<oWTECy,
SYIEE C
3 s 2
[25% N 192}
w s
; Qé\‘o““‘w“ ke ;ROU ”(Q

 REPRODUCED BY
NATIONAL TECHNICAL

INFORMATION SERVICE

U.S. DEPARTMENT OF -COMMERCE
SPRINGFIELD, VA 22161

Rensselaer Polytechnic Institute
Troy‘,i New York 12181

EAS INFORMATION RESOURCES
NATIONAL SCIENCE FOUNDATION

FRE1-15C310






A STUDY OF THE ENGINEERING
CHARACTERISTICS OF THE 1971 SAN FERNANDO
EARTHQUAKE RECORDS USING
TIME DOMAIN TECHNIQUES

by
William E. Bond

Ricardo Dobry
Michael J. O'Rourke

Report No. CE-80-1

Sponsored by National Science Foundation
Directorate for Applied Science and

Research Application (ASRA)

Grant No. PFR-7902871

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)
and do not necessarily reflect the views
of the National Science Foundation.

Department of Civil Engineering
Rensselaer Polytechnic Institute
Troy, New York 12181

June 1980

REPRODUCED Y
NATIONAL TECHNICAL

INFORMATION SERVICE

U.S. DEPARTMENT OF COMMERC
SPRINGFIELD, VA 22161 t






3.

CONTENTS

LIST OF TABLES &t i i i it o ittt ottt s oot et oo et tns e v
LIST OF FIGURES . .t i ittt it i it e s bttt et tetae e ... vid
ACKNOWLEDGEMENTS ........ e e e e e e e e e et e e e ®iii
ABSTRACT ... i i it ittt ettt iaens e [ Xiv
INTRODUC T ION & i it i i i i it et ittt et st et s aesseesaaess 1
TIME DOMAIN TECHNIQUES .o vrsiiesiiimneenannennns 5
2.1 Husid Plot Of Energy Buildup ......¢eeeuweeenn 5
2.2 Root Mean Square Accelexation ............... 9
2.3 Principal Planes 0f Ground Motion ........... . 13
2.4 Response Enve lope .. i it e e e e e e e e e e e e, 18
2.5 CompuUter PIOgIamMS . .. i v vt veenoeeeneoeeennnes. 22
CHARACTERIZATION OF THE SAN FERNANDO EARTHQUAKE .... 24

3.1 Definition Cf The Duration 0f Strong Shaking 26
3.2 Moving Time Window RMS Acceleration Plot .... 34
3.3 Probabilistic Model O0f The San Fernando

Earthaquake .. ... i it e e e e e 37
3.4 Duration 0f The San Fernando Earthgquake

Strong Shaking ... ittt it it et e et e e 42
3.5 Level 0f Strong Shaking Of The San Ferxnando

Eaxthuake ................................... 46
3.6 Examination O0f Velocity As A Strong Shaking

D= = 11 = = < OO 53

iii



ANALYSIS OF SURFACE WAVE MOTION IN THE SAN FERNANDO

R -3 P P O N
DISCUSSION AHD CONCLUSIONS ... . ittt ittt it nennennss
LITERATURE CITED .. .. i i i e et s e e ieen
TRBLES . it i e it e e e e e e e e e e e e e e e e e
LIST OF SYMBOLS ..t ittt ittt it it et et aes e enaannees
FIGURES . i ittt ittt it ettt ettt it et ettt aeae e sae e an
APPENDIX 1 - COMPUTER PROGRAM DESCRIPTION ..........

APPENDIX 2 - ATTENUATION OF RMS ACCELERATION WITH

DISTANCE TO THE EPICENTER ...ttt i it i incnanneenns

iv

56

71

75



LIST OF TABLES

Table 1 - Accelerograph Stations And Numbers, San
Fernando Earthgqualke . ... ... ittt ittt i teeessos
Table 2 - Accelerograms Used To Genexrate The

Probabilistic Model, San Fexnando Earthquake .......

Table 3 - Accelerograms Demonstrating No Discexmnable
Strong Part, San Fernando Earthgquake ...............

Table 4 - Characterization Results, San Fernando
Earthguake . .. . i it e e e e e e e e e e e e e e

Table 5 - Characterization Results, San Fernando
ERZERQUAKE o i oot e et e e e e e e e e e e e S

Table 6 - Results Of Least Squares Analysis, San
Fernando Eaxrthguake . ... ... .. i it ittt et
Table 7 - San Fernando Valley BAccelexograph Site
Characteristics, San Fernando Earthgquake ...........
Table 8 - Minimum And Maximum Values Of Phi And Z Rms
During Rayleigh Wave Motion, San Fernando Earthquake
Table 9 ~ Geologic Structure At 8284 Orxrion Boulevard
(CO048), San Fernando Valley ..ttt e e e e e e e e e
Table 10 - Geologic Structure At 15107 Vanowen Strxeet
(J1u5), San Fernando Valley .. ..ot eeoneeneenas

Table 11 - Geologic Structure A%t Ventura Stations



(H115, I137 And ¢233), San Fernando Valley .........
Table 12 - Velocity O0f The Fundamental Rayleigh Mode

For A Pexiod O0f 2.5 Seconds, San Fernando Valley

vi

99



LIST OF FIGURES

Figuzxe 1 - Husid And Ground Acceleration Plots, NS
Component, 3838 Lankershim Boulevard (L166) ........ ,
Figure 2 - Moving Time Window Rms Accelerxation And

Ground Acceleration Plots, NS Component, 3838
Lankershim Boulevard (L166) ... ... it iienieenennnnn
Figure 3 - Horizental Moving Time Window Rms
Acceleration And NS Ground Acceleration Plots, E1
Centro, TOUO | .t i e e e e e et e
Figure 4 = Definition O0f Phi And Theta Angles .........
Figure 5_— Phi And Theta Angle Maximum Principal Plane
Plots, 3838 Lankershim Boulevard (L166) ............
Figure 6 — Maximum Principal Plane Phi And N10E Ground
Acceleration Plots, Golden Gate Park, 1957 San
Francisco Earthguake ... ... .. ittt teneeeeenan
Figure 7 — 5 And 10 Hz Response Envelope Plots, 3838
Lankershim Boulevard (L166) ... ... nnnnnnn..
Figure 8 - Horizontal Husid And NS Ground Accelexation
Plots, 3838 Lankershim Boulevard (L166) ............
Figure 9 - Horizontal Moving Time Window Rms
Acceleration And Maximum Principal Plane Phi Plots,
3838 Lankershim Blvd. (L166) . ... ... .l innnn.

Figure 10 - Horizontal Moving Time Window Rms

vii



Acceleration Plots At Pacoima Dam (CO041) And Castaic
01ld Ridge Route (DO56) ... . .. i i i ittt e et et e
Figuxre 11 - Horizontal Moving Time Window Rms
Acceleration Plots At 445 Figuexroa (CO5U) And Water
And Power Building (EO078) . ... ittt ittt ieeennenn
Figure 12 - Map 0f The Los Angeles Area .......c.uvce.en..
Figure 13 - Idealized Fault Plane Gecmetry, 1971 San
Fernando Earthgquake (Bouchon, 1978) ................
Figure 14 - Horizontal Moving Time Window Rnms
Acceleration Plots At Hollywood Storage Basement
(D057) And P.E. Lot (DO5B8) ... .. ..ttt
Figure 15 - Horizontal Moving Time Niﬁdow Rms
Acceleration Plots At 808 S. Olive Street (F089) And
646 S. 0live Street (FO098) . ... ...t
Figure 16 -~ Horizontal Moving Time Window Rms
Accelexation Plots At Caltech Athenaeum (G107) And
Caltech Millikan Librarxy (G108) .. ... .. it nnenn.
Figure 17 - Horizontal Moving Time Window Rms
Acceleration Plots At Lake Hughes Station 1 (Jg141)
And Station 4 (J1U2) ... ... i e e e
Figure 18 - Horizontal Husid Plots At Selected Sites
South Of The Fault, San Ferxrnando Earthguake ........
Figure 19a - Normalized Average Moving Time Window Rms

Acceleration From 22 Components, San Fernando

viii



Earthguake

..........................................

Figure 19b - Empirical And Predicted Histograms Of The

Time Of Peak Acceleration,

Figure 20 -

Figure 21 -

Hypocenter,

't1 Versus 't]B »

burxation,

San Fernando Earthquake

San Fernando Earthgquake

A, Versus Distance To The

...........

Figure 22 - Duration, A, Versus Azimuth From The

Epicentexr, San Fernandb Earthquake

San Fernando Earthquake

.....

.................

Figure 23 - apy Versus The Maximum Of The Horizontal
Components, apy And apy » San Fernando Earthquake
Figure 24 - apy Versus Distance Tc The Hypocenter, San

Fernando Earthquake . ... ...ttt it i ittt eennneeenens
Figure 25 = apy Versus Distance To The Hypocenter, San
Fernando Earthgquake ... ... ...ttt it tneneneenas
Figuxre 26 - EHB Versus Distance To The Hypocenter, San
Fernando Eafthquake ................................
Figure 27 - EHB Versus Distance To The Hypocenter, San
Fernando Earthguake ... .. ... ittt teensenenneenn
Figure 28 - ay . Versus Distance To The Hypocenter, San
Fernando Earthguake ... ... ... .. i ittt ieeens
Figﬁre 29 - ay Versus Distance To The Hypocenterxr, San
Fernando Earthguake ... .. ... it it eennn
Figure 30 - ay Vexsus Distance To The Hypqcenter, Rock
Sites, San Fernando EarthquakRe .............. .. .....

ix

120

121

122

123

124

125

126

127

128

129



Figure 31 - 3y Versus ayg: San Fernando Earthquake

Figure 32 - apy Versus ayg . San Fernando Earthquake
Figure 33 - apy Versus ay, San Fernando Earthquake
Figure 34 - Horizontal Rms Acceleration Versus Distance
To The Hypocentexr, San Fernando Earthquake .........
Figure 35 — Horizontal Rms Acceleration Verxsus Distance
To The Hypocentexr, San Fernando Earthgquake .........
Figurxe 36 - vpy Versus Distance To The Hypocenter, San
Fernando Earthquake . ... ... ... . i,
Figure 37 - GH Versus Distance To The Hypocenter, San
Fernando Earthgquake ... ... . ittt ettt oeeenseees
Figure 38 - Horizontal Husid And Moving Time Window Rms
Accelexration Plots, L1166 And I137 ..................
Figure 39 - Horizontal Husid And Moving Time Window Rms
Acceleration Plots, 8244 Orion Boulevard (COu48)
Figure 40 - Horizontal Husid And Moving Time Window Rms
Accelexration Plots, 15107 Vanowen Street (J145)
Figure 41 - Vertical Moving Time Window Rms
Acceleration And Maximum Principal Plane Phi Plots,

8244 QOrion Boulevard (CO4Y8) .............

Figure %42 - Vertical Moving Time Window Rms

Acceleration And Maximum Principal Plane

15107 Vanowen Street (J145) .............

Figure 43 - Vertical Moving Time Window Rms

...........

.. 131

132

133

134

135

136

137

138

139

140

11

142



Acceleration Plots, CO48 And J145 ......... e e 143
Figure 44 - 0.4 Hz Vertical Response Envelope Plots At

445 Figueroa Strxeet (C054) And 3838 Lankershim

Boulevard (L166) .. ... ..ttt it sttt et isnnneas Tuy
Figurxe 45 - 0.4 Hz Vertical Response Enveiope And

Maximum Principal Plane Phi Plots, 8244 Orion

Boulevard (COUG8J ... tvi ittt i tttte ettt e etenennaaas 1u5
Figure 46 - 0.4 Hz Vertical Response Envelope And

Maximum Principal Plane Phi Plots, 15107 Vanowen

Street (JTU5) . ... ... i e 146
Figure 47 -~ Ground Displacement Between 18.5 And 22.5

Seconds, North-east Plane, ézuu Orion Boulevard

QL ¢ 147
Figure 48 - Ground Displacement Between 18.5 And 22.5

Seconds, Up—-north Plane, 8244 Orion Boulewvard (COu8)>

Figure 49 - Ground Displacement Between 18.5 And 22.5
Seconds, Up-east Plane, 8244 Orion Boulevard (COUS8) 149
Figure 50 - Ground Displacement Between 23.0 And 27.90
Seconds, North-east Plane, 15107 Vanowen Street
T 150
Figure 51 = Ground Displacement Between 23.0 And 27.0

Seconds, Up—north Plane, 15107 Vanowen Street (J145)

X1



Figure 52 -

Seconds,
Figure 53 -
Figure 54 -

Seconds,

L0 S )

Figure 55 -

Seconds,

O S

Figure 56 -

Seconds,

0

Ground Displacement Between 23.0 And 27.0

Up-east Plane, 15107 Vanowen Street (J145)

San Fernando Rayleigh Wave Model ..........

Ground Displacement Between 20.0 And 30.0

North-east Plane, 15910 Ventura Boulevard

Ground Displacement Between 20.0 And 30.0

Up-north Plane, 15910 Ventura Boulevaxrd

Ground Displacement Betuween 20.0 And 30.0

Up-east Plane, 15910 Ventura Boulevard

®ii

152



ACKNOWLEDGEMENTS

This report is identical with the doctoral dissertation of
William E. Bond. It is the first report of a research project
sponsored by the Earthquake Engineering Program of NSF-ASRA under
Grant No. PFR-7902871 in which Dr. William Hakala is the Program
Manager. In the first phase of this work, William E. Bond was
supported by an NSF fellowship. This overall support given by the
National Science Foundation is gratefully acknowledged.

Doctor D. Harkrider of Caltech kindly performed the calculations

summarized in Table 12.

xiii



ABSTRACT

The accelerograms recorded at ground elevation
during the 1971.San Fernando Earthquake are examined through
the use of time domain techniques. These technigues are the
buildup of the Arias Intensity with time, the variation with
time of the root mean sguare acceleration, the variation
Wwith time of the principal planes of ground motion, and the
change in the response envelope of a single degree of
freedom system with time. These technigues exclude
consideration of the physics of the earthquake source or
seismic wave propagation.

Through the use of these technigues, a part of the
accelerograms that includes the arrival of direct S-waves
from the source is computationally identified. This strong
part is characterized by two parameters, the duration and
the level of shaking} Horizontal plane root mean square
acceleration 15 used to provide a measure of the level of
shaking which is independent of the orientation of the
‘zecording devices. The attenuation of the zrcot mean sguare
acceleration with distance is generally consistent with an
equation recently developed by Hanks which relates root mean
square acceleration with the earthquake's source parameters.

However, no significant decrease in the scattexr of the

Xiv



-‘attenuation relation was found when root mean sgquazre
acceleration was used instead of the peak accelerxation.
Conversely, it was found that zoot mean square and peak
accelerations were closely correlated.

A traveling Rayleigh wave is identified at two
deep so0il sites located in the San Fernando Valley. The
speed, direction, and frequency of the Rayleigh wave arxe
estimated and compared with theoretical c¢alculations. This
information and the proximity of the surface faulting
suggest this wave may have been caused by the shallouness of

the faulting process.
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PART 1

INTRODUCTION

The reduction of the hazards caused by earthgquake
shaking is related to the ability to forecast the expected
intensity of the ground shaking. Through the use of this
information, the engineer may ensure that his strxuctures are
adequately designed against earthgquake forces. Thus it
becomes necessary for the engineexr to examine past
earthquake events to_gain insight into futurxe events. From
an engineering viewpoint, the measure of intensity
associated with recorded ground motions at a site should be
an easily determined numbexr or set of numbers which
indicates the destructiveness or severity of those motions.
In the past, the intensity (Housner, 1975) has been linked
with the level of horizontal shaking and has been
characterized by a single parameter, such as pealk ground
accelexation, peak ground velocity, Spectral Intensity,
Arias Intensity, or Modified Mercalli Intensity (MMI).

It has been shown (Husid, 1967; Housnerxr, 1970)
that the duration of shaking, in addition to its level, 1is
an important factor in determining the amount of damage or
the collapse of a yielding structure subjected to the

combined action of earthquake shaking and gravity. This has



also been verified by the low failure rate of structures for
earthquakes of short duration even though both maximum
.acceleration and response spectrum orxrdinates 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 tuo
parameters, one describiné the level and the other the
duxation ofbthe motion. A third parameter determining the
failure potential of many civil engineering structures, such
as multistory buildings and dams, is the frequency contant
of the motion. A definition of the motion by its level,
duration, and frequency content parametexs should be
sufficient for many earthgquake engineering purposes.

Dobry, Idriss and Ng (1978)‘have indicated that
accelexograms at hoth rock and soil sites in the epicentral
region seem to exhibit three distinguishable parts for
earthqgquakes up to magnitude 7. In rock the three parts axe:

1) Initial weak part
2) Strong high frequency part
3) Final weak part
In soil the thxree parts are:
1) Initial weak part

2) Strong high fregquency part



3) Final part, which can be either weak ox a moderately
strong low frequency part

The fixst part at both rxock and soil sites corresponds to
P-wave axrrivals while the second corrxesponds mainly to the
arrival of S-waves along a direct path from the source to
the site. The third part which causes different responses at
rock and soil sites seems to correspond to the arrival of
both indirect body waves and surface waves.

The rest of this work attempts to characterize the
second and third parts of the accelerograms for basement,
first floor, and free field sites that were subjected to
shaking frxom the February 9, 1971 San Fernandoc, California
Earthgquake. This characterization excludes consideration of
the physics of the earthgquake source or seismic wave
propagation.

The second high frequency part, which usually
contains the highest accelerations, is studied here using
time domain techniques developed by the authoxr. The level of
shaking defined using rooct mean square acceleration and the
duration of this second part are determined to characterize
the motion. Finally, this characterization is compared
against the conventional measure of ﬁeak acceleration. It is
believed that root mean square acceleration will provide a

moxe stable measure of the level of shaking than peak



~acceleration. Specific characteristics of the high fregquency
part which are related to the San Fernando faulting
mechanism are also explored.

Thé third low frequency part is examined for the
five soil sites in the San Fernando Valley foxr which records
are available. Using the techniques developed in this thesis
it was possible to distinguish phases in which specific
surface waves are prevalent. Estimates of the speed,
direction, and frequency of these surface waves are made.

The time domain techniques developed here should
provide engineers with new methods of studying earxrthquake
strong motion accelerograms. These methods require a minimum
number of assumptions and therefore are convenient to use in
practical applications. The application of these techniques
to the accelerograms recorded during the San Fernando
Earthgquake serves as an illustration of the methods and also

provides insight into the charactexistics of those recozrxds.



PART 2

TIME DOMAIN TECHNIQUES

fhis part develops the time domain technigques that
will be utilized in this investigation. Information about
the background of these methods is also discussed. Examples
are given demonstrating the unique contrxibution each
technique makes to the characterization of earthquake strong
motion accelerograms.
Four basic time domain techniques were used. They
are the follouwing:
1) Husid plot of enexgy buildup
2) Root mean square acceleration
3) Principal plines 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 Husid Plot of Eneray Buildup

Arias (1969) assumed that the amount of damage
experienced by a structure was proportional to the enexrgy
dissipated by the structure per unit weight during the
oveiall duration of the motion induced by an earthquake.

This concept was generalized by Arias by considering a



collection of structuzxes uhoée undamped circular
frequencies, W, are uniformly distributed in the interval
(0, 2) 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
earthquake. Thus Arias defined the intensity of the

earthquake as:

(1) lAszdW
0

Arias assumed tha£ all the structures could be modeled as
simple linear oscillatoxrs with viscous damping. He also
showed that the results are still generally applicable if
the oscillators are nonlinear or elasto-plastic (Arias,

1969). After considerable manipulation it may be shown that:

Y

—_— n 2
2 ‘A(n)—‘ arccos a (f)dt
(2) 9'\/1~n20
where I, = Arias Intensity
n = damping ratio of a collection of

simple linear oscillatozrs

g = acceleration of gravity
t = total duration of the earthguake
al(t) = ground accelexration time history

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

factor being dependent on the structures considered, while



the second factor is dependent only on tbe ground motion. It
can be shown that for the range of damping values assogiated
with real structures, the factor outside the integral is

practically a constant. Therefore a value of n=0 was chosen

to standardize the process. The Arias Intensity then

becomes:
¥
T 2
(3) = -é-s-;- a(tydt
0

This provides a single number as a measure of earthgquake
intensity for the event described by the acceleration time
history.

It should be noted that ARrias Intensity can bhe
related to the Fourier amplitude spectrum of the

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

1

(4) fw) = f a (t)e iwidt
0
by ®
(5) fci’(t)df = —‘ﬁ- f2(w)dw
0 0

where f£(w) Fourier amplitude spectrum

W = frequency of vibration
¢ = total duration of the earthquake recoxd
al(t) = accelexration time history

Recorded ground accelerograms normally consist of

three orthogonal components, ay(t), ay(t), and a;(t), where



ay (t) and ay(t) are the horizontal components -and az(t) is
the vertical component. The time t is the same for all three
components and is measured from the moment thé recoxrding
device is triggered. The triggerxring time is generxally not
Knowun on an absolufe scale and thus usually varies from
station to station for the same earthgquake event. In
calculating the Arias Intensity foxr horizontal ground
motions af(t), may be taken to be either one of the

individual horizontal components, ay(t) and ay(t), or the

horizontal plane acceleration, apy(t).
(6) af(h) = a%h) + adit)

The advantage of the horizontal plane acceleration is that

it provides a measure of ground acceleration which is

independent of the orientation of the zrecording device.
Husid (1967) chose to plect the buildup of Arias

Intensity as a function of time.

t

a2(r)ydt
W
$) = =
(7) h( lA(tf) te

fc2(r)d~r

0.

The function varies f£xom h=0 at t=0 to h=1 (100%) at t=t;.
The Husid plot is an indicator of how rapidly energy is

being dissipated by structures during the various parts ox



sections of the acgelezogram; It also has been noted (Husid,
1967; Housner, 1975) that the slope of the‘Husid plot versus
time is a measure of the level of shaking or the rate at

which the accelerogram enexgy is built up. This slope ox fhe

pouwer, P, of the motion is defined during the interval A:
: t+A
= — 2
(8) A a?(t)dt

t] .
By examining the slope of h(t), an indication of the
severity of ground shaking may be obtained. A constant slope
indicates a constant enerQy input while an increase or
decrease in the slope indicates respectively an increase or
deczease in the energy input. Figure 1 shows the NS
component of ground accelerogram as well as the Husid plot
calculated for the motion recorded during the 1971 San
Fernando Earthquake at 3838 Lankershim Boulevard. The
central portion in Figuxe 1 having a steep slope corresponds
to a high level of shaking. A Husid plot may be calculated
for either an individual acceleration compenent or for the

horizontal plane acceleration.

2.2 Root Mean Sqguarxe Accelexation

By taking the square root of the slope of the
Husid plot the root mean square acceleration is obtained. It

is defined as:
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(9

wherxre @ = root mean square acceleration in the
interval t; to %t + A
A = size of the time intezval
t; = beginning of the time interval
It is this measure of the level of shaking which will be
used in this thesis.

Hanks (19879) lists several seismoclogical and
engineering reasons why using root mean square (xrms)
acceleration should be superior to the use of peak
acceleration for characterization purposes. First, as the
résult of integration, the root mean sgquare could be
expected to be a moxre stable measuxre of high frequency
ground motion than an individual amplitude measurement.
Second, for many earthquakes the time interval of large
accelerations is much shortex thén the duration of strong
shaking. Thus these intervals are not indicative of the
gross source properties (see alsoc Seekins and Hanks, 1978).
Third, at close distances t§ the source the peak
acceleration is only weakly dependent on the the magnitude
of the earthgquake (see also Hanks and Johnson, 19763},

Finally, the amplitude of the peak acceleration values could
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be reduced in most accelerograms 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 zms
acceleration can be predicted theoreticaliy from a simple
model of the earthgquake sourxce. He points out that zrms
acceleration does not quantify the intensity of the ground
motion by itself. It must be accompanied by a definition of
the durxation.

The following equation results from the
consideration of a simple model suggested originally by
Brune (1%70) and later developed by Hanks which calculates

the rms acceleration for an individual horizontal component.

2
— V2 (27)° as Q8B
(10) a=0.85"—5 el s

where As = earthquake stress drop
fo = 1/Ty = spectral cornax frequency
Ty = faulting duration of the earthguake
R = distance to hypocenter
p = density of the medium
B = shear wave velocity of the medium
@ = quality factor of the medium

Thus using the rms acceleration, an engineering measure of
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the level of shaking can ye related to a simple earthquake
source model.

It is especially useful to investigate the
variation of the rms acceleration as a function of time.

This can be done by employing a moving time window as

follous:
t4+0.58
(]]) at) = %fcz(f)dT
: 1—0.58
where & = width of the moving time window

During those parts of the accelerogram where there is severe
ground shaking the value of a(t) will increase accoxdingly.
Figure 2 presents the moving time window xrms acceleration
calculated for the NS component of ground acceleration
recorded at 3838 Lankershim Boulevard. It should be noted.
that 3a(t) 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 arriyals ovexr a
period of time with the smoothing becoming more pronounced
as ® increases. Thus the usefulness of the numeric values
obtained for moving time window root mean sguare
acceleration is gquestionable. The examination of the shape
of the a(t) graph, however, is helpful in determining, in =a

simple way, intervals ¢f strong and weak levels of shaking.
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Trifunac and Brune- (1970) examined the
accelerograms recorded at El1 Centro forx the'May 18, 1940
Imperial Valley, California Earthquake and determined that
the earthquake consisted of multiple events at the souzrce.
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 arrxivals
correspond dixectly 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 Ground Motion

The ability to distinguish between the 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 tensox, [G(t)], foxr a set of ground acceleratioens,
ay (t), ay(t), and azy(t), Known along three mutually

perpendiculax axes:’
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9xx 9xy 9xz
(12) [6]= layx gyy 9y

9zx 92y 922

t+0.556
where gj =9ii“)=f°i(7)°](7)d7
t—0.58
& = width of moving time windouw

The diagonal terms of the tensor have the form:
t+0.58
gyxD = f ag(ndr
t—0.58

While the off-diagonal terms have the form:

t+0.58

gXY(f) :f ax(Tay(ndT

t—0.58

This definition of [G(t)] is similar to that proposed by
Arias (1969) and Penzien (Penzien and Watabe, 1975; Kubo and
Penzien, 1976; Kubo and Penzien, 1977). Penzien used his
procedure to determine the types of seismic waves arriving
at a site and their approximate direction of travel at the
site.

The eigenvalues and eigenvectors of the tenscr
[G(t)] may be found as a Ffunction of time. The eigenvectors
correspond to the principal directions of the moving time

Wwindow 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 oxrdexr to simplify the interpretation, the
eigenvectors (®,y,2) are converted using the procedure shoun
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 corxrresponding
to the major principal plane are usually the most helpful.

Seismic body waves traveling from the fault to the
surface usually become more verxrtical in their travel paths
due to refraction occuxrring as they go from stiff to softex
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
rhi of 0 degrees. S-waves on the other hand should e#hibit
motions predominantly in the horizontal plane correspondihg_
to'a rhi of 90 degrxrees. 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 recoxding
device was triggered by oﬁe 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 utilizes 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 arrxival. It alsoc has
the advantage of not reéuizing additional assumptions or
special training.

An excellent check of this method of processing
accelerograms was obtained by an éxamination of the
acceleration data recorded at San Francisco Golden Gate Park

during the March 22, 1957 San Francisco Earthgquake. Figure 6
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is a plot of the phi angle for the maximum principal plane
for this site. An aftershock occurred approximately 28
seconds after the initial shock while the recorder was still
running. The phi plot dips toward 0 degrees at the first
P-wave arrival corresponding to the aftershock. Phi returns
to approximately 90 degrees when the S-waves from the
aftexrshock arrive.

The theta plot for the maximum principal plane
does not prove as easy to interxpret. Figure 5 shows the
theta plot of the maximum principal plane for 3838
Lankershim Boulevard using a time window width of 0.5
seconds. The angle changes rapidly making conclusions hard
to draw. The fact that phi can be interpreted succéssiully
demonstrates that S-waves arrive almost vertically at a
site. The variation of theta, however, suggests that this
technigque can not be used to determine the polarization, if
any, in a specific horizontal dirxection.

A precaution must be observed when employing this
procedure. Phi and theta are calculated through the use of a
time window. Thus estimates of the exact time of a wave
arrival 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 examine 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 Kubec 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 fixed timé. It was c¢oncluded that this nmay
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 oxder to properly
sample the low freguency content of thevzecord. Conversely,
it would he desireable to use a small time window so that
the variation of the high frequency components can bhe
observed. Thus thé moving time window approach has obvious
limitatioens.

This method can,'ﬁowever, be suécessfully applied
to.-a specific segment of acceleratioh data. The eguivalent
frequency of a stationary random process is usually defined

as (Clough and Penzien, 1975):
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Y2

o
w2S(w)dw
1 1.
f Siw)dw
-%

‘where w angular frequency

S(w)

power spectral density of the process

]

v equivalent fregquency
For a deterministic signal, such as an accelexrogram, S(u)

can be defined in terxms of the Fouxrier amplitude spectrum of

the accelerogram (Bendat, 1958):
Siw) = —— 2w)
(14) ATT

where A = time interval considered of the
acceleration time histozry
f(w) = Fouxrier amplitude spectrum

The above eguation assumes that during a limited duration,
the accelerogram is a random process with a constant average
frequency content. The Fouriexr amplitude spectrum can easily
be calculated foxr a set of discrete data by employing the
Fast Fouriexr Transform method. Combining both equations

results in the following:
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Y
o] 2
: w2 f2(w)dw
(15) V=5- "% ;
[ Podw
0

The equivalent frequency is used for probabilistic studies
which require an equivalent number of cycles.

Following a similar procedure, Liu (1970) divided
an accelerxogram into contiguous segments, calculating the
pouexr spectral density for each segment. This method
represents appro#imately 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 filtexr the
input accelerogram. A modification of Kameda's work was used
in this thesis. The equation of motion of a sinéle degree of
freedom linear oscillator subjected to a base acceleration

is:

(16) d(h+ 2nwed®) + wld(h) = -at)

where ~d(t)

relative displacemnt of the oscillator

"

n damping ratio of the oscillator
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Wo natural frequency of the oscillator

alt) base acceleration time history
The enexgy of the oscillator is proportional to the response

envelope, e(t):
2 TamTP
(17) et = [di] + [—w—]

The firxrst term represents the potential energy stored in the
spring while the second térm represents the kinetic enezxgy
resulting from motion of the mass of the system. When the
value of the damping ratio is small the oscillator acts as a
narrxow band filter responding primarily to frequencies close
to ité own natural frequency. The response envelope
“indicates how the enexgy of the acceleration time history
varies as. a function of time for a specific individual
frequency. By varying the natural frequency of the filter it
is possible to determine what frequencies are prevalent
during various parts of the ground motion. A damping ratio
of 0.05 was used in this study following Kameda's suggestion
that the damping should be in the range 0.05 to 0.2. Figure
7 shows the response envelopes resulting from the use of 5
and 10 Hz filters on the NS component recorded at 3838
Lankershim Boulevard., Kameda modified the response envelope

by the natural fregquency and damping ratioc of the f£ilter to
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obtain the evolutionary power spectral density of the
accelerogram.

This method eliminates the problems associated
with the use of a time window. Howeverxr, the user must select
a value for the frequency of the filter that corresponds to
the fregquency of the seismic waves of interxest. To determine
the parts of an accelerogram in which the enexrgy at the
filter frequency is prevalent, a comparison of the relative
magnitudes found in the response envelope plot should be
made.

2.5 Computey Programs

Following the definition of the above techniques.,
-a computer program was written to allow their application to
corrected accelerograms which were obtained fxom Caltech,
and which are described in Volume II of the series, Strong

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

program was labeled SMAP (Strong Motion Analysis Program)
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 anothex
program wasbmritten to perform these procedures for velocity
time histories.

Both computer programs were used to process the
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recoxrds obtained during the 1971 San Fernando Earthquake.
The results are presented in Part 3. Some applications of an
earlier version of the accelerogram processing program were

reported by Dobry, Singh and Bond (1978).



PART 3

CHARACTERIZATION OF THE SAN FERNANDO ERRTHQUAKE

Several procedures have been suggested by other
reseaxchers to chazacteiize and represent ground motions in
both frequency and time domains. Shoja-Taheri and Bolt
(1977) proposed the use of a spectrally maximized record.
This recoxd is obtained by combining the Fourier spectra of
both horizontal components in order to maximize the
resultant spectrum. The record resulting f£rom this
combination is independent of azimuthél orientation. The
spectrally maximized recoxrd may be used for engineexring
analysis. Seed and Idriss (1971) evaluated the liquefaction
potential of saturated sand deposits through the use of a
peak acceleration and an equivalent number of c¢ycles. This
method of characterization has been used primaxrily to study
the response of soils. Perez (1973) has defined a graph
called the time duration spectrum. A response spectrum is a
plot of the maximum response o0f a single degree of freedom
system subjected to a particular acceleration time history,
for a specific damping fact§r and for a range of
frequencies. However, the use of this maximum value does not
indicate the duration of time that a specified level 1is

exceeded. For that purpose, Perez 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 zesults produce 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 spectzum is
obtained. Thus, a level of response and an associated
duration become available for 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 othex the duration
of the shaking. The level of shaking will be measured by the

horizontal plane rms acceleration which is defined as

follous:
H+A
(18) Gy = —;— f [odt+ adt)]dt
t
where %} = time corresponding to the beginning of
strong high fregquency shaking
A = 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)
ay(t), ay(t) = 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 pzrovides
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 tﬁe determination of
the duration of strong shaking will be examined f£irst. The
first definition, bracketed duration (Bolt, 1973; Cloud and
Perez, 1969; Cloud, 1973), is the time interval during which
the acceleration amplitude equals oxr exceeds a specified
level. This level is usually specified as 0.05 g oz 0.10 g.
This method has been found uséful due to its approximate
correspondence with the strong paxt 6f ground shaking and is
generally applied to the individual acceleration components.
A It should be noted that for a given earthgquake event, the
duration by this definition decreases with an increase in

distance from the souzrce, with the duration becoming zereo
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when the peak acceleration at a site is less than the
specified level (Chang and Krinitzsky, 1977).

The second method for detexmining duration
exXxamines the Husid plot of enexrgy buildup versusvtime
(Trifunac and Brady, 1975). The duration using this second
method is the time interval required to accumulate a
prescribed fraction of the total Arias Intensity. Thus the
time intexrval between two arbitrarxry levels, for instance, 5%
and 95% of the total Axrias Intensity would be defined as the
duration. This methods eliminates, at least partially, the
beginning and end of the accelerogram which represent a louw
energy input.

Anothexr method (Vanmarcke and Lai, 1977) assumes
that an acceleration time history is a stationary Gaussian
process Wwith the expected peak acceleration occurxring once
during the duration of motion. Undex this assumption the
peak acceleration is related to the rms acceleration by the

following equation:

(19) %": =V21In(250/To)

The rms acceleration, by, may be related to the Arias

Intensity, Ipn (see Egqn. 3), by the following egquation:

2
(20) i, =1, =5,
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Combining these equations yields:

(21) so =[21In(250/To)](1o/a?)
where I, = (2g/mw)I,
S = strong motion duration
b = xrms acceleration
ap = peak acceleration

T, = predominant period of the motion
Knowing I, , ap, and T, it is possible to calculate b, and
So - This method essentially xeplaces the accelexogram by a
sample of a Gaussian stationary pzocess whose total Arias
Intensity and expected peak value match those of the recorxd.
McCann and Shah (1979) have determined the
duration of strong shaking through the use of the -cumulative

rms acceleration which is defined as:

1

(22) crms(t) = —1- a2(r)dr
0
where <crms(t) = cumulative zms
acceleration from the
beginning of the recoxd
to time t
a(t) = acceleration time history

This is equivalent to obtaining the square root of the slope
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of a line drawun from the origin to the point on the Husid
plot corresponding to time t. The time after which the
cumulative rms acceleration is always decreasing is assumed
by McCann and Shah to correspond to the end of strong
shaking since the accumulated accelerogram enexgy per unit
time has reached its highest level and is now decreasing. By
reversing the acceleration time histoxry and again
determining the time after which the cumulative zms
acceleration is always decreasing, the time at the beginning
of the record where significant enexgy begins to arrive may
be determinéd. The time interval between these points is
defined as the interval of strong shaking. In this indirect
way, the method attempts to determine the portion of the
record where the average rate of enexgy arriving is
increasing or at a constant level.

The above procedures are related only in an
indirect manner to the underlying seismological cause of the
strong shaking part, the arrival of dirxect S-waves. It is
desirable to define an engineering approximation which
corresponds more closely to the actual seismological phases
observed. Alsoc, serious problems may arise when the
definitions proposed by Trifunac—-Brady, Vanmarcke-Lai, and
McCann-Shah are used for so0il records, as these definitions

will tend to lump together the strong, high frequency and
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the moderate, lou freqyency parts of ﬁhe accelerogram
without considering their differxent 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 Ng
(1978) have indicated that thrxee distinct parts may be seen
in the accelerogram recorded at a rock site. These three
parxts can be more clearly defined by examining the slope of
the Husid pleot. These parts are related to three different
sets o0f wave axrrivals at the site and to different slopes in
the Husid plot. They are as follows (see Figuxe 8):

1) Initial weak part, corresponding to P-wave arrivals, and
to the initial f£lat slope of the Husid plot.

2) Intermediate strong part, corresponding mainly to the
arrival of S~-waves féllowing a direct path between the
earthgquake source and the recording station. This stxong
part corxresponds to the steep slore of the Husid plot.

3) Final weak part, corresponding to the arrival of indirect
body waves and surface waves.

The significant duration of the recqzd is defined for the

purposes of this thesis as the duration of the intermediate
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strong éait of fhe record which corresponds to the steep
slope of the Husid plot. This duration will hopefully also
correspond to the time interval which contains the arrival
of S-waves following a direct path between the eaztﬁquake
source and the recording station. This time interxrval may be
difficult to identify in the accelexrograms recorded at soil
sites. The thirxd part of the recorxrd obtained at soil sites
is moderately strong, making it difficult to distinguish
fxom the second part.

Two times, t; and %3, will be defined as
corresponding respectively to the fixst and ;ast times of
direct S—-wave arrival. The Husid plot, moving time window
rms acceleration, and the principal planes of ground motion
techniques described in Part 2 are directly applicable to
the determination of t; . As a check, %} calculated by these
methods for the San Fernando Earthguake records will be
compared to tig » the time of first S-wave arrival estimated
by Berrill (1975). Berrill calculated this time by the use
of a technique described by Hanks (19875) which requires the
computation of a set of rotated horizontal accelerograms
parallel and perpendicular &o the source-station direction.
For the 1971 San Fernando Earthquake, Bexrrill's value, tp ,
was 1.8+0.2 seconds at the 3838 Lankershim_Boulevard

station. Figures 8 and 9 are plots of the NS accelerogram,
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horizontal plane Husid plot, horizontal plane rms
acceleration, and maximum principal plane.phi for 3838
Lankershim Boulevard. Note that the beginning of the steep
slope in the Husid plot corresponds approxrimately to the
value tig calculated by Berrill. An examination of the
moving time window xoot mean sgquare acceleration plot at 1.8
se¢onds also indicates that the enexgy input is igcreasing.
However, the sudden jump in acceleration coxrresponding to
the initial S-wave arrival evident in the accelerogram is
not found in the moving time window rms accelexation 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 accelexation and maximum plane phi plots
provide a good estimate of %) . The value t; = 1.6 seconds
obtained from these technigques for the Lankershim record is

indicated in Figures 8 and 9.
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The determination of t;, the time corresponding to
the arrival of the last direct waves proves to be moxe
difficult. The Husid plot is normally "rounded™ in shape
during the trénsition from direct to indirect wave arrivals.
This is demonstrated by the Husid plot found in Figure 8 fozx
the time interval frxom 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; . Hence the Husid and maximum principal plane phi plots
offer little insight into the determination of t, . 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 accelerogram in Figure 8 indicates
that this time intexval corresponds approximately with the
termination of large amplitude high frequency acceleration
pulses at the site. Thus, for the San Fexnando records, t2
will be defined as the time at which the moving time window
rms acceleration values are in transition f£rom the high
values experienced following the initial S-wave arrivals to
a final lower level. The value t; = 7.5 seconds obtained
from the rms acceleration for the Lankershim station is also
~indicated in Figures 8 and 9. Figures 10 and 11 show the %
and t7 values determined for four San Fernando 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 %; <to
t2 and the duration of the strong shaking equals
A= t2 - t] .

3.2 Moving Time Window RMS Acceleration Plot

As previously mentioned, this study examined the
accelerograms which were recorded at free field, basement,
and grxround floor sites that recorded shaking from the
Februaxry 9, 1971 San Fernando Earthguake. BAltogethex, 97
sets of accelerograms, each consisting of three individual
components (2 horxizontal, 1 vertical) ueze.considered. The
list of stations studied is presented in Table 1. A map of
the area of strong shaking is contained in Figuxe 12. The
map explicitly locates each recording station for which a
plot is presented in this thesis.

Several repoxrts have provided information about
the souxcekcharacteristics 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 Helmberger, 1978). The
thzust fault produced an earthquake with a local magnitude,
M  =6.3 (Kanamori and Jennings, 1978). Figure 12 shows the
location of the surface trace o£ the fault. Figure 13 shous
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 rupture started at the
hypocentexr, located to the north of the ground surface trace
and at a depth of 10 to 15 km, and propragated up and south
until it reached the ground surface. The rupture velocity at
the fault ﬁas estimated to be between 2 and 3 kms/sec. Values
estimated for the total rupture duration are from 9 to 10
seconds (Bouchon, 1978; Heaton and Helmberger, 1978).

Horxizontal plane Husid, horizontal plane moving
time window rms acceleration, and maximum principal plane
phi plots were produced for each station. A moving time
Wwindow width of 6.5 seconds was used when obtaining the
moving time uindow rms acceleration and maximum principal
plane phi plots.

An examination of the moving time window zms
acceleration plots produced foxr sites within several
kilometexrs of each other produced interesting results. 2
distinct shape of the moving time window rms acceleration
values 1s evident. This fact is illustrated in Figuxres 14
through 17 which show plots for fouxr 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.

Figurxe 14 shows the moving time window zrms
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acceleration plots at Hollywood Sfozage Basement and'
Héllyuood Storage P.E. Lot. These stations are located
within several hundred feet of each othex. The shapes of the
plots are similarxr, indicating the same sequence of arzivals,.
but with different absolute amplitudes,; probably due to the
influence of local conditions. The Hollywood Storage
Basement site has lower absolute rms acceleration values
than the Hollywood Storage P.E. Lét site which is located in
the free field.

The azimuth of the sites with respect to the
epricenter (noxth or south) also affects the zresulting moving
time window root mean square acceleration shape. Figures 14,
15, and 16 contain plots from sites located to the south of
the epicenter while Figure 17 shows the plots from two
northern sites. The northerxn sites in Figure 17 have one
short duration jump in the moving time window zxms
acceleration while the southern sites exhibit moxre numerous
jumps with a greater total duration. The consistency of
duration characteristics for stations south of the fault is
illustrated by Figure 18, which shows horizontal plane Husid
plots for four stations. All four sites are located in the

Santa Monica Mountains (see Figurxe 12). In Figure 18, all
four time scales have been shifted so that t; occurs at 2.0

seconds for all of the plots. This diffexence bhetween
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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 proc¢ess which has also been
obsexrved by other researcﬁers (Hanks, 1974; Heaton and
Helmbergex, 1978).

3.3 Probabilistic Model of the San Fexnando Earthquake

The similarity of moving time window zxzms
acceleration plots fox spécific 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 a set of 11 sites south of the
epicenter was. produced. Table 2 identifies the 11 locations.
The moving time windou rms accelerations computed for 22
horizontal components, recocrded at 11 different locations
were normalized and averaged. The individual components were
shifted by the time of initial S-~wave arrival determined by
Berrxill, %) . This aligns the initial S-wave artivals at all

the sites. Then the average, [Sq(t)lgve » wWas computed as:
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22 +4-0.25

(23) Solfllgye= ] ] f v
Satt),. (22)(0.5) &=t G} ,_:'2‘.: '

where % varies from 0.0 to 6.2 seconds

(24)

a; (t) = ith acceleration time history
shifted by <t

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. {Sq(t)lse has an average value
0of 1 since each individual moving time window root mean
. square acceleration plot has been normalized by (§5)?.
Figure 19a gives the zresulting [Sg (t)lgve plot. Figure 19%a
shows the same twoc 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, ¢pn(t), consisting of two peaks of equal height and
two valleys of equal height was fitted to [Sg () lave as
shown in Figure 19a. Therefore, for computational purposes.
¢n(t) can be divided into two succesive stationary segments
of durations dy and d; with d; + do = d = 6.2 seconds. The

segment of height ¢1 represents the peaks, while the second



39

segment of height ¢2 represents the valleys. It should be
noted that 1/d( ¢?d; + ¢3d, ) = 1. Then the normalized
nonstationary model dn(t) was used to predict the times of
occurrxence, tp, of peak accelerations for the ground motion
during the San Fernando Earthqualke.

For a stationary mecdel, the probability density

function of the time of peak acceleration, tp, is:

1
(25) PDF(tp-t;) = -
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 ¢; and ¢, .
(26) my = PDF(fp‘h)_—_

o 2

%} Of {pexp[.vd,exp(.‘?n%)]} %‘-‘{exp[-vdzexp(--lz—n]z%)]}dn1

Mg = PDF(fp'h): ]—‘n_’\lé_]_
d7
where v = equivalent frequency (This quantity is

calculated using Egn. 15, An average
value of 4.5 cps was calculated for

the 22 components)
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By multiplying m; and m, by the total number of actual cases
(108), a theoretical histogram was obtained. This histogram
is included in Figure 19b. The theoretical histogram shous
the same peaks and valleys observed in Figure 19%a. Figure
19b compares the theoretical histogram with one obtained by
plotting the numbexr of actual cases of component peak
accelerations which correspond to a value of tp - t;5 £ox
108 horizontal components recorded at 54 stations south of
the epicenter during the San Fexrnando Earthquake. The time
scales of the individual components were shifted by the
corresponding value of tijg . The shape indicates that there
were two intervals of strong horizontal shaking lasting
about 1 second each, occurxing at about 2.5 and 5 seconds
aftexr the f£irst S-wave arrival. Most of the recorded peak
accelerations occurred within these intervals. The shapes of
the theoretical and observed histograms in Figure 19b shouw
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 distribution
and a height of 8.7 cases. Thus, the strong shaking pazrt
experienced to the south of the epicentex'can not be
~accurately modeled using a stationary process. This
probabilistic model was also presented in a previously

published papexr (Dobry, Bond and O'Rouzrke, 1979).
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Perhaps the observed moving time window rms
acceleration plots can he related tec the process which
occurred at the £ault. The differences observed between
moving time window rms acceleration plots from the north and
the south of the epicenter may possibly be explained by the
directionality of the faulting process which has been noted
by other researchexs (Hanks, 1974; Heaton and Helmbefger,
1978). Additionally, as shoun 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 Helmbexger (1978) have found it necessary to include
both directiconality 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 intzoduced
a San Fernando rﬁpture model which contains barxxriers or high
strength materials. As the propagating rupture encounters
these barriexs, high localized stress drops and high
frequency acceleration pulses result. Arxchambeau (1978)
proposed that two high stress drop "events" occurred durxing

the fault zupture. One event occurred at the hypocenter at =
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depth of about 14 km while the second occurred at the fault
bend at a depth of about 5 km. Thus, the moving time windouw
rms acceleration shape may be related to acceleration and
deceleration pulses which resulted from the faulting
process. The consistency in the shapes of the moving time
window rms acceleration plots and in the time of the peak
accelerations, illustrated by Figures 19a and 19b , could
then be explained by body wave phases rxelated to these
barriers. For example, based on the work Bouchon and Aki
(1977) and Bouchon (1978), it could be speculated that the
first peak at about 2.5 seconds in Figures 19a and 19b may
be associated with S-wave arrivals from the fault plane
below the fault bend, while the second peak at about 5
seconds could be associated with S-waves generated at the
area between the fault bend and the fault tip.

3.4 Duration of the San Fernande Earthquake Strong Shaking

Using the procedure described at the end of Part
3.1, recoxrds from 97 sites from the 1971 San Fernando
Earthquake were examined to determine %t; and t,. It was
possible to determine % and t, for 68 of the 97 sites.
Those sites fdr which a t; or ty value could not be
determined along with a possible explanation are contained
in fable 3. %y could not be calculated for those sites where

the accelerograph triggexed late. A late triggering



43

recording device produces accelerograms which show no
characteristics of the transition from P to S-wave arrivals.
In these cases, the moving time window rms acceleration plot
has high values at the beginning of the plot indicating that
the typical initial low level part corresponding to P-wave
arrivals was not recorded. Additionally, the maximum
principal plane phi plot has values of approximately 90
degrees at the start confirming that the S-wave arrivals had
started before the beginning of the recording. Cexrtain soil
sites also introduced problems. The determination of tj for
these so0il sites is difficult because the transition from
high to low levels of moving time window rms acceleration
values 1is gradual with no distinct separation. This problem
Wwill be investigated furthexr in Part 4 for the sites €048,
I137, and J145. Sites located in close proximity to the
Pacific Ocean and at large distances from the epicenterx
demonstrated no discexrnible stxong part. This is probably
due to the increased importance of surface waves relative to
body waves with increasing distance from fhe souxce (the
shoreline sites were 50 to 100 km frxom the epicentezx).
| Table Y4 contains the values of t;, t7, and -

A = t; - t; for the 68 stations. Also included in Table 4 is

tig » the time of initial S-wave arrivals estimated by

Berrill (1975). Figure 20 demonstrates that it calculated by
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this study is in good agreemént with t)g calculated by
Berrill for most of the stations. Berrill's method seems to
produce better results for distant records than the>method
used in this thesis.

Figures 21 and 22 present plots of the duration of
strong shaking, A, 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 othexr researchers (Trifunac and Brady, 1975; Dobry,
Idriss and Ng, 1978; Hays, King and Park, 1978) wherxe
duratieon was found to increase with distance £rom the
source. These othexr studies, howevexr, calculated significant
duration ﬁsing the Trifunac-—-Brady procedure described in
Part 3.1 where the duration is defined as the time interxval
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 +thixrd weak part of the
record. These wave types increase in importance with
_distance from the source thus increasing the Trifunac-Brady
duration. The method used in this thesis to c¢ompute duration

attempts to eliminate this effect by c¢considering only the
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strong shaking part and thus shous no influence of distance
on duration.

R correlation exists hetween the duration and the
azimuth from the epicenter as seen in Figure 22. Azimuth is
measured clockuise with respect to north which is 0 dégrees.
Sites north of the epicenter have a duration, A, of 2 to &
seconds while sites south of the epicenter have a duration
of 5 to 8 seconds. The total rupture duration for the San
Fernand§ Earthgquake has been estimated as 9 to 10 seconds
{Bouchon, 1978; Heaton and Helmberger, 1978). However, the
San Fernando Earthgquake fault process was directional with
the thrust fault zupture propagating in a southernly
direction. This effect causes recording stations to see
different apparent durations depending on their azimuth.
Heaton and Helmberger (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 noxrth of the
epicenter. Thus, the method used in this thesis shows good
agreement for the southern sites and bad agreement for the
northernksites. Evidently for the northern sites, the
procedure only ‘identified the time ‘interxrval corresponding to
the strong rupture 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 strxong, high frequency part
of the accelerogram which is also evident at adjacent rock
sites. This part has a duration A. The second part is the
moderaté. longexr pexriod 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 tuwo distinct entities in future studies.

3.5 Level of Strxong Shaking of the San Fernando Earthguake

Using the values of t; and A determined in Part
3.4, the horizontal plane zms acceleration, ay defined by
Eqn. 18 was determined foxr the 68 sites listed in Table 4.
Table 4 contains the values calculated for 3. Tuwo othex
quantities wWere also calculated for comparison, ang and apy .
apg is the horizontal plane rms accelexation calculated by
using Berrill's estimate of the first S—~wave arrivals, tig
as the beginning of the strong part ¢oupled with a constant
duration, A, of 6.0 seconds. A duration of 6.0 seconds uwas
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, i£ is better to underestimate the duration
in the calculation of ay than to overestimate it. By

overestimating the duration, the low level shaking following
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the strong part is included in the qalculation of ay,
resulting in an underestimated value of 3ay. By
underestimating the duration, only the strong shaking pazxt
is included. This produées a more realistic value for ay.
The values of aygp for the 97 sites have been included in
Table 4.

apy 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

follous:
(27) ap(t) =\/o§(f)+a$m
GpH = | an()
max
where ay(t) = horizontal plane acceleration
ay (t), ay(t) = horizontal plane acceleration

components
Table 5 contains fhe values calculated for apy . apy 1is
closely related to apy and amr,’the peak acceleration values
of the horizontal components. This is illustrated by the
plot of apy versus the maximum of apy and apy 1in Figure 23.
In the calculation of 3y, it was observed that
some small geographic areas contained stations with

comparable values of ay (example - C051:534, CO54:575,
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E078:554, K157:598, Q241:538, R244:589). In other small
areas, dissimilar values of ay were obtained. This lack of
similazrity was prominent at the Hollywood Storage Basement
and Hollywood Storage P.E. Lot stations whexre ay was
¢calculated to be 672 and 937 mm/sec/sec respectively. These
stations are within several hundred feet of each other.
Crouse and Turner (1978) and Shakal and ToKksoz (1978) have
noted a difference in the Fourxier amplitude spectra of these
accelexrograms for frequencies higher than 5 Hz. Tﬁe P.E. Lot
station is a free field site and its Fouriexr amplitude
spectrum contains more energy above 5 Hz than the basemant
station. Newmark et. al. (1977) and Crouse and Turner (1978)
have explained this by suggesting that the large building
foundation f£iltered 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 c¢rudely the filterxring effect of large buildings,
the Hollyuwood 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 zrms
acceleration was then recalculated using the f£iltered
accelerograms. The filtered horizontal plane zrms
acceleration, ayf, may be found in Table 4 for the 68

stations. The results at the Hollywood Storage sites are
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encouraging. ayg 1is 637 and 743 mm/sec/sec for Hollyuwood
Storage Basement and Hollywood Storage P.E. Lot
respectively. The free field site root mean square
acceleration value decreases more than thé basement value
confirming what was observed in the Fouxier amplitude
speétrum. In most other areas, however, the band pass
filtexred values of 3y did not show a reduction of scatter
compared with the unfilterxed values of T4. This suggests
that other effects besides the filtering of high frequencies
by massive foundations of multistory buildings influence the
scatter of rms acceleration.

ay, ang: and apy were plotted versus the
hypocentral and epicentral distances to the recorxding
stations to determine the attenuation of these values with
distance. The distances of the stations from the hypocenter
and epicenter were obtained f£rom Berxrill (1975). Figures 24
through 30 present the plots of apy., ayg., and ay versus
distance to the hypocentexr. Plots of apy, apg» and ay versus
epicentral distance may be found in Appendix 2.

A least squares analysis was performed assuming an
equation of the form y = cx9 where y represents the
acceleration quantity at a distance s from the source. The
numerical values for the parameters ¢ and d are found in

Table 6. The curves resulting from the least squares



analysis are plotted in Figures 24 through 27 for the 97
sites of Table 4, Figures 28 and 29 for 68 sites, and Figure
30 for rock sites only. The acceleration data f£its the least
squares curves well with the coefficient of coxrelation, r,
ranging from 0.83 to 0.89 (see Table 6). However,  the
scatter of ayg and ay values measured by the value of r in
Table 6 is not significantly less than the scatter of apy
values. This result was not expected and tends to discourage
the use of apg or ay over apy for characterization purposes.

The equations for apg (97 sites) and ay (68 sites) in Table

6 are very similar, if x = hypocentral distance, apyg =
1.17%105 146 and 3y = 1.20%105%143 | The equation for ap,
(97 sites) is apy = 4.22%105%x79% | This confirms that 3y is

approximately equal to ayg and suggests that on the average
apy 1s about three times larger than ay. The curve
calculated for rock sites only contains too few sites to
draw any definitive conclusions.

Figure 31 is a plot of ay versus aHp . ang
calculated using a constant duration, A, of 6.0 sedonds
produces results which are comparable to ay which was
calculated using a duration, A = t, - t; 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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probably 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 apy versus apg énd ay respectively. apy is
closely related to both ayg and ay as shown in these plots
with apy = 2.55ay = 2.7dayg . This result together with the
values of r in Table 6 suggests that for a given earthgquake
event such as San Fernando, apy is as suitable as ayg or ay
for earthquake characterization. This c¢onclusion should be
vexrified, howevex, for other earthquake events. It is also
rossible that the factor 2.7 may change for other
earthgquakes.

The regressions summarized in Table 6 suggest that
apy » app » and ay are similarly attenuated with distance as
(hypocentzal distance)™3 . This is exactly what is
predicted by the Brune—-Hanks model of Egqn. 10. Therefore, it
was decided to compare the attenuation curve predicted 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 apg
and dy. In order to convert from component to horizontal

rplane rms acceleration, Equation 10 was multiplied by a

factor of\/2 :



52

2
2 s —120V2 (2m) as QB
(28) o =120 55 RIS V',

where the symbols axe the same as Egqn. 10
The follouwing estimates of the San Fernando parameters used
in Figures 34 and 35 were made by Hanks (1979}:

As = 50 bars

T4 = 10 seconds

P = 2.8 gm/cubic cm
B = 3.2 kms/sec

e = 300

The obsexrved curves are greater than the theoretical cuzve
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 curve while 6 seconds was used here for the
calculation of ayg . If the faulting duration was taken to be
6 seconds, the ratioc between the thecretical and the actual
curves would increase to a factor of about 2.5.

Hanks (1979} also noticed this discrepency betuween
the predicted and observed values of rms acceleration for
the San Fernando Earthgquake and offerxs two possible

explanations. First, the data includes all azimuths and thus
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samples different parts of the iﬁregular focal sphere which
concentrated its energy mainly to the south. Second, HanKks
believes that the event was moxe energetic than the
theoretical parametexs suggest. A larger value of stress
drop, As, in Egn. 28 would improve the agreement between the
theoretical and observed values.

3.6 Examination of Velocity as a Strong Shaking Parameter

It was shown in the previous section that xzms

acceleration was not significantly superior to peak
acceleration as a ground motion parametexr. Thus the decision
was made to attempt to characterize the level of strong
shaking by zms velocity. Velocity was chosen because it
represents longer wavelength motions, which are hopefully
more consistent over a wider area than the shorter
wavelength motions represented by the acceleration. The

horizontal plane rms velocity, Vy, is defined as:

t+A
(29) VH= —‘A— f [V -+vah]dt
h

where t; = time corresponding to the beginning
of strong shaking
A = duration of strong shaking
vy (£), wy(t) = velocity time histories in the

horizontal plane
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The time interval corxresponding to the strong shaking is
assumed to be A = t; - t;. The values of t; and A found in
Table 4 were used to calculate Vy.

The horizontal plane peak yelocity, Vpy » wWas also

calculated for comparison purposes. vpy is defined as

follous:
(30) vyt = ‘fv§(1)+v$(t)
VPH pro—dy VH(f)
max
where wvy(t) = horizontal plane velocity
vg (£), w (t) = horizontal plane velocity
components

Table 5 contains the calculated values of vpy and vy.
Figures 36 and 37 are plots of vpy and vy versus
distance to the hypocenter respectively. Appendix 2 has
these values plotted versus the distance to the epicenter. A
least squarxes analysis was performed assuming an equation of
the form y = cx? where y represents the velocity guantity at
a distance x from the source. The numerical values for the
paramters ¢ 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 expectatibn
of decreasing the scatter by utilizing velocity was not
realized. Boore et. al. (1978) have concluded that for the
San Fernando Earthgquake, peak accelexration is not
significantly modified by soil sites. Velocity, howevex, was
amplified at soil sites. This may help explain the largex
scatter found when plotting velocity instead of acceleration
versus distance.

The time at which vpy occurred was also.
determined. Table 5 indicates which recoxds had vpy occur
during the interval from t; to tp. 50 of the 68 stations
(78%) have vpy occurring in the strong shaking part. Hence
the arrival of direct body waves and not surface waves seens

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



PART 4

ANALYSIS OF SURFACE WAVE MOTION
IN THE SAN FERNANDO VALLEY

This paxt describes a detailed analysis of five
San Fernando Valley records using the time domain technigues
of Parxrt 2. These sites arxe:

Caltech number Location

cous 8244 Oriocn Blvd., Los Angeles
H115 15250 Ventura Blvd., Los Angeles
I137 13910 Ventura Blvd., Les 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 Fernando Valley. CO048 and J145 azxe
located near the center of the valley. H115, I137, and ¢233
are located at the southern end of the vélley 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
Verdugo Mountains. Tables 9, 10, and 11 summarize subsurface
information for fhe San Fexnando Valley presented by Duke

et. al. (1971). Table 9 corresponds to station CO048 uwhich is

56
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located near the center of the valley. Table 10 corresponds
to station J145 which is more to the south. Table 11
corresponds to the three Venture stations (H115, I137, and
©2233) which are close to the southern edge of the valley
(see also Figure 12). These tablesvshow that the valley
geology consists essentially of a layer of alluvium followed
by sedimentary rock, both underlaid by basement rock. The
thickness of the alluvium is about 1000 feet at CO48 and
decreases to the south being about 80 feet at the Ventura
stations (see also Shannon and Wilson, 1978; Arango and
Clayton, 1978). The combined thickness of the alluvium and
the sedimentary layers also decreases rapidly to the south,
being 13900 feet at CO0U8, 9500 feet at J145 and 6000 feet at
the Ventura stations. The P-wave velocities, Vp, in Tables
9, 10 , and 11 are field measurements. The S-uwave
velocities, Vg, are field measurements only at shallow
depths (0 to 100-300 feetl). The S-wave velocities at greater
depths are estimated f£rom P-uwave velocities.

Hanks (1975) and Dobry, Idriss and Mg (1978) have
indicated that the San Fernando Valley structure contributed
to the number of indirect, reflected, and surface waves
‘which stations located in the valley experienced. The
resulting ground motions in the valléy were considerably

different from those experienced in the neighboring hills.
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Figure 38 compares the horizontal 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; 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 1%a which represents the average
moving time window acceleration found in the Santa Monica
Mountains. The shape o¢of the moving time window xrms
acceleration plots is similar during the strong part of
shaking which corresponds to the time period fxom 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
the Ventura site maintains a high level. This' continued high
level confirms the existence of wave arxivals unigue to the
San Fernando Valley. Table 7 gives specific infqrmation
describing the f£ive stations which recorded motions durxing
the San Fernando Earthquake.

Stations CO048 and J145 will be considered in more
detail first. In the preceding section, it was not possible

to determine a to value for these sites. The reason why can
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be seen by examining Figures 39 and 40 which contain the
horizontal plane Husid and rms acceleration plots for the
two sites. The Husid plots exhibit no distinct changeé in
slope after the end of the direct S-wave arrivals and the
rms acceleration values remain at a high level foxr a
considerable portion of the record. This increase in the
interval of strong shaking can be attributed to the arrival
of indirect, reflected, or surface waves at these stations.
Additional details become evident when an examination is
made of the vertical rms acceleiation, obtained using Egn.
117 with the vertical ground acceleration, az(tl), and maximum
principal plane phi plots contained in Figurxes 41 and 42. An
unusual phenomenon is found in the plots of the C0U8 site
starting at about 18.0 seconds and the J145 site starting at
about 23.0 seconds. The vertical rms acceleration values
oscillate between high and low levels while the phi angle
oscillates between 10 and 90 degrees. The meaning of this
periodic behavior becomes clear when the definition of the
phi angle is examined. The phi angle indicates on which
plane the predominant ground motions are occurring. The
periocdic change in the direction of predominant ground
motions evident in Figures 41 and 42 is consistent with the
passage of a Rayleigh surface wave. The ground particle

motion of a Rayleigh wave is elliptical in a vertical plane.
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This hypothesis would explain the periodic variation of the
phi angle. The phi angle i§ determined by sampling a 0.5
second portion of the accelerogram and then calculating the
principal direction of ground motion foxr that portion. If a
Rayleigh wave were passing the site, a different phi angle
would be determined depending upon which portion of the
Rayleigh c¢ycle 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
considexrably 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 arxiving 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 acceleration
plots contained in Figures 41 and 42 also support the
Rayleigh wave hypothesis. A Rayleigh wave would produce

periodic changes in the vexrtical rms acceleration as the
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acceleration alternated from predominantly horizontal to
predominantly vertical. In Figures 41 and 42 a peak in the
vertical rms acceleration plots corresponds to a valley in
the principal plane phi plots. The greatest vertical zms
acceleration is experienced when phi is. approximately O
degrees, implying motion predominantly in the vextical
plane. A valley in the vertical rms acceleration plots
corresponds to a peak in the principal plane phi plots. Low
values of vertical rms acceleration are experienced when pﬁi
is approximately 90 degrees, implying motion predominantly
in the horizontal plane. Figure 43 shows the plots of the
vertical moving time window rms acceleration experienced at
the CO048 and J145 sites superimposéd. The time scales of
both plots have bheen shifted. The time of 2.0 seconds in
this plot corresponds to 18.6 and 23.0 seconds in the plots
of the CO48 and J145 sites respectively. There is vexry good
agreement between the acceleration experienced at both sites
between 2.0 and 6.0 seconds in this graph. A consistent
pattern of energy arrivals is evident. Thus it will be
assumed that 18.6 seconds at the C048 site recoxrd 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 xms

acceleration and phi for the time period of 18.5 to 22.5



62

seconds for the CO0Uus8 station and 23.0 to 27.0 seconds for
the J145 station.

An estimate of the pexriod of the Rayleigh motion
may be obtained by detexrmining the times at which the
minimum and maximum vélues of vertical rms 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 for 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 train. The response envelope for the vertical
component at each site defined by Egns. 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. Figure 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 Lankershim Boulevard. Figures 45 and 46 contain the»O.Q
Hz vertical response envelope plots £or the CO0uU8 and J145
sites respectively. The vertical response envelope increases
rapidly during the 18 to 24 sepond pexriod at the C048 site

and the 23 to 28 second period at the J145 site. The
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response at CO48 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 motions experienced at the C048 site fxom
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 €048 site record
and 23.0 seconds in the J145 site record represent
appreoximately the same point in the Rayleigh wave train, the
direction of the wave train may be estimated. An examination
of the particle displacements in the horizontal plane
demonstrates that both sites exhibit the majority of theirx
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
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obtained by finding the value of theta for the maximum
principal plane that corresponds to a phi value of 90
degrees for the ground accelerations during the Rayleigh
motion. When phi is approximately 90 degrees, both
acceleration and displacement are predominantly in the
horizontal plane and the theta angle indicates the
orientation of the motions in the horizontal plane. Table 8
contains the values of theta corresponding to phi wvalues 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 infecrmation the particle
displacement found at these sites indicates that the wave
front originated in the northeast which is consistent with
the location of the fault sﬁown 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 COY48
and J145 sites is 15.9% and 21.4 seconds respectively. Thus

the Rayleigh wave front passed by COU8 f£fixst and then by
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J145 - 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 thé Rayleigh waves. Mal (1872)
modeled the Rayleigh wave motion resulting from a thrust
fault inclined at an arbitrary angle with the suxface. 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
Ferxrnando Earthguake.

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 CO048 and J145. The group
velocity is the speed at which a specific_group of similarx
frequencies travel (0fficex, 1958). It is also the speed at
which the energy associated with that group travels. Thus,
by estimating the differxence in distance and time between
18.6 seconds in the recoxrd of the C0u48 site and 23.0 seconds
in the recoxrd of the J145 site, an estimate of the group
velocity may be determined. This calculation assumes that it

is possible to accurately detexrmine the proper times in both
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wave trains. This is not the case and thus these-
calculations serve only as an approXimation. The Rayleigh
wave front is assumed to move in a direction away from but
parallel to tHe surface fault (see Figure 53). The group
velocity may be calculated from the following equation:

d(j145)- d(coss

[(tr1e5) inas)) - Uricoasy-hcoasy ]+t

where vg = group velocity
%n4ﬁ'dmo4m = distance from COu8 to J1u45
tg = time of Rayleigh wave arrival
ty = time of initial S-wave arrival
ty = difference between the times of the

initial S-wave arrivals at CO48 and J1u45
(it is assumed that they arrive first
at Cous8)
The difference in the times of the initial S-wave arrivals
must be included because each site’'s instrument triggered
independently. The values substituted into the equation arxe:

1.45 km

d(145)- d(co48)

tr(145) = 23.0 seconds
tr(co4s8) = 18.6 seconds
t1145) = 1.6 seconds

ti(coass) = 2.7 seconds
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The distance between the sites was calculated
along a northeast-southwest line since this was determined
to be the approximate direction of wave travel (see Figure
53). If ty is assumed to be zero (initial S-waves assumed to
arrive simultaneously at both stations), the group velocity
is calculated to be 0.26 km/sec or 860 ft/sec. This value
will increase oxr decrease depending upon the value of ty. In
‘deriving Equation 31, it was assumed that the initial
S-waves arrived at the CO0U8 site first because it is nearerx
to the surface fault. However, the depth to the basement
rock is greater at the COu48 site than it is at the J1435 site
(13,900 feet versus 9,500 feet). To obtain an approximation
for ty, it is assumed that the S-wave azxrived simultaneously
to the basement rock at a depth of 13,900 feet under both
stations, and that it propagated between this depth and the
ground surface. With this assumption, the Vg profiles in
Tables 9 and 10 were used to calculate t4 = —-0.57 seconds.
The corresponding Rayleigh wave group velocity changes from
860 ftssec to 970 ftssec. Thexrfore, about 1000 ft/sec seems
to be a reasonable estimate of the group velocity obtained
from the recorded motions.

Doctor David HarKkridex of Caltech computed the
theoretical phase and group velocities corresponding to the

fundamental mode of Rayleigh waves for the three geologic
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profiles of Tables 9 through 11. These valqes have been
included in Table 12 foxr a pexiod, T = 2.5 seconds. The
theoretical group velocities at the CO048 and J145 sites are
2,900 and 3,400 ftssec, respectively, or about three times
larger than the value of 1000 ft/sec estimated from the
recoxds. The high values of phase velocity computed by
Harkrider and included in Table 12 are consistent with the
phase vélocities from a finite element model of the San
Fernando Valley zreported by Drake (1972) and D;ake 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 waveé in
two-layer systems.

Therefore, a large difference exists between the
group velocity estimated fxrom the records and the
theoretical group velocity computed from the subsurface
profiles of Tables 9 and 10. Sevexral reasons may possibly
explain this difference. Fixst, the assumptien of a plane
Rayleigh wave front made in Equation 31 may not be correct.
This assumption may be important considering the geometry of
stations CO048 and J145. Second, the shape of the San
Fernando Valley may be impoxrtant (one dimensional models

were used to c¢alculate Table 12). Thixd, the subsurface
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profile of the valley used for the theoretical calculations
may be in exrroxr. Fourth, this amy be an air coupled Rayleigh
wave resulting from thé air compression caused by the thrust
fault. This would account for the low velocity calculated.
Finally, the procedure used may have failed to identify the
proper times necessary to calculate the velocity.

The Ventura (H115, I137, and ¢233) sites were also
examined. Another study (Lanners, 1978) had suggested that a
correlation exists hetwegn the velocity time histories
experienced at these sites following the direct body wave
arrivals. The accelerogram time domain processing, however,
did not reveal any c¢lear distinguishing features te¢ link
these sites with the accelerograms recorded at the CO048 and
J145 sites. Figures 54, 55, and 56 are the ground particle
displacement plots for the I137 site for times betuween 20.0
and 30.0 seconds. The displacement describes a flat
elliptical metion suggesting Rayleigh wave motion. The
thicKkness of alluvium and the depth to basement rock in the
San Fernando Valley decreases as the distance fxom the
center of the valley increases. This is associated with the
flattening of the displacement curves evident when comparing
Figures 47 through 56. This flattening of the Rayleigh wave
elliptical surface ground motion from north to south is not

predicted by the theoretical model, as indicated by the
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ratios between horizontal and vertical displacement of Table

12.



PART 5

DISCUSSION AND CONCLUSIONS

The accelerograms recoxrded at ground elevation
during the 1971 San Fernando Earthgquake were examined by
four time domain techniques. These techniques are the Husid
plot, the moving time window root mean square acceleration,
the variation of the principal planes of ground motion with
time, and the response envelope o6f a single degree of
freedom system.

Two of these techniques were especially useful.
The moving time window rms acceleration is a good indicator
of the level of shaking experienced at a site for a
specified interval of the accelerogram. Knowledge about the
level of shaking is useful for determining which paxts of an
accelerogram coxrrespond to high levels of shaking or
specific wave arrivals. The vertical component of the
eigenvector corxresponding to the maximum principal plane of
ground motions indicates on which plane the predominant
ground motions are oc¢curring. A change in the plane of the
predominant ground motions occurs when the seismic waves
_incident at a site change from predominantly P-waves to
predominantly S-waves.

Using the Husid, moving time window zrms

71
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acceleration, and maximum principal plane phi plofs of each
station which zxecorded the 1971 San Fernando Earthquake, a
part of each accelexogram coxrresponding 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 uwere 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 paxt 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 arxivals and that a nonstationary mocdel
was necessary to characterize the process.

The duration and the level of shaking of each
accelerogram strong part was determined. The duration 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 zms
acceleration did not reduce the scatter of resultant data

values compared to peak acceleration. This result was
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disappointing. The rms accelexation of the strong shaking
part is closely related to the peak acceleration by a ratio
of 2.6 for the San Fernando Earthguake. Root mean square
acceleration seems to offer little advantage over peak
acceleration. Both peak and rms acceleration are attenuated
similarly with distance. They attenuate with distance as
approximately (hypocentral distance ) . This attenuation
is identical to that pzredicted by the Brune-Hanks model.

Velocity was also investigated as a measuxre of the
level of strxrong shaking. Correlations of rms velocity with
distance were not as good as those obtained for zms
acceleration due to the possible amplification of ground
velocity at soil sites.

The accelerograms of five stations located in the
San Fernando Valley were examined for the presence of
surface waves. A Rayleigh wave train was identified at two
sites by the distinct trace the wave makes in a maximun
principal plane phi plot. The maximum principél 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 fregquency of 0.4
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Hz and propagated away from the fault traée in a NE-SW
direction with a group velocity of about 1000 fts/sec. The
calculated group velocity, however, does not agree ﬁith
theoretical calculations made for the area. The available
information suggests that the surface wave zesulted f£rom the
shallow faulting associated with the San Fernando
Earthquake.

The fime domain technigues presented in this
thesis have demonstrated their usefulness in characterizing
the San Fernando Earthquake motions for engineezxing
purposes. Theixr use in the future should provide additiocnal
insight into other earthquake records. It is recommended
that root mean square acceleration be investigated for otherx
earthquake recoxds to confirm the cenclusions drawun f£or the

1971 San Fernando Earthquake accelerograms.
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Caltech
Numberzx

cou
coys
C051
co54
D056
D057
D058
D059
D062
D065
D068
E071
E072
E075
E078
E081
E083
F086
Fog?
F088
F089
F092
F0S5
F038
F101
F102
F103
F104
F105
G106
G107
G108
G110
G112
G11y
H115
H118
H121
Hiz2u

Table 1

Accelerograph Stations and Numbezrs
San Fernando Earthquake

Location in California

Pacoima Dam v

8244 QOrion Blvd. 1st Flooxr, LA

250 E. First Street Basement, LA

445 Figueroa Street, Sub-basement, LA
Castaic 0ld 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 Flooxr, LA
3710 Wilshire Blvd. Basement, LA

7080 Hollywood Blvd. Basement, LA
Wheelexr Ridge

4680 Milshire Blvd. Basement, LA

3470 Wilshire Blvd. Sub-basement, LA
Water and Powexr Building Basement, LA
Santa Felicia Dam Outlet WorKks

3407 6th Street Basement, LA

Vernon, CMD Building

Engineering Building, Santa Ana

633 E. Broadway, Glendale

808 S. 0Olive Street, Street Level, LA
2011 Zonal Avenue Basement, LA

120 N Rebertson Blvd. Sub-basement, LA
646 S. 0live Avenue Basement, LA
Edison Company, Colton

Ft. Tejon, Tejon

Pumping Plant, Peaxblossonm

O0so 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 Firxe Station, Palmdale

15250 Ventura Blvd. Basement, LA

8639 Lincoln Avenue Basement, LA

800 S. Fremont Avenue Basement, Alhambra
2600 Nutwood Avenue Basement, Fullerton
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RocKk
SiteX



Caltech
Number

1128
I131
I134
I137
Jiy
Jgiu2
Jgiy3
Jiuy
J1u45
Jit8
K157
L166
L171
M176
M179
M180
M183
M18y
N185
N186
N187
N188
N191
N192
N195
N196
N197
01388
0199
0204
0205
0206
0207
0208
0210
P214
P217
P220
P221
P222
P223
P231
2233
2236
2239

Location in California

435 N. Oakhurst Ave. Basement, Beverly Hills

U50 N. Roxbury Dr. First Flooz, Beverly Hills

1800 Centuxry Paxrk East Basement (P-3), LA
15910 Ventura Blvd. Basement, LA

Lake Hughes, Array Station 1

Lake Hughes, Array Station 4

Lake Hughes, Array Station 8

Lake Hughes, Array Station 12

15107 vVanowen Street Basement, LA

616 5. Normandie Avenue Basement, LA

420 S. Grand Avenue Second Floor, LA
3838 Lankershim Blvd. Basement, LA

S. Calif. Edison Powexr Plant, San Onofre
1150 S. Hill Street Sub-basement, LA
Tehachapi Pumping Plant, Grapevine

LOOO W. Chapman Avenue Basement, Orange
6074 Park Drive Ground Level, Wrightuood
6074 Park Drive Ground Level, Wrightuwood
Carbon Canyon Dam

Whittier Narrows Dam

San Antonio Dam

1880 Century Park East 1st Level Parking,
2516 via Tejon, Palos Verdes Estates
2500 Wilshire RBlvd. Basement, LA

San Juan Capistrano

Long Beach State College, Long Beach
Anza Post Office, Anza

Griffith Park Observatory, LA

1625 Olympic Blvd. Ground Floor, LA

215 West Broadway, Long Reach

Terminal Island, Long Beach

Hall of Records, San Bernardino
Reservoir, Fairmont Reservoir

University of California, Santa Barbara
Hemet Fire Station, Hemet

4867 Sunset Blvd. Basement, LA

3345 Wilshire Blvd. Basement, LA

LA

666 W. 19th Street Ground Floor, Costa Mesa

Santa Anita Reservoir, Arcadia

Poxrt Hueneme, Navy Laboratozxy
Puddingstone Reservoir, San Dimas
9841 Airport Blvd. Basement, LA
14724 Ventura Blvd. Firxst Flooxr, LA

1750 N. Orchid Avenue Ground Floor, Hollywood

8100 Wilshire Blvd. Basement, Bevexrly Hills
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Caltech Location in California . Rock
Numbezx Sitex*
ozu1 800 W. First Street First Floorxr, LA

R2U4Y 222 Figueroa Street First Floor, LA

R2U6 6464 Sunset Blvd. Basement, LA

R2Y49 1900 Avenue of the Stars Basement, LA

R251 234 Figueroa Street Basement, LA

R253 535 5. Frxemont Avenue Basement, LA

§$255 6200 Wilshire Blvd. Ground Flooxr, LA

$258 3440 University Avenue Basement, LA

S261 1177 Bevexrly Drive Basement, LA

S262 5900 Wilshire Blvd. 'B' Lot, LA

S265 3411 Wilshire Blvd. 5th Basement, LA

S266 3550 Wilshire Blvd. Basement, LA

S267 5260 Century Blvd. First Floor, LA

¥ Determined from the following sources:
a) Trifunac and Brady (1975)

b) Seed, Muxrarka, Lysmexr and Idriss (1976)
¢} Boore, Joyner, Olivexr and Page (1978)
d) Grant, Arango and Clayton (1978)

e) Idriss and Powexr (1978)

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



Accelerograms Used to Generate the Probabilistic Model

Caltech
Numberx

coy
cous
cosy
EC78
H115
I137
J1us
K157
L166
0198
0233

Table 2

San Ferxnando Earthquake

Location in California

Pacoima Dam

8244 Orion Blvd. 1st Floor, LA

Y455 Figuexroa Street, Sub—-basement, LA
Water and Powexr Building Basement, LA
15250 Ventura Blvd. Basement, LA
15810 Ventura Blvd. Basement, LA
15107 Vanowen Street Basement, LA

420 S. Grand Avenue Second Floor, LA
3838 LanKkexrshim Blvd. Basement, LA
Griffith Park Observatory, LA

14724 Ventura Blvd. First Floozxr, LA
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Table 3

Accelerograms Demonstrating No Discernable Strong Part
San Fernando Earthguake

Caltech Possible reason for failure to identify strong part
Numberx

couys Deep soil site

EO072 Late triggering of recording device
E081 Late triggering of recording device
F087 88.5 ¥m from epicenter

F092 Late triggering of recoxding device
F101 107.6 Km from epicenter

F102 Late triggexring of recording device
F103 Late triggering of recoxrding device
Floy Late triggering of recoxrding device
H118 Proximity of shorxeline

H124 76.2 km from epicenter

I137 Deep soil site

J145 Deep soil site

L171 139.8 km from epicenter

M179 Late triggering of recoxrding device
N187 72.1 km from epicenter

N191 Proximity of shoreline

N195 122.6 km from epicenterx

N196 Proximity of shoreline

N197 185.7 km from epicenterx

o204 Proximity of shoreline

0205 Proximity of shoreline

0206 108.2 km from epicenter

0208 133.4 km from epicenter

P220 Proximity of shoreline

P222 79.3 kRm from epicenter

P231 Proximity of shoreline

5261 Late triggering of recocrding device

267 Proximity of shoreline
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C051
CoO54
D056
D057
D058
D059
D062
D065
D068
E071
E072
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E0T78
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F098
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Flo4
F105
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G110
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G114
H115
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Caltech tig t tz A EHB EH

Number

H12Y4 8.8 8.6 159.4

I128 5.1 5.1 13.0 7.9 370.0 362.2

I131% 6.4 6.6 12.8 6.2 694.1 712.0 621.
I134 6.0 6.2 13.0 6.8 4ysg.5 459.8 uzy.
I137 4.9 4.8 591.2

J1u1 2.1 2.0 5.4 3.4 557.5 696.2 663.
Jgilu2 2.0 2.0 5.2 3.2 589.2 734.9 475.
Jtu3l 0.0 6.0 3.6 3.6 432.6 530.3 340.
Jiuy 0.8 0.8 3.8 3.0 1208.1 1584.8 1172.
J1us 1.5 1.6 542.0

Jiusg 5.6 5.6 13.2 7.6 600.6 570.2 507.
K157 - 2.9 8.7 5.8 595.0 588.2 539.
L166 1.8 1.6 7.5 5.9 641.8 6H2.6 578.0
L171 2.4 66.4

M176 2.5 2.4 10.2 7.8 457.3 460.5 403,
M179 0.0 136.2

M180 1.3 1.5 7.8 6.3 141.0 147.1 142.
M183 6.7 6.7 13.4 6.7 212.1 212.1 183.
M18u4 4.1 4.1 10.8 6.7 215.9 217.3 187.
N185 1.1 1.3 8.1 6.8 339.0 344 .0 294
N186 0.3 0.0 6.3 6.3 439.7 430.9 327.
N187 0.0 283.6

N188 5.7 5.7 12.8 7.1 582.2 607.7 560.
N191 0.6 137.5

N192 b1 L. 1 11.0 6.9 u77.6 b84.90 395.
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 6.5 828.3 818.1 747.
0199 6.3 6.5 12.9 6.4 7u48.6 768.5 657.
o204 0.0 101.1

0205 1.8 124.5

0206 6.5 5.9 172.0 :

0207 0.0 0.0 2.9 2.9 296.4 401.9 366.
0208 2.7 85.4

0210 2.2 2 10.3 6 159.8 169.9 139.
P214 1.0 1.1 7.2 6.1 823.9 824 .1 770.2
pP217 1.1 1.2 7.9 6.7 489.0 490 .1 449,
P220 0.0 140.9

P221 0.6 0.0 4.6 4.6 639.6 677.6 333.
P222 0.5 123.9

P223 2.5 0.0 5.3 5.3 246.4 263.2 206.
P231 0.0 156 .4

92233 4.9 4.9 10.8 5.9 1123.1 1125.5 930.
9236 4.6 4.8 10.7 5.9 643.3 649.2 503.
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Table 5

Characterization Results
San Fernado Earthquake
(see units at end of table)

Caltech apy VpH VH x dH dE azimuth
Number

cout 13563.0 121.4 42.0 ® 15.9 9.1 159.6
cous 270%8.0 31.96 25.9 22.4 199.
€051 1230.90 21.9 8.5 b4 bt .7 42.8 159.
cCo5y 1500.0 17.4 7.6 43.9 41.9 161.
D056 3331.0 28.9 10.6 X 31.4 28.6 305.
DO57 1592.90 21.2 9.7 X 39.3 37.1 168.
D058 2112.0 21.6 9.8 39.3 37.1 168.
D059 1623.0 18.1 8.1 X 41.8 39.8 184,
D062 1482.0 19.6 9.4 b4 by.8 42.8 155.
D065 1617.0 22.4 5.0 2.0 40.0 166.
Do68 985.0 14.5 7.1 37.3 35.0 169.
E071 271.0 2.5 1.1 b4 87.0 86.0 321.
E072 1177.0 23.9 41.6 39.5 169.
EQ75 1456.0 24,1 10.0 ® 42.1 40 .1 165.
E078 1736.90 23.4% 8.8 X U4 .5 42.5 160.
EQ081 2556.90 10.1 35.3 32.9 279.
E083 1703.0 18.5 9.5 X 42.1 40.0 165.
F086 1050.0 18.1 5.7 51.1 49.4 157.
F087 293.0 8.0 89.4 88.5 145,
Fosgsg 3053.0 33.1 16.7 X 36.5 341 154.
F089 1645.0 21.6 9.2 45.9 44.0 161.
F092 801.0 13.8 45.0 43.1 154.
F095 1022.0 19.1 9.6 39.6 37.4 175.
F0938 2420.0 21.8 9.2 X by 6 42.7 161.
F101 402.0 3.1 108.4 107.6 111.
F102 257.0 1.4 69.7 68.5 317.
F103 1492.0 5.6 47.2 45.4 76.
Fio4 1032.0 8.6 53.%6 52.2 325.
F105 99%6.0 9.7 5.1 b4 40.8 38.7 188.
G106 1888.0 11.6 4.9 b4 38.4 36.1 143.
G107 1126.0 14.6 5.9 ® 41.8 39.8 139.
G108 1980.0 16.7 7.5 ® 41.8 39.8 140.
G110 2082.0 15.1 6.4 b4 34.1 31.5 138.
G112 1146.0 17.2 7.2 X 4y .5 42.5 160.
G114 1362.0 4.1 7.1 b4 34.8 32.3 55.
H115 2210.0 30.2 5.9 32.1 29.3 193.
H118 381.0 4.4 51.9 50.2 183.
H121 1446.0 20.0 7.2 b 45.0 43.1 147.
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Numberx

H124
I128
I131
I134
I137
Jiy1
J1u2
J143
Jity
J145
J1u8
K157
L166
L171
M176
M179
M1890
Mig3
M1i8y
N185
N186
N187
N188
N191
N192
N195
N196
N197
0198
01893
o204
0205
0206
0207
0208
0210
P214
P217
P220
P221
P222
P223
P231
£233
92386

362.
950.
1843,
1054,
1580.
1480.
1698.
1275.
3911.
1179.
1328.
1807.
1780.
161.
1170.
480.
332.
568.
575.
757.
1161.
763.
1314,
401.
1184.
418.
410.

363

1932.
2393.
271.
313.
buy,
1167.
196.
387.
1906.
1200.
34y,
1943,
343,
698.
484,
2767.
1719.
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96 .
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66 .
53.
32.
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70.
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70.
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75.
54,
72.
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67.
40.
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75.
185.
3y,
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73.
73.
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32.
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36.
40.
95.
43.
79.
65.
51.
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140,
175.
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325.
319.
193.
166.
161.
170.
145,
161.
326.
146 .
sS4,
9y,
136.
143.
112.
183.
177.
163.
146.
159.

120

163.
163.
164.
167.
108.
355.
270.
119.
163.
165.
152.
125.
2y8.
123.
176.
191.
168.
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-Caltech apnH VpH
Numbezx

2239 1638.0 21.2
241 1418.0 19.9
RZ24Yy 1504.,0 19.1
R2U6b 1263.0 18.7
R249 952.0 18.0
R251 2125.0 19.8
R253 2796.0 19.4
S255 1306.0 24.0
S258 844.0 19.4
S261 1130.0 19.3
S262 9uy5.0 28.3 11.
S265 1328.0 19.5
S266 1585.0 22.3
S267 694.0 14.0

¥ vpy in intexrval t; to i,
units:

apy — mm/sec/sec

Ve ~ cm/sec

V4 -~ cm/sec

dy - distance to hypocentex
dg - distance to epicenter
azimuth -

0 W WM
woowmo N o

~J

- km
- Kkm

-

X X X

b

b4o.
43.
43,
38.
41.
43.
4y .
41.
46.
41,
39.
42.
42.
53.

O O WU O WL
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azimuth

176.2
160.1
160.0
167.9
184.7
160.9
161.4
175.5
165.3
175.4
174.9
166.1
165.9
175.90

measured clockwise with respect to the north - deg



Graph

apH vs
apy VS
EHB vs
dng VS
ay vs
':SH vs
ay Vs
EH vs
VPH vs
VPH vs
-‘-;H vs
vy Vs

Results of Least Squares BAnalysis
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¥ Rock sites only

X =

Table 6

San Fernando Earthquake

(y =

hypocenter
epicenter

hypocenter
epicenter

hypocenterx
hypocenter¥

epicenter
epicenterX

hypocenter
epicenterx

hypocenterx
epicenter

(see Table 1)
coefficient of correlation

CX

4.
2.

1.

)

c

22*%10%%5
B2x10%x%5

17%10%%5

6.67X10%*y

—

.20%10%*5
.80X710%X%X5

LBTX10XKY
LULX10XXY

LO0TX10%%3
LT76X10%%3

L.03X10%%x3
.16Xx10%XX%2

-1.54
-1.41

~-1.46
-1.33

-1.43
~-1.68

-1.25

-1.26

-1.40
~-1.28

-1.52
-1.30

93

.86
.86

.85
.85

.83
.87

.84
.89

.80
.80

.74
.73



San Fernando

‘Table 7

_ 9y

Valley Accelerograph Site Characteristics

San Fernando Earthguake

Caltech
Numbezx

Station
Location

Distance to
Hypocentex
(km)

Distance to
Epicenter
(km)

Distance to
Fault*
(km)

Azimuth
(deg)

Building
.Type

Depth of
Alluvium*x
(£t

Depth to
Basement
Rochkxx
(£t)

¥ Trom Boorze
¥X From Duke

cous
34.22 N
118.47 W

25.9

22.4

199.6
T~story
RC

1000

13900

» Joyner,

et. al.

H115
34.15 N
118.46 W

32.1

29.3

15.0

193.0

12—s£ory
RC

80

6000

0liver and Page
(19713

I137

34.16 N
118.48 W

195.9
17-stozry
Steel

80

6000

J145
34.20 N
118.46 W

28.0

24.7

10.7

193.3

7-story
RC

1000

9500

(1978)

2233
34.15 N
118.46 W

32.1

29.3

15.4

191.3

12-stozxy
RC

80

6000



Caltech
Numbezx

cous

J145b

Caltech
Number

cous

J1iub

Table 8

95

Minimum and Maximum Values of Phi and Z Rms
During Rayleigh Wave Motion
San Fernando Earthgquake

Phi Theta
(deg) (deg)
9.8
89.3 47.2
4.3 .
89.8 29.9
14.5
88.2 40.7
23.0
9.2
89.9 29.2
17.8
88.3 52.5
14.3
89.3 78.2
23.6

Z Rms Acc
{(mm/sec/sec)

623.
353.
569.
240.
558,
191.
426.

W F O WO - E

41,
164.
465.
171.
345,
111,
231.

—-_ 01O O U

Time
(sec)

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

Time
(sec)

18.61
19.05
19.55
20.43
21.03
21.79
22.27

23.01
23.58
24.19
24.77
25.33
26.09
26.85

(SIS I )

™

Wave Period

(sec)

.26
.72
.82

.08
.50
2.74

o N

(20.
(21.
(22.

(25.
(26.
(26.

79-18.53)
77-1%.05)
35-19.53)

17-23.09)
07-23.57)
77-24.03)

Wave Period

(sec)

3%

.42
.74

(3

.32
.50

(3N

(21.
(21.
(22.

(25.
(26.
(26.

03-18.61)
79-19.05)
27-19.585)

33-23.01)
09-23.5%)
85-24.19)



Table 9

Geologic Structure at 8244 Orion Boulevard (CO0u48)
San Fexrnando Valley
(from Duke et. al.,1971)

Layer Geologic Thickness Vo - Vs Unit Weight
Numbezx Unit (£t) (ft/sec) (ft/sec) (cu £t)
1 40 1410 635 105
2 60 3300 1485 111
3 100 4680 2100 113
4 Alluvium 100 5355 2400 114
5 100 5760 2590 115
6 200 6190 2785 119
7 200 6590 2965 120
8 200 6900 3100 123
9 340 7220 3610 126
10 720 7610 3805 128
11 900 7741 3870 129
12 220 8679 4335 133
13 ugoo 311y 4557 134
14 460 8308 L1154 145
15 1340 10331 5165 144
16 Sedimentazxy 320 8060 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 11150 6690 161
23 1000 11550 6930 167
24 1900 11890 7130 172
25 Basement - 17000 11050 - 172

Rock
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Table 10

Geologic Structure at 15107 Vanowen Strxeet (J145)
San Fernando Valley
(from Duke. et. al., 1971)

Layer Geologic Thickness Vp Vg Unit Weight
Number Unit (£%) (ft/sec) (£ft/sec) (cu £t)
1 10 1270 570 107
2 15 1730 780 107
3 50 3180 1430 117
4 25 3710 1670 124
5 100 4300 1850 137
6 Alluvium 100 5100 2300 137
7 100 5840 2630 137
8 100 6350 2960 137
9 100 7000 3160 137
10 100 7800 3520 137
11 300 8600 3880 148
12 1000 9000 4500 148
13 1000 8950 4980 148
14 1000 10600 5300 148
15 Sedimentary 1000 10850 5420 148
16 Rock 1000 11500 6320 148
17 1000 11700 6440 148
18 1000 12000 6600 148
19 1500 12600 7310 152
20 Basement 16000 10400 170

Rock
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Table 11

Geologic Structure at Ventura Stations (H115, I137 and 2233)
San Fernando Valley
(from DuKe et. al., 1971)

Layer Geologic Thickness Vp Vg Unit Weight
Numberzr Unit (£t) (f£t/ssec) (£ftssec) (cu £t
1 Alluvium 40 1300 620 112
2 40 5280 1180 124
3 20 5560 2500 148
4 100 56100 2740 148
5 100 6580 2960 148
6 100 7000 3150 148
7 200 7420 3440 148
8 Sedimentary 200 7850 3530 148
9 Rock 200 8260 3720 ' 148
10 1000 8000 4500 148
11 1000 10000 5000 148
12 1000 10600 5300 152
13 1000 11140 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 cous Jius H115
Numberzr : I137
2233
Profile Used Table 9 Table 10 Table 11
Phase Velocity 4100 5200 6300
(ftssec)
Group Velocity 2900 3400 3000
(£ft/sec)
Hox/Vext 1.0 1.1 6.9

Displacement
at Surface



a(t)
ay (t)
act)
3y

aHp
apH
d(t)l
e(t)
f(w)
[g(t)]
h(t)
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LIST OF SYMBOLS

accleration time histozxy

horizontal plane acceleration

moving time window rms acceleration
horizontal plane rms acceleration
horizontal plane rms acceleration (Berzill)
peak horizontal plane acceleration
displacement time histozxy

response envelope

Fourier amplitude spectrum

moving time windouw intensity tensor
Husid plot

Arias Intensity

damping ratio

corxrelation coefficient

pouer spectral density

total earthgquake duration

beginning of strong earthquake shaking
end of strong earthgquake shaking
beginning of strong earthquake shaking (Berxrrill)
equivalent frequency

velocity time history

horizeoental plane rms velocity

peak horizontal plane velocity

P-wave velocity

S-wave velocity

trequency

duration of strong earthgquake shaking
width of moving time window
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' Figure 48 - Ground displacement between 18.5 and 22.5
seconds, up-north plane, 8244 Orion Boulevard (C048)
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Figure 49 - Ground displacement between 18.5 and 22.5
seconds, up-east plane, 8244 Oxrion Boulevard (CO0u48)
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Figure 50 - Ground displacement between 23.0 and 27.0
seconds, north-east plane, 15107 Vanowen Street (J145)
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seconds, up-north plane, 15107 Vanowen Street (J145)
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Figure 52 - Ground displacement between 23.0 and 27.90
seconds, up-east plane, 15107 Vanowen Street (J145)
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Figure 54 - Ground displacement between 20.0 and 30.0
seconds, north—east plane, 15910 Ventura Boulevard (I137)



155

8.00 10.00

6.00

uP DISP (€M
0.00 2.00

~2.00

-4.00

-6.00

-8.00

~8.00 -6.00 —-4.00 200 B.00 8.00 10.00 12.00

0.00 2.00 4.00
NORTH DISP-(CM)

.Figure 55 - Ground displacement between 20.0 and 30.0
seconds, up-north plane, 15910 Ventura Boulevard (I137)
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seconds, up-east plane, 15910 Ventura Boulevard (I137)
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APPENDIX 1 - COMPUTER PROGRAM DESCRIPTION

The program written to accomplish the time domain
techniques has the following basic functions:

1) Read data - Caltech accelerxogram data is read making it
available foxr processing. Optionally the user may have such
information as distance and dixection from epicenter to the
station, total record duration, Arias Intensity, peak
acceleration, velocity, and displacement and their times of
occurance for each component printed.

2) Display data - Causes the accelexogram data to be
processed. Both graphical and numerical results are
produced. The options available are described below:
a) Husid plot
1) % acceleration
2) v accelexration
3) z acceleration
4) horizontal plane acceleration
b) Moving time window rms acceleration
1) ® acceleration
2) y acceleration
3) z acceleration
4) horizontal plane acceleraticn
¢) 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 accelexation
e) Acceleration
1) ® acceleration
2) y acceleration
3) =z accelexration
The first component read is assigned to be ® while the
second is y. The third or vertical component is z. The Pplane
formed by ®¥ and y is the horizontal plane.

3) Processing length - Defines what length ¢f the recoxrd is
to be considered.

4) Time window calculations - Determines the duration, rms
acceleration, preak accelerxation and its time of occurance,
average phi and theta of the maximum principal plane, and
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the equivalent frequency of the individual components and
the horizontal plane for a specified portion of the
accelexograms.

5) Stop execution - Terminates program execution.
The most significant feature of the program is that all

possible results arxe displayed graphically to facilitate
their interpretation.
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APPENDIX 2 - ATTENUATION CF RMS ACCELERATION
WITH DISTANCE TO THE EPICENTER
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