta angle indicates the

orientation of the motions in the ho~izontal plane. Table 8

contains the values of theta cor~esponding to phi values of

about 90 degrees during the assumed Rayleigh wave motion.

These values also indicate particle motion along a

northeast-southwest line.

The solution of a ideal elastic halfspace model

demonstrates that the particle motion of a Rayleigh wave

describes a retrograde ellipse, in contrast to the prograde

ellipse motion associated with water waves (Richart, Woods

and Hall, 1970). Using this information the particle

displacement found at these sites indicates that the wave

f~ont originated in the no~theast which is consistent with

the location of the fault shown in Figure 12. This

conclusion is also supported by considering the time of the

slower Rayleigh wave arrival minus the time of first S-wave

arrivals for each site. This time difference for the C048

and J145 sites is 15.9 and 21.4 seconds respectively. Thus

the Rayleigh wave front passed by C04S first and then by
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J14S"as it moved southwest away from the fault.

The shallow faulting which occurred along the

upper thrust fault plane (see Figure 13) is probalbly

responsible for generating the strong response in the San

Fernando Valley which caused the Rayleigh waves. Mal (1972)

modeled the Rayleigh wave motion resulting from a thrust

fault inclined at an arbitrary angle with the surface. He

found that the Rayleigh wave amplitude ahead of the fault

break is considerably higher than that behind the epicentral

region and that the amplification depends only on the

orientation of the fault. The San Fernando Valley lies ahead

of the shallow faulting which occurred during the San

Fernando Earthquake.

It has been shown in Table 8 that the period of

the suspected Rayleigh wave is approximately 2.5 seconds for

the portions identified at stations C048 and J145. The group

velocity is the speed at which a specific group of similar

frequencies travel (Officer, 1958). It is also the speed at

which the energy associated with that group travels. Thus,

by estimating the difference in distance and time between

18.6 seconds in the record of the C048 site and 23.0 seconds

in the record of the J145 site, an estimate of the group

velocity may be determined. This calculation assumes that it

is possible to accurately determine the proper times in both
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wave tIains. This is not the case and thus these-

calculations seIve only as an appIoximation. The Rayleigh

wave fIont is assumed to move in a diIection away fIom but

paIallel to the SUI face fault (see FiguIe 53). The gIOUp

velocity may be calculated fIom the following equation:

(31)
d(J14S) - d(C048)

VG = ---------------
[(tR<J14sr tl(J14S» - (tR(C048)-tl(C048»]+td

wheIe vG = gIoup velocity

= distance fIom C048 to J145

t R = time of Rayleigh wave aIIival

t 1 = time of ini tial S-wave aI:rival

t d = diffe:rence between the times of the

initial S-wave aIrivals at C048 and J145

(it is assumed that they aIIive fiIst

at C048)

The difference in the times of the initial S-wave aI:rivals

must be included because each si~e's instIument t:riggeIed

independently. The values substituted into the equation are:

d(J14S)· d(C048) = 1 .45 km

t R(J14S) = 23.0 seconds

t R(C048) _ = 18. 6 seconds

tl(J14S) = 1 . 6 seconds

tl(C048) = 2.7 seconds
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The distance between the sites was calculated

along a no~theast-southwest line since this was dete~mined

to be the apP~oKimate di~ection of wave t~avel (see Figu~e

53). If td is assumed to be ze~o (initial S-waves assumed to

a~~ive simultaneously at both stations), the g~oup velocity

is calculated to be 0.26 km/sec o~ 860 ft/sec. This value

will inc~ease o~ dec~ease depending upon the value of td' In

de~iving Equation 31, it was assumed that the initial

S-waves a~~ived at the G048 site fi~st because it is nea~e~

to the su~face fault. Howeve~, the depth to the basement

~ock is g~eate~ at the G048 site than it is at the J145 site

(13,900 feet ve~sus 9,500 feet). To obtain an app~oKimation

fo~ td' it is assumed that the S-wave a~Iived simultaneously

to the basement ~ock at a depth of 13,900 feet unde~ both

stations, and that it p~opagated between this depth and the

g~ound su~face. With this assumption, the % p~ofiles in

Tables 9 and 10 we~e used to calculate td = -0.57 seconds.

The co~~esponding Rayleigh wave g~oup velocity changes f~om

860 ft/sec to 970 ft/sec. The~fo~e, about 1000 ft/sec seems

to be a ~easonable estimate of the g~oup velocity obtained

f~om the ~eco~ded motions.

Docto~ David Ha~k~ide~ of Caltech computed the

theo~etical phase and g~oup velocities co~~esponding to the

fundamental mode of Rayleigh waves for the th~ee geologic
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profiles of Tables 9 through 11. These values have been

included in Table 12 for a period, T = 2.5 seconds. The

theoretical group velocities at the C048 and J145 sites are

2,900 and 3,400 ft/sec, respectively, or about three times

larger than the value of 1000 ft/sec estimated from the

records. The high values of phase velocity computed by

Harkrider and included in Table 12 are consistent with the

phase velocities from a finite element model of the San

Fernando Valley reported by Drake (1972) and Drake and Mal

(1972). They are also consistent with the results of some

simplified calculations performed by the author, based on

the profiles of Tables 9 and 10 and using the charts

provided by Mooney and Bolt (1968) for Rayleigh waves in

two-layer systems.

Therefore, a large difference exists between the

group velocity estimated from the records and the

theoretical group velocity computed from the subsurface

profiles of Tables 9 and 10. Several reasons may possibly

explain this difference. First, the assumption of a plane

Rayleigh wave front made in Equation 31 may not be correct.

This assumption may be important considering the geometry of

stations C048 and ~145. Second, the shape of the San

Fernando Valley may be important (one dimensional models

were used to calculate Table 12). Third, the subsurface
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p~ofile of the valley used f?~ the theozetical calculations

may be in e~~o~. Fou~th, this amy be an ai~ coupled Rayleigh

wave resulting from the air comp~ession caused by the th~ust

fault. This would account for the low velocity calculated.

Finally, the procedu~e used may have failed to identify the

prope~ times necessary to calculate the velocity.

The Ventu~a (H115, I137, and Q233) sites we~e also

examined. Anothe~ study (Lanne~s, 1978) had suggested that a

co~~elation exists between the velocity time histories

expe~ienced at these sites following the di~ect body wave

a~~ivals. The accele~og~am time domain p~ocessing. howeve~.

did not reveal any clear distinguishing featu~es to link

these sites with the accele~ograms reco~ded at theC048 and

J145 sites. Figu~es 54, 55, and 56 are the ground particle

displacement plots for the I137 site for times between 20.0

and 30.0 seconds. The displacement describes a flat

elliptical motion suggesting Rayleigh wave motion. The

thickness of alluvium and the depth to basement ~ock in the

San Fernando Valley decreases as the distance f~om the

cente~ of the valley increases. This is associated with the

flattening of the displacement cu~ves evident when comparing

Figu~es 47 through 56. This flattening of the Rayleigh wave

elliptical surface g~ound motion from north to south is not

p~edicted by the theo~etical model. as indicated by the
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~atios between ho~izontal and ve~tical displacement of Table

12.



PART 5

DISCUSSION AND CONCLUSIONS

The accele~og~ams ~eco~ded at g~ound elevation

du~ing the 1971 San Fetnando Ea~thquake we~e examined by

fou~ time domain techniques. These techniques a~e the Husid

plot, the moving time window ~oot mean squa~e accele~ation,

the va~iation of the p~incipal planes of g~ound motion with

time, and the ~esponse envelope of a single deg~ee of

f~eedom system.

Two of these techniques we~e especially useful.

The moving time window ~ms accele~ation is a good indicato~

of the level of shaking expe~ienced at a site fo~ a

specified inte~val of the accele~og~am. Knowledge about the

level of shaking is useful fo~ dete~mining which pa~ts of an

accele~og~am co~~espond to high levels of shaking o~

specific wave a~~ivals. The ve~tical component of the

eigenvecto~ co~~esponding to the maximum p~incipal plane of

g~ound motions indicates on which plane the p~edominant

ground motions a~e occu~~ing. A change in the plane of the

p~edominant g~ound motions occu~s when the seismic waves

incident at a site change from predominantly P-waves to

p~edominantly S-waves.

Using the Husid, moving time window ~ms

7 1
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acceleration, and ma~imum principal plane phi plots of each

station which recorded the 1971 San Fernando Earthquake, a

part of each accelerogram corresponding to strong shaking

was identified. The moving time window root mean square

acceleration plots of stations located in small geographic

areas exhibited distinct shapes. These shapes were different

for each area and thus seem to be related to the sequence of

energy arrivals a specific area experienced. A nonstationary

model of the strong shaking part of the San Fernando

Earthquake was constructed for stations south of the

epicenter. The model predictions of the time of peak

acceleration correlated well with the actual times of peak

acceleration south of the epicenter. The model demonstrated

that sites south of the epicenter received a similar

sequence of energy arrivals and that a nonstationary model

was necessary to characterize the process.

The duration and the level of shaking of each

accelerogram strong part was determined. The durat~on of

strong shaking for sites south of the epicenter was 5 to 8

seconds while sites north of the epicenter had a duration of

3 to 4 seconds. The level of shaking at each site was

characterized by peak and rms acceleration. The use of rms

acceleration did not reduce the scatter of resultant data

values compared to peak acceleration. This result was
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disappointing. The ~ms accele~ation of the st~ong' shaking

pa~t is closely ~elated to the peak accele~ation by a ~atio

of 2.6 fo~ the San Fe~nando Ea~thquake. Root mean square

accele~ation seems to offe~ little advantage over peak

accele~ation. Both peak and rms acceleration a~e attenuated

simila~ly with distance. They attenuate with distance as

appr oximately (hypocent~al distance ,-1.5 This attenuation

is identical to that predicted by the Brune-Hanks model.

Velocity was also invest~gated as a measure of the

level of st~ong shaking. Co~~elations of rms velocity with

distance were not as good as those obtained for rms

acceleration due to the possible amplification of g~ound

velocity at soil sites.

The accelerograms of five stations located in the

San Fernando Valley were examined fo~ the presence of

su~face waves. A Rayleigh wave train was identified at two

sites by the distinct trace the wave makes in a maximum

principal plane phi plot. The maximum principal plane phi

plot oscillates because of the variation in the predominant

ground motions caused by the Rayleigh surface wave. The

locus of ground particle motion describes a retrograde

elliptical motion in the vertical plane further confirming

the presence of the surface wave. It was estimated from the

record that the Rayleigh wave train had a frequency of 0.4
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Hz and p~opagated aw~y f~om the fault t~ace in a NE-SW

di~ection with a g~oup velocity of about 1000 ft/sec. The

calculated g~oup velocity, howeveE, does not ag~ea with

theo~etical calculations made fOE the aEea. The available

infoEmation suggests that the sUEface wave ~esulted fEom the

shallow faulting associated with the San Fe~nando

Ea~thquake.

The time domain techniques p~esented in this

thesis have demonstrated thei~ usefulness in characterizing

the San Fernando Earthquake motions for engineering

purposes. Their use in the future should provide additional

insight into other earthquake ~eco~ds. It is ~ecommended

that EOOt mean square accele~ation be investigated fo~ othe~

eaxthquake xecoxds to confixm the conclusions d~awn fo~ the

1971 San Fe~nando Earthquake accelerograms.
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Caltech
Number

C041
C04S
COS1
C054
D056
DOS7
DOSS
D059
D062
D06S
D06S
E071
E072
E075
E07S
E081
E083
FOS6
F087
F08S
F089
F092
F09S
F098
FlO 1
Fl02
Fl03
Fl04
Fl05
Gl06
Gl07
Gl08
G110
G112
G 1 14
H 115
H 118
H 12 1
H124
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Table

Accelerograph Stations and Numbers
San Fernando Earthquake

Location in Cal~fornia Rock
Site*

Pacoima Darn x
8244 Orion Blvd. 1st Floor, LA
250 E. First Street Basement, LA
445 Figueroa Street, Sub-basement, LA
Castaic Old Ridge Route
Hollywood Storage Basement, LA
Hollywood Storage P.E. Lot, LA
1901 Ave. of the Stars Sub-basement, LA
1640 S. Marengo Street 1st Floor, LA
3710 Wilshire Blvd. Basement, LA
7080 Hollywood Blvd. Basement, LA
Wheeler Ridge
4680 Wilshire Blvd. Basement, LA
3470 Wilshire Blvd. Sub-basement, LA
Water and Power Building Basement, LA x
Santa Felicia Darn Outlet Works x
1407 6th Street Basement, LA
Vernon, CMD Building
Engineering Building, Santa Ana
633 E. Broadway, Glendale
808 S. Olive Street, Street Level, LA
2011 Zonal Avenue Basement, LA
120 N Robertson Blvd. Sub-basement, LA
646 S. Olive Avenue Basement, LA
Edison Company, Colton
Ft. Tejoni Tejon
Pumping Plant, Pearblossom
Oso Pumping Plant, Gorman
UCLA Reactor Laboratory, LA
Caltech Seismological Lab., Pasadena
Caltech Athenaeum, Pasadena
Caltech Millikan Library Basement, Pasadena
Jet Propulsion Lab. Basement, Pasadena
611 W. Sixth Street Basement, LA
Palmdale Fire Station, Palmdale
15250 Ventura Blvd. Basement, LA
8639 Lincoln Avenue Basement, LA
900 S. Fremont Avenue Basement, Alhambra
2600 Nutwood Avenue Basement, Fullerton



Cal tech
Number

I128
Il 3 1
I134
I137
J 141
J142
J143
J144
J145
J148
K157
L166
L171
M176
1'1179
1'1180
M183
1'1184
N185
N186
N187
N188
N191
N192
N195
N196
N197
0198
0199
0204
0205
0206
0207
0208
0210
P214
P217
P220
P221
P222
P223
P231
2233
2236
2239
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Location in California Rock
Site*

435 H. Oakhurst Ave. Basement, Beverly Hills
450 N. Roxbury Dr. First Floor, Beverly Hills
1800 century Park East Basement (P-3), LA
15910 Ventura Blvd. Basement, LA
Lake Hughes, Array Station 1
Lake Hughes, Array Station 4 x
Lake Hughes, Array Station 9 x
Lake Hughes, Array Station 12 x
15107 Vanowen Street Basement, LA
616 S. Normandie Avenue Basement, LA
420 S. Grand Avenue Second Floor, LA
3838 Lankershim Blvd. Basement, LA x
S. Calif. Edison Power Plant, San Onofre
1150 S. Hill Street Sub-basement, LA
Tehachapi Pumping Plant, Grapevine x
4000 W. Chapman Avenue Basement, Orange
6074 Park Drive Ground Level, Wrightwood
6074 Park Drive Ground Level, Wrightwood
Carbon Canyon Darn
Whittier Narrows Dam
San Antonio Dam
1880 Century Park East 1st Level Parking~ LA
2516 Via Tejon, Palos Verdes Estates
2500 Wilshire Blvd. Basement, LA
San Juan Capistrano
Long Beach state College, Long Beach
Anza Post Office, Anza
Griffith Park Observatory, LA x
1625 Olympic Blvd. Ground Floor, LA
215 West Broadway, Long Beach
Terminal Island, Long Beach
Hall of Records, San Bernardino
Reservoir, Fairmont Reservoir x
University of California, Santa Barbara
Hemet Fire Station, Hemet
4867 Sunset Blvd. Basement, LA
3345 Wilshire Blvd. Basement, LA
666 W. 19th Street Ground Floor, Costa Mesa
Santa Anita Reservoir, Arcadia x
Port Hueneme, Navy Laboratory
Puddingstone Reservoir, San Dimas x
9841 Airport Blvd. Basement, LA
14724 Ventura Blvd. First Floor, LA
1750 N. Orchid Avenue Ground Floor, Hollywood
9100 Wilshire Blvd. Basement, Beverly Hills



Caltech Location in Califoxnia
Numbex

84

Rock
Site*

2241
R244
R246
R249
R251
R253
S255
S258
S261
S262
S265
S266
S267

800 W. Fixst Stxeet Fixst Floox, LA
222 Figuexoa Stxeet Fixst Floox, LA
6464 Sunset Blvd. Basement, LA
1900 Avenue of the Stars Basement, LA
234 Figuexoa Street Basement, LA
535 S. Fremont Avenue Basement, LA
6200 Wilshire Blvd. Ground Floor, LA
3440 University Avenue Basement, LA
1177 Beverly Drive Basement, LA
5900 Wilshixe Blvd. 'B' Lot, LA
3411 Wilshixe Blvd. 5th Basement, LA
3550 Wilshire Blvd. Basement, LA
5260 century Blvd. First Floox, LA

* Detexmined from the following sources:
a) Trifunac and Brady (1975)
b) Seed, Murarka, Lysmer and Idriss (1976)
c) Boore, Joyner, Oliver and Page (1978)
d) Grant, Arango and Clayton (1978)
e) Idriss and Power (1978)

Note: The decision about a site being rock is not always an
obvious one. The raferences listed above disagreed about
several of the stations considexed here. The xock sites
included in this table were obtained mainly from references
d and e above. Reference d, in particulax, contains recent
subsuxface information and also evaluates work done by other
researchers on the subject of site conditions at recording
stations.



Table 2

Accele~og~ams Used to Gene~ate the P~obabilistic Model
San Fe~nando Ea~thquake
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Caltech
Numbe~

C041
C048
C054
E078
H 115
I137
J145
K157
L166
0198
Q233

Location in California

Pacoima Dam
8244 Orion Blvd. 1st Floor, LA
455 Figueroa St~eet, Sub-basement, LA
Water and Powe~ Building Basement, LA
15250 Ventura Blvd. Basement, LA
15910 Ventura Blvd. Basement, LA
15107 Vanowen Street Basement, LA
420 S. Grand Avenue Second Floor, LA
3838 Lankershim Blvd. Basement, LA
Griffith Park Observatory, LA
14724 Ventura Blvd. First Floor, LA
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Table 3

Accele~og~ams Demonst~ating No Disce~nable St~ong Part
San Fernando Earthquake

Cal tech
Number

C048
E072
E081
F087
F092
F101
F102
F103
F104
H118
H124
1137
J145
L171
M179
N187
N191
N195
N196
N197
0204
0205
0206
0208
P220
P222
P231
S261
S267

Possible reason for failure to identify strong part

Deep soil site
Late triggering of reco~ding device
Late t~igge~ing of recording device
88.5 km f~om epicenter
Late trigge~ing of recording device
107.6 km from epicenter
Late triggering of recording device
Late triggering of recording device
Late triggering of recording device
Proximity of shoreline
76.2 km from epicenter
Dee p soil s'i te
Deep soil site
139.8 km from epicenter
Late triggering of recording device
72.1 km from epicenter
Proximity of shoreline
122.6 km from epicenter
Proximity of shoreline
185.7 km from epicenter
Proximity of shoreline
Proximity of shoreline
108.2 km from epicenter
133.4 km from epicenter
Proximity of shoreline
79~3 km from epicenter
Proximity of shoreline
Late triggering of xecording device
Proximity of shoreline
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Table 4

Characterization Results
San Fernando Earthquake

(see units at end of table)

Cal tech tl tl t2 aHB aH aHF
Number

C041 1 .7 2.3 8.8 6.5 3033.4 3636.7 3172.6
C048 2.8 2.7 865.8
C051 0.0 0.0 7.0 7.0 540.5 533.6 474.6
CO 54 1 .8 1 .8 7.7 5.9 573.6 575.1 531 .3
D056 0.8 0.8 4.7 3.9 1098.4 1280.7 1147.3
D057 1 .5 1 .4 7.4 6 . 0 673.0 671 .8 637.3
D058 1 .5 1.4 7.4 6.0 939.4 936.5 742.7
D059 o. 0 0.0 6.6 6.6 572.6 575.3 419 . 1
D062 4.4 4.4 1 1 . 3 6.9 660.5 656.9 598.8
DOG5 0.0 0.0 6.2 6.2 663.7 G61 .4 624.0
D068 0.0 0.0 5.5 5.5 437.7 447.3 402. 1
E071 o. 0 0.0 3. 1 3. 1 100.5 123.2 80.3
E072 2.6 480.8
E075 1 . 3 1 . 3 7.6 6.3 641 .2 637.0 591 .7
E078 1 .3 1 . 3 7.4 6. 1 561.3 558.5 468.3
E081 o . 0 667.8
E083 1 . 1 1 . 2 7.8 6.6 784.2 775.5 641 .5
F086 1 .7 1 .7 7.6 5.9 429.7 432.7 407. 1
F087 0.0 133.8
F08S 1 .2 1 . 2 7.2 6.0 1263.6 1263.6 1184.7
F089 4.6 4.6 1 0 . 6 6.0 627.4 627.4 532.3
F092 o. 0 358.9
F095 2.5 2.7 9.0 6.3 453. 1 480.4 435.7
F098 4 . 9 4.9 10 . 9 6.0 800 . 1 800. 1 608.3
F101 1 . 3 172.3
F102 o . 0 103.3
F103 o . 2 495.2
F104 0.0 304.8
F105 2 . 3 2.6 8.6 6.0 394.2 398.4 329.0
G106 2 . 9 3.0 9.5 6.5 633.5 6 17 . 1 527. 1
G107 5.0 5.0 1 1 . 9 6 . 9 491 .4 484.0 447.4
Gl08 4.5 4.3 12. 2 7.9 743.3 688.5 655.3
G1 10 1.8 1 .8 8.2 6.4 680.0 670.8 629.8
G112 2.0 2.2 8.0 5.8 431. 2 437.8 382.0
G114 1 . 1 o. 9 6.7 5.8 582.0 595.2 476.8
H1 15 4. 1 4 . 1 9.7 5.6 896.7 897.6 819.6
H1 18 1 . 0 130.7
H12 1 6.0 6.0 13.2 7.2 569.6 555.3 469.4
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Caltech .t1B tf t 2 aHB aH aHF
Numbe:r

H124 8.8 8.6 159.4
I128 5. 1 5 . 1 13.0 7.9 370.0 362.2 332. 1
I131 6.4 6.6 12 . 8 6.2 694. 1 712.0 621 . 1
I134 6 . 0 6.2 13.0 6.8 449.5 459.8 424.8
I137 4.9 4.8 591 .2
J 141 2 . 1 2.0 5.4 3.4 557.5 696.2 663.5
J142 2 . 0 2.0 5.2 3.2 589.2 734.9 475.6
J143 0.0 0.0 3.6 3.6 432.6 530.3 340.6
J144 0.8 0.8 3.8 3.0 1208.1 1584.8 1172.7
J145 1.5 1 .6 542.0
J148 5.6 5.6 13.2 7.6 600.6 570.2 507.6
K157 2.9 8.7 5.8 595.0 598.2 539.1
1166 1 .8 1 . 6 7.5 5.9 641 .8 642.6 578.0
1171 2.4 66.4
M176 2.5 2.4 10. 2 7.8 457.3 460.5 403.3
M179 0.0 136.2
M180 1 . 3 1 .5 7.8 6.3 141. 0 147. 1 142.2
M183 6.7 6.7 13. 4 6.7 212 . 1 2 1 2 . 1 183.0
M184 4. 1 4. 1 10 .8 6.7 215.9 217 . 3 187.7
N185 1 . 1 1 .3 8. 1 6.8 339.0 344.0 294.3
N186 0.3 o. 0 6.3 6.3 439.7 430.9 327.5
H187 0.0 283.6
N188 5.7 5.7 12.8 7 . 1 592.2 607.7 560.3
N191 o. 6 137.5
N19 2 4. 1 4. 1 1 1 . 0 6.9 477·.6 484.0 395.2
N195 9.7 9.7 158.7
N196 1 . 4 1 . 0 194.7
N197 8.3 144.7
0198 3.5 3.5 10 . 0 6.5 828.3 8 18 . 1 747.8
0199 6.3 6.5 12. 9 6.4 748.6 768.5 657.4
0204 o . 0 101. 1
0205 1 .8 124.5
0206 6.5 5.9 172.0
0207 o. 0 0.0 2.9 2.9 296.4 401.9 366.0
0208 2.7 85.4
0210 2.2 4.2 1 0 . 3 6 . 1 159.8 169 . 9 139.0
P214 1 . 0 1 . 1 7.2 6 . 1 823.9 824. 1 770.2
P217 1 . 1 1 . 2 7.9 6.7 489.0 490 . 1 449. 1
P220 0.0 140. 9
P221 0.6 o. 0 4 . 6 4.6 639.6 677.6 333.6
P222 0.5 123.9
P223 2.5 0.0 5.3 5.3 246.4 263.2 206.9
P231 0.0 156.4
2233 4.9 4.9 10.8 5.9 1123.1 1125.5 930.2
2236 4.6 4.8 10 . 7 5.9 643.3 649.2 503.9
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Caltech tlB tl t~ Ll· aHB aH aHF
Number

2239 4.8 5.0 12. 2 7.2 631. 6 641. 9 553.8
2241 6 . 2 6.3 12.4 6 . 1 535.0 538.2 494.7
R244 5.2 5.5 1 1 . 2 5.7 575.7 588.5 561 .7
R246 5.0 5. 1 10.8 5.7 553.8 559.1 501 .7
R249 5.0 5. 1 11.8 6.7 422.8 427.7 376.0
R251 2 . 9 3.2 10. 2 7.0 779.2 785.4 752. 1
R253 5.9 5.9 12. 1 6.2 821 .3 845.0 744.8
S255 1 . 0 1 . 1 7.0 5.9 588.8 593.6 542.0
S258 4.8 6 . 6 1 2 . 0 5.4 317.3 377.4 363.8
S261 o . 0 473.2
S262 2.0 8.7 6.7 339.6 423.5 419.5
s265 5.9 5.9 1 2 . 5 6.6 526.9 519.5 390.7
S266 5.6 5.6 13. 1 7.5 651. 1 620. 1 560.8
s267 6 . 2 6 . 3 229.8

units:
tlB - sec
t 1 - sec
t2 - sec
Ll - sec
aHB - mm/sec/sec
aH - mm/sec/sec
aHF - mm/sec/sec
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Table 5

Cha:x:acte:rization Results
San Fe:x:nado Ea:x:thquake

(see units at end of table)

Caltech apH vPH vH dH de azimuth
Numbe:x:

C041 13563.0 121. 4 42.0 K 15.9 9 . 1 159.6
C048 2709.0 31 .6 25.9 22.4 199 . 6
C051 1230.0 21 .9 8.5 K 44.7 42.8 159.6
C054 1500.0 17.4 7.6 43.9 4 1 . 9 161. 5
D056 3331.0 28.9 10. 6 K 31.4 28.6 305.9
DOS? 1592.0 21 .2 9.7 K 39.3 37. 1 168.7
D058 2112.0 21 .6 9.8 39.3 37. 1 168.7
D059 1623.0 18 . 1 8. 1 K 41 .8 39.8 184.0
D062 1482.0 19. 6 9.4 K 44.8 42.8 155.6
D065 1617.0 22.4 9.0 42.0 40.0 166.3
D068 985.0 14.5 ? . 1 37.3 35.0 169 . 6
E071 271 . 0 2.5 1 . 1 K 87.0 86.0 321 .6
E072 1177.0 23.9 41 .6 39.5 169. 3
E075 1456.0 24. 1 10. 0 K 42. 1 40.1 165.9
E078 1736.0 23.4 8.8 K 44.5 42.5 160.5
E081 2556.0 1 0 . 1 35.3 32.9 279.8
E083 1703.0 18.5 9.5 K 42. 1 40.0 165.4
F086 1050.0 18 . 1 5.7 5 1 .1 49.4 157.5
F087 293.0 9.0 89.4 88.5 145.9
F088 3053.0 33. 1 16.7 K 36.5 34. 1 154.9
F089 1645.0 21 . 6 9.2 45.9 44.0 161. 4
F092 801 .0 13.8 45.0 43. 1 154.7
F095 1022.0 1 9 . 1 9.6 39.6 37.4 175.5
F098 2420.0 21 .8 9.2 44.6 42.7 161. 1
F 10 1 402.0 3. 1 108.4 107.6 1 11. 0
F102 257.0 1 . 4 69.7 68.5 317 .7
F103 1492.0 5.6 47.2 45.4 76.2
F104 1032.0 8 . 6 53.6 52.2 325.6
F105 996.0 9.7 5. 1 K 40.8 38.7 188.3
G106 1888.0 1 1 . 6 4.9 K 38.4 36. 1 143.8
G107 1126.0 14-. 6 5.9 x 41 .8 39.8 139.4-
Gl08 1980.0 16.7 7.5 K 41 .8 39.8 140.0
G11 0 2082.0 15. 1 6.4 x 34. 1 31 .5 138.0
G112 1 14-6 . 0 17 . 2 7.2 x 44.5 42.5 160 . 9
G114 1362.0 14 . 1 7. 1 K 34.8 32.3 55.2
H115 2210.0 30.2 5.9 32.1 29.3 193.0
H118 381.0 14.4 51 .9 50.2 183.9
H1 2 1 1446.0 20.0 7.2 45.0 43. 1 147 . 1
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Cal tech apH vPH vH dH de azimuth
Numbe:r:

H12q 362.0 5.9 77.3 76.2 1qO . 9
I128 950.0 16.6 7.9 K 39.3 37. 1 175.7
I131 1843.0 17.3 7.5 K qO.3 38.2 184.4
I134 1054.0 17.2 7.8 K q 1 . 0 38.9 17q.S
I137 1580.0 Zq.O 31.8 29.0 195.9
J1ql 1qaO.0 18.6 9.Q K 32.3 29.6 350.8
J1Q2 1698.0 9.8 Q.2 K 29.8 26.8 342.5
J143 1275.0 5.7 2.8 K 29.6 26.6 325.2
J144 3911.0 19 . 3 6.9 K 26.7 23.3 319.7
J145 1179.0 32.8 28.0 24.7 193.3
J1Q8 1328.0 19. 2 8.7 K 42.0 39.9 166 . 1
K157 1807.0 18.8 7.9 K 43. 1 41. 1 161.3
L166 1780.0 15.0 6.6 K 33.4 30.8 170.9
L171 161.0 3.0 140.4 139.8 145.8
11176 1170.0 21.2 9.6 4Q.a 42.9 161.7
11179 Q80.0 2.8 71 .9 70.7 326.4
11180 332.0 8.5 1 .4 85.3 84.3 146 . 0
11183 568.0 4.0 1 . 6 x 72.0 70.8 94.3
11184 575.0 4.9 1 . 6 x 72.0 70.8 9Q.3
N185 757.0 4.5 2.0 K 76.7 75.6 136.7
N186 1161.0 10. 0 3.7 55.6 54. 1 143.4
N187 763.0 3.7 73.3 72. 1 112.8
N188 1314.0 18.4 8. 1 x 41 .0 38.9 183.2
N191 401 .0 5.4 69. 1 67.8 177.7
N192 1184.0 19. 6 7.9 x 42.7 40.7 163.6
N195 418.0 5.0 123.2 122.6 146.4
N196 410.0 10. 1 76.5 75.4 159. 1
N197 363.0 2 . 8 186 . 1 185.7 120 . 3
0198 1932.0 20.2 9.4 x 36.4 34.0 163. 1
0199 2393.0 21 .5 9.4 43.9 42.0 163.2
0204 271 .0 10 . 3 74.9 73.8 164.S
0205 313.0 10.5 74.8 73.6 167.0
0206 444.0 4.3 109 . 0 108.2 108.0
0207 1167.0 9 . 1 3.4 35.3 32.8 355.1
0208 196 . 0 3.7 134.0 133.4 270.5
0210 397.0 3.3 1 . 4 152.0 151. 4 119 . 6
P214 1906.0 24.3 10. 2 x 38.5 36.2 163.6
P217 1200.0 17. 0 8. 1 x 42. 1 40.0 165.4
P220 344.0 7.7 96.7 95.8 152.6
P221 1943.0 7 . 6 4.0 x 45.2 43.3 125.4
P222 343.0 7.9 80.3 79.3 248.8
P223 698.0 4.6 2.0 x 66.2 65.0 123.4
P231 484.0 13.5 53.3 51 .7 176.6
Q233 2767.0 34.3 8.5 32. 1 29.3 191.3
Q236 1719.0 14.6 6.9 37.3 34.9 168.9
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-Cal tech apH vPH vH :t: dH dE azimuth
Numbe:r

2239 1638.0 21.2 9.4 x 40.5 38.4 176.2
2241 1418.0 19.9 8.0 x 43.8 41 .8 160 . 1
R244 1504.0 19. 1 8.2 43.8 41.9 160.0
R246 1263.0 18.7 8.6 x 38.0 35.7 167.9
R249 952.0 18. 0 8.5 x 41.3 39.2 184.7
R251 2125.0 19.8 9.3 x 43.8 41 .8 160.9
R253 2796.0 19.4 9.0 x 44.0 42.0 161. 4
S255 1306.0 24.0 8.6 41 .0 38.9 175.5
S258 844.0 19.4 8.3 x 46.5 44.6 165.3
S261 1130.0 19.3 41 .7 39.6 175.4
S262 945.0 28.3 1 1 . 1 x 39.9 37.7 174.9
S265 1328.0 19.5 7.7 42.0 39.9 166. 1
S266 1595.0 22.3 8.8 42. 1 40.0 165.9
S267 694.0 14.0 53.6 52.0 175.0

:I: vPH in interval t 1 to t2

units:
apH - mm/sec/sec
vPH - em/sec
vH - em/sec
dH - distance to hypocenter - km
dE - distance to epicenter - km
azimuth - measured clockwise with respect to the north - deg
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Table 6

Results of Least SquaJ:es Analysis
San FeJ:nando EaJ:thquake

( y = cxd )

GJ:aph c d J:

apH vs distance to hypocenteJ: 4.22*10:1:*5 -1 .54 .86
apH vs distance to epicenteJ: 2.42*10**5 -1. 41 .86

aHB vs distance to hypocenter 1.17*10**5 -1 .46 .85
aHB vs distance to e picenteJ: 6.67*10**4 -1 .33 .85

aH vs distance to hypocenter 1.20*10**5 -1.43 .83
aH vs distance to hypocentez:* 2.80*10**5 -1 .68 .87

aH vs distance to epicenteJ: 5.67*10**4 -1.25 .84
aH vs distance to epicente:r:* 5.44*10**4 - 1 .26 .89

vPH vs distance to hypocente:r: 3.01*10**3 -1.40 .80
vPH vs distance to epicente:r: 1.76*10**3 -1 .28 .80

vH vs distance to hypocentez: 2.03*10**3 -1 .52 .74
vH vs distance to epicentez: 8.16*10**2 -1.30 .73

;I: Rock sites only (see Table 1 )
:r: = coefficient of co:r:relation



Table 7

San Fexnando Valley Accelexogxaph Site Chaxactexistic5
San Fexnando Eaxthquake
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Caltech C048 H115 I137 J145 2233
Numbex

Station 34.22 N 34. 15 N 34. 16 N 34.20 N 34. 15 N
Location 118.47 W 118.46 W 118.48 W 118.46 W 118.46 W

Distance to 25.9 32.1 31.8 28.0 32. 1
Hypocente:r
(km)

Distance to 22.4 29.3 29.0 24.7 29.3
Epicentex
(km)

Distance to 7.7 15.0 14 . 8 10.7 15.4
Fault*
(km)

Azimuth 199. 6 193.0 195.9 193. 3 191.3
Cdeg)

Building 7-sto:ry 12-stoxy 17-story 7-story 12-story
Type RC RC Steel RC RC

Depth of 1000 80 80 1000 80
Alluvium**
Cft)

Depth to 13900 6000 6000 9500 6000
Basement
Rock**
(ft)

* From Boore, Joyner, Oliver and Page (1978)
** From Duke et. ai. (1971)
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Table 8

Minimum and Maximum Values of Phi and Z Rms
Dur:ing Rayleigh Wave Motion

San Fer:nando Earthquake

Caltech
NumbeI:

Phi
(deg)

Theta
(deg)

Time
(sec)

Wave Period
(sec)

C048

J145

9.8
89.3

4.3
89.8
1 4 . 5
88.2
23.0

9.2
89.9
17.8
88.3
14 . 3
89.3
23.6

47.2

29.9

40.7

29.2

52.5

78.2

18.53
19.05
19.53
20.57
20.79
21 .77
22.35

23.09
23.57
24.03
24.77
25. 17
26.07
26.77

2.26
2.72
2.82

2. 08
2.50
2.74

(20.79-18.53)
(21.77-19.05)
(22.35-19.53)

(25.17-23.09)
(26.07-23.57)
(26.77-24.03)

Caltech
Number:

Z Rms Acc
(mm/sec/sec)

Time
(sec)

Wave Period
(sec)

C048

J145

623.4
353. 1
569.5
240.3
558.9
191.4
426.9

441 .5
164 . 6
465. 1
17 1 .0
345.7
111. 8
231. 1

18.61
19.05
19.55
20.43
21 .03
21 .79
22.27

23.01
23.59
24.19
24.77
25.33
26.09
26.85

2.42
2.74
2.72

2.32
2.50
2.66

(21.03-18.61 )
(21.79-19.05)
(22.27-19.55)

(25.33-23.01)
(26.09-23.59)
(26.85-24.19)
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Table 9

Geologic structure at 8244 Orion Boulevard (C048)
San Fernando Valley

(from Duke et. al.,1971>

Layer Geologic Thickness Vp Vs Unit Weight
Number Unit (ft) (ft/sec) (ft/sec) (cu ft)

1 40 1410 635 105
2 60 3300 1485 111
3 100 4680 2100 113
4 Alluvium 100 5355 2400 1 14
5 100 5760 2590 115
6 200 6190 2785 1 1 9
7 200 6590 2965 120
8 200 6900 3100 123
9 340 7220 3610 126

10 720 7610 3805 128
1 1 900 7741 3870 129
12 220 8679 4335 133
13 400 91 14 4557 134
14 460 8308 4154 145
15 1340 10331 5165 144
16 Sedimentary 320 9060 4983 147
17 Rock 640 9790 5385 146
18 660 8850 4868 152
19 1000 9950 5375 155
20 1000 10400 5690 155
21 1000 10800 6480 156
22 1000 1 1 150 6690 1 6 1
23 1000 11550 6930 167
24 1900 1 1890 7130 172
25 Basement 17000 1 1050 172

Rock
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Table 10

Geologic structure at 15107 Vanowen street (J145)
San Fernando Valley

(from Duke. et. al., 1971)

Layer
Number

1
2
3
4
5
6
7
8
9

10
1 1
12
13
1 4
15
16
17
18
19
20

Geologic
Unit

Alluvium

Sedimentary
Rock

Basement
Rock

Thickness
(ft)

1 0
15
50
25

100
100
100
100
100
100
300

1000
1000
1000
1000
1000
1000
1000
1500

Vp
(ft/sec)

1270
1730
3180
3710
4100
5100
5840
6350
7000
7800
8600
9000
9950

10600
10850
11500
117 0 0
12000
12600
16000

Vs
(ft/sec)

570
780

1430
1670
1850
2300
2630
2960
3160
3520
3880
4500
4980
5300
5420
6320
6440
6600
7310

10400

Unit Weight
(cu ft)

107
107
1 17
124
137
137
137
137
137
137
148
148
148
148
148
148
148
148
152
170
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Table" 1 1

Geologic stl:uctul:e at Ventul:a Stations (H115, 1137 and 2233)
San Fel:nando Valley

(fl:om Duke et. al. , 1971 )

Layel: Geologic Thickness Vp Vs Unit Weight
Numbel: Unit (ft) (ft/sec) (ft/sec) (cu ft)

1 Alluvium 40 1300 620 1 12
2 40 5280 1180 124
3 20 5560 2500 148
4 100 6100 2740 148
5 100 6580 2960 148
6 100 7000 3150 148
7 200 7420 3440 148
8 Sedimental:Y 200 7850 3530 148
9 Rock 200 8260 3720 148

10 1000 9000 4500 148
1 1 1000 10000 5000 148
12 1000 10600 5300 152
1 3 1000 1 1 1 40 5570 152
14 1000 11600 6370 152
15 Basement 16000 10400 166

Rock



Table 12

Velocity of the Fundamental Rayleigh Mode
For a Period of 2.5 Seconds

San Fernando Valley
(courtesy of Dr. D. Harkrider of Caltech)

Caltech C048 J145 H11 5
Humber I137

2233

Profile Used Table 9 Table 10 Table 1 1

Phase Velocity 4100 5200 6300
(ft/sec)

Group Velocity 2900 3400 3000
(ft/sec)

Hor/Ve:rt 1 .0 1 . 1 o. 9
Displacement
at Surface

99
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LIST OF SYMBOLS

accleration time history
horizontal plane acceleration
moving time window rms acceleration
horizontal plane rms acceleration
horizontal plane rms acceleration (Berrill)
peak horizontal plane acceleration
displacement time history
response envelope
Fourier amplitude spectrum
moving time window intensity tensor
Husid plot .
Arias Intensity
damping ratio
correlation coefficient
power spectral density
total earthquake duration
beginning of strong earthquake shaking
end of strong earthquake shaking
beginning of strong earthquake shaking CBerrill)
equivalent frequency
velocity time history
horizontal plane rms velocity
peak horizontal plane velocity
P-wave velocity
S-wave velocity
frequency
duration of strong earthquake shaking
width of moving time window
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APPENDIX 1 - COMPUTER PROGRAM DESCRIPTioN

The pxogxam wxitten to accomplish the time domain
techniques has the following basic functions:

1) Read data - Caltech accelexogram data is read making it
available fox pxocessing. Optionally the usex may have such
information as distance and direction from epicenter to the
station, total xecoxd duxation, Arias Intensity, peak
accelexation, velocity, and displacement and theix times of
occurance for each component printed.

2) Display data - Causes the accelerogram data to be
processed. Both graphical and numerical results are
produced. The options available are described below:

a) Husid plot
1) x acceleration
2) y accelexation
3) z acceleration
4) horizontal plane acceleration

b) Moving time window rms acceleration
1) x acceleration
2) y acceleration
3) z acceleration
4) horizontal plane acceleration

c) Principal planes of ground motion
1) phi maximum plane
2) theta maximum plane
3) phi minimum plane
4) theta minimum plane

d) Response envelope
1) x acceleration
2) y acceleration
3) z acceleration

e) Acceleration
1) x acceleration
2) y acceleration
3) z acceleration

The first component read is assigned to be x while the
second is y. The third or vertical component is z. The plane
formed by K and y is the horizontal plane.

3) Processing length - Defines what length of the record is
to be considered.

4) Time window calculations - Determines the duration, rms
acceleration, peak acceleration and its time of occurance,
average phi and theta of the maximum principal plane, and



the equivalent freq~ency of -the individual components and
the horizontal plane for a specified portion of the
accelerograms.

5) stop execution - Terminates program execution.

The most significant feature of the program is that all
possible results are displayed graphically to facilitate
their interpretation.
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APPENDIX 2 - ATTENUATION OF RMS ACCELERATION
WITH DISTANCE TO THE EPICENTER
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