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ABSTRACT

A number of accelerograms obtained during the San Fernandoc
earthquake were analyzed to investigate the nature of the strong
motion. The particular features studied were soil-structure inter-
action and the relative influence of loczl site conditions versus
the source mechanism and travel paths of earthgquake waves.

Bvidence of soll-structure interaction in the EW fundamental
mode of the Hollywood Storage bulldirg ls seen In the earthquake data.
General agreement exists up to ~5 c.p.s. 1n both lateral directions
between theoretical, base to free fleld transfer functions and transfer
functions derived from accelerograms obtailned in the basement and
adjacent parking lot. There was no evidence of soil-structure inter-
action in the Millikan Library and Athenaeum buildings on the Caltech
campus, and this effect could not account for the major differences
in theilr accelerograms.

Accelerogram, Fourier Amplitude Spectras, and Response Spectra
data were compared from a group of six tail buildings close together
near Wilshire Blvd. and Normandie Ave. in Ios Angeles and from seven
surrounding buildings, two to three miles away. The data indicated
that local site conditions and soil-structure interactilon were not
ma jor contributors to the observed differences in the response at
these sites. There was correlatlon between the degree of similarity
in the response at two sites and theilr distance gpart. A simple
wave superposition mecdel with numerical examples confirms this corre-

lation.
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I. INTRODUCTION

The San Fernandc earthquake of February 9, 1971, provided an
unprecedented amount of strong-motion data, previously unavailable.
From an engineering standpoint, the lack of informative data on the
destructive nature of strong earthquake-generated ground motions has
resulted in & number of theoretical attempts to predict the character
of the ground motion. Up untlil the San Fernando event such theories
could not be tested well because of the lack of necessary data. For
purpoges of aseismic design of structures, some theoretical models
have been beneficial in reducing the risk of damage. However, there
has been speculation about the importance and applicability of certain
features and assumptions of the theories.

A major portion of this thesis is devoted to the study of
strong-motion accelerograms obtalned durlng the San Fermando esrth-
guake. Detalled comparisons among the records themselves, in addition
to comparisons between the data and results from theoretical applica-
tions, have determined the capabllities of theories of soil-structure
interaction and soil layer modification in predicting the nature of
observed motions. The results of the study offer insights into the
uncertain nature of the ground motlon and have implications on future
aseismic design of structures.

Chapter IT 1s the study of soil-structure interaction. A theo-
retical soll-structure model consisting of a multi degree of freedom
system supported on & rigid circular disc resting on an elastic half

space 1s used in the analysis. The model is adapted to the Hollywood



Storage site in los Angeles and the Millikan Library and Athenaeum
buildings on the campus of the California Institute of Technology.

For the Hollywood Storage site theoretical transfer functions between
the base and free Tield motions were compared with a transfer funetion
derived from accelerograms obtained in the basement and adjacent park-
ing lot during the San Fernando (1971) and Arvin-Tehachapi (1952)
earthquakes. The actual transfer functions derived from the earth-
guake data were calculated from the Pourier Amplitude Spectra
(F.A.S.) of 20 sec. portions of the accelerograms. Basement acceler—
ograms obtained from the Millikan Library and Athenaeum during the

San Fernando earthquake were the basis for comparisons between the
recorded motions and the results expected from soil-structure models
of both buildings.

Chapter III examines accelerogram data obtained from the base-
ments of buildings within & three mile radius centered near the inter-
section of Wilshire Blvd. and Normandie Ave. in Los Angeles. Most
of the chapter is devoted to the study of accelerogram dats from
6 tall buildings within a 200 yard X 700 yard area near Wilshire Blvd.
and Normasndie Ave. Comparisons of accelerograms, F.A.S., and Response
Spectra are made to determine the nature of the cbserved similarities
and differences in the data. The effects of local site conditions
were studiled by comparing the data with theoretical results from
layered half space models based on data from pre-construction soil

borings. The role of soil-structure interaction was examined by



_5_

comparing the resgponses of several buildings in both the time and fre-
guency domains.

Accelerograph data from 7 buildings surrocunding the Wilshire-
Normandie group were compared with the Wilshire-Normandie data to
ldentify general similarities that might be related to the source
mechanism and travel paths of the earthguake waves as opposed to local
site conditions. Also, the ground motion data of the surrounding
bulidings were inspected to determine the character of the ground
motlon with distance from the center of the earthquake. Impllications
of the data on earthquake resistant design were discussed.

Chapter IV investigates dispersion and wave superposition as
possible explanations of the observed differences in the data studied
in the previocus chapters. A simple, wave superposition model is
developed with mumerical examples to show the differences in response
at two locations as a function of their separation. Results of the
analysis are compared with the observed motions during the San Fernando

earthquake at sites close together.
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IT. STUDIES OF SOIL-STRUCTURE INTERACTION

IT1.1 Introduction

Soil-structure interaction has been recognized by research
engineers and designers as an important factor in the behavior of
some structures during strong earthquake motion. Of prime importance
to the engineer are the extent the soil beneath & building modifies
the structural response, and any differences between the motion of
the building at ground level and the motion that would have resulted
at that point had there been no building present.

Housner was one of the first to investigate the problem. He
and Merritt (1) studied the rocking motion of a building on a flexible
soil. Housner (2) then analyzed basement accelerograms from the
Hollywood Storage building and those recorded on the ground nearby
during the Arvin-Tehachapl earthgueke of July 21, 1952. Based on a
comparison of the relative velocity response spectrum curves for both
records, he concluded that the effect of soil-structure interaction
was not appreciable.

The soil-structure mcdel studied by Housner and Merritt con-
sisted of a lumped-mass and spring system with a rotational spring at
the base to approximate the rocking of the structure on the soil. They
subjected this model to four different recorded earthquake motions.
The results indicated that the maxirmum base shear would almost always
be less then that obtained from a rigid base model.

More realistic models of the coupling between the soil and

foundation have since been developed to approximate the dimensional
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effects of the foundation. Reissner (3) first studied the problem of
a vertical harmonic excitation applied to a rigid circular dlsc rest-—
ing on an elastic half space. Arnold, Bycroft, and Warburton (4),
Bycroft (5), and Warburton (6) considered the same problem but
extended the work to include three other types of vibration, hori-
zontal translation, torsion, and rocking. In all cases a form of
the stress distribution at the contact surface was assumed to
obtain solutions.

Numerical results for the dynamic problem of a rigid disc per—
fectly bonded tc an elastic half space have never been obtalned. A
perfect bond means that the stresses and displacements are continucus
at the interface between the disc and the half space. This problem
is commonly referred to as the complete mixed boundary value problem.

If it is assumed that at leasgt one of the components of surface
traction at the interface 1s zero, then a relaxed mixed boundary value
problem resulcs. The relaxed problem, extensively studied so far,
assumes that for vertical and rocking vibrations the contact surface
is frictionless, while for horizontal vibrations the contact surface
is free of normal tractions. Consegquently, the horizontal displace—~
ments under the disc are unconstrained for vertical and rocking vibra-
tions, and the verticsl displacements are unconstrained for horizontal
vibrations.

Veletsos and Wel (7) and Luco and Westmann (8) have cbtained
numerical results for this relsxed problem and have devised spproxi-

mate techniques to show that rotational displacements due to lateral
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forces and vice-versa are small in comparison with displacements in the
same direction as the applied forces. Solutions from the rigid disc-
elastic half space model have been Justified to a certain extent
experimentally (5), (9), (10) as close approximations to the actual
behavior of footings on soil.

In practice, circular foundations are rarely encountered. The
mere typilcal geometry of a rectangular plate on an elastic half space
was studied by Kobori et al. (11), (12). His numerical results for
typical length to width ratics are similar to Bycroft's solutions
for a clrcular plate of equal area in the range of small excitation
frequencies. The numerical analysis of one of Kobori's solutions was
extended by Sarrazin (13) to include higher frequencies. Sarrazin
concluded that the irregular behavior and departure of his numerical
results from the results for an equivalent circular disc needed
further investigation.

Trifunac (14) obtained analytical solutions for the surface
motion in the viecinity of a seml-cylindrical inclusion in an elastic
half space for incident plane SH waves. This model offers some
insight into the nature of wave scattering around a building with
sub~-ground level stories.

The previously mentioned studies were preliminary to the
construction of elaborate soil-structure interaction models.

Trifunac (15) expanded his earlier work (1k4) to account for
an infinitely long shear wall atop a rigid cylindrical inclusion.

Trifunac's model was a generalization of an earlier study by Luco (16)
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tc the case of SH waves at arbitrary angles of incidence (Fig. la).
Trifunac calculated the differences in surface dlsplacements on both
sides of the shear wall from the scattering of waves off the founda-
tion (inclusion). The results glve some indication of the extent

to which surface motion near the building might be modified by the
presence of the structure.

Sarrazin (13) and Sarrazin, Roesset, and Whitman (17) have
modeled the coupling between the foundation and soil with equivalent
springs and dashpots (Fig. lb) in accordance with the foundation
compliances of the relaxed problem of a rigid massless plate on an
elastic half space. They have extensively studied the interaction
of this foundation model supporting a single degree of freedom struc-
ture. Parmelee et al. (18) investigated a soil-structure interaction
model consisting of a multi-degree of freedom system supported by a
rigid disc on an elastic half space (Fig. lc). Parmelee assumed
constant values for the frequency dependent compliance functions
between the disc and half space to obtain solutions to the problem.
Bielak (19) was the first to obtain explicit solutions of this model
subJected to vertically incident shear waves. Other studies of multi
degree of freedom structures with soil-struecture interaction have been
recently published by Fagel and Liu (20) and Wood (21). Wood used a
model similar to Fig. lb to investigate possible soil-structure inter-
action of a nine-story steel frame building during the San Fernando
earthqueke. TIn the analysis he used constant values for the foundation

springs and dashpots as suggested by Veletsos and Wei and others. The
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model studied by Wood is a simplified version of the cne studied by
Bielak.

There have been several soll-structure interaction studies
using the finite element approach. A finite element model developed
by Finn and Reimer (22) (Fig. 1d) can be useful in instances where
alluvial soil overlies vedrock. The analysis of their particular soil-
structure system indicated that the coupling between the soil and
structure gave conservative estimates of the maximum base shear.

Another aspect of Interaction which might be significant in
the downtown area of citles is the coupling between builldings through
the soil. Warburton et al. (23) studied the effects of the response
of a vertically excited mass from another mass nearby. Both masses
were discs of equal area resting on an elastic half space. The
distance between thelr centers was 5 times the disc's diameter. The
main conclusion drawn was that under certaln circumstances, namely,
at excitation frequencies near the resonant frequencies of the
unexcited mass—-soll system, the displacements of the unexcited mass
are amplified. A less obvious but perhaps a more gignificant result
was that the presence of the second mass had virtually little effect

on the response of the excited mass.

II.2 Bielsk's Sclutions

This section is devoted to the application of Bielak's soll-
structure interaction solutions to the measured response of the Holly-
wood Storage building, the Millikan Library, snd the Athenseum during

the San Fernandc earthquake. A comparison with the Arvin~Tehachapi
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earthquake data from the Hollywood Storage site was also Iincluded.
The Millikan Library and the Athenaeum are on the campus of the
California Institute of Technology.

A diagram of the model studied by Bielak appears in Fig. 2a.
It consists of a linear, Vviscously damped, n-story structure sup-
ported on a rigid circular foundation of radius, a , which is bonded
to a linearly elastic, homogeneous, isotropic half space. In its
general form the system has n + 2 degrees of freedom, translation of
each story mass, translation of the base, and rotation of the entire
system. The system, initially at rest, 1s subjected to vertically
incident plane shear waves. It is assumed that there is no scatter-
ing of waves off the rigid foundation and nearby surface.

The equations used in the analysis (see Appendix) were devel-
oped under the assumption that the superstructure possesses classicsal
normal modes. This assumption has been shown tc be sufficiently
accurate for most engineering purposes. For the case of classical
normal mecdes, a model equivalent to that shown in Fig. 2a can be
constructed (Fig. 2b) (19). It comsists of n oscillators attached
to the rigid circular base; each oscillator defined by a natural
frequency, wj, eritical deamping ratio, nj, modal mass, Mj’ modal
moment of inertia, Tﬁ, and modal height, Hj (see Appendix).

For small displacements the equations of motion Tor the model

shown in Fig. 2a are (19)
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Mit + cr + Kv = 0 (2.1a)
a .t
Y n V. + m (¥ +%¥) + P(t) = O (2.1b)
j=1 J J oo g
n . £
'21 m, b, {fj + L% + Qt) = 0 . (2.1c)
J:

th

In these equations: vjt = total horizontal displacement of the Jj mass

t
with respect to a fixed vertical axis, i.e., vj = vg + vy + hj¢ + Vj ’
I, = sum of the centroidal moments of inertia of the n + 1 masses, and

t

P(t) and Q(t) are the horizontal restoring force and moment, respec-
tively, at the interface between the base mass and the half gpace. A
complete description of the symbols is given in the Appendix.

A relationship between the generalized interaction forces and

generalized base displacements can be written as (&), (5), (11)

/[?a?_&h&mliﬁ

= . (2.2)
l%ﬁ K K ®(s)

na3 mh mn

In equation (2.2), P(s) and Q(s) are the laplace transforms of P{t) and
Q(t), respectively, while Kﬁh’ Khm? Kmh’ Kmm are the dimensionless, complex
impedance functions and are functions of frequency and Poisson's ratio.
Khm and Kmh are equal by virtue of the reciprocity theorem and are small
in comparison with the dlagonal terms, Khh and Kmm' For the analysis in

the next section Kmh and g will be set equal to zero. The functions
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Kﬁh and Kﬁm used in the analysis are found from solutions to the relaxed
mixed boundary value problem discussed in section IT.1. These functions
have not been evaluasted for the case of a perfectly bonded, massless,
rigld plate on an elastic half space; however, some experimental evi-
dence (5), (9), (10) indicates that the differences in these two cases
are small enough to not affect the problem sppreciably.

For steady-state harmonic excltation of the disc, Khh and Kmm

can be expressed as (5), (2k)

K, (ia))

khh(ao,cr) + dag chh(ao,cr)

(2.3)
Kmm(iao) = kmm(ao,cr) + e cmm(a.o,a)
where 1 = /:1, a, = %é and w is the frequency of excitation. khh’

8
S’ kmm’ and Cm are real, and can be written as (25)

8

k (a,0) = 5o—p (a0)
chh(ao’a) = §h(aoJ°') kbh(ao’c)
(2.4)
5(as0) = sy Buag,0)
cmm(ao’c) = §m(ao;°') kmm(ao’o-) .

The functions Bh, 3m, gh, gm were evaluated from the numerical reéults
in the form of graphs presented by Luco and Westmann (8), for values
of the frequency parsmeter, ao, up to 6 and Poisson's ratio, o = l/A.
Bh, ﬁm, gh, §m are not affected sppreciably for different values of ¢«

in the range 0 < ¢ < 1/3, (8). A plot of these functions for o = 1/4

is shown in Fig. 3.
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Solution of Equations of Motion

The equations used in the analysis (section II.3) will now be
presented. Details of the solution to equations (2.1) can be found
in Bielak's work (i9). Since the superstructure is assumed to possess
classical normal modes, equations (2.1) can be solved for the base
dispiacement in terms of the free field acceleration and transfer
functions involving the modal quantities, Mj’ Hj’ Tﬁ, the natural
frequencies, wj, and the modal damping ratios, nj’ of the superstruc-

ture. The result, expressed in terms of Laplace Transformetions, is

- 0 AO(S) I
V() = T o) oy T (2.5)

where yo(=v + Vg) is the total lateral displacement of the base mass.

(¢]

Taking the base mass to be initilally at rest, equation (2.5) becomes

(replacing the transform variable s by iw)

¥ (w) - A +A
= = 2 - (2.6)
vg(w) A

Expressions for Ab and A are given in the Appendix. Equation (2.6)
will be used for comparisons with dats derived from specific acceler-

ograms from the San Fernando and Arvin-Tehachapi earthquakes.

Behavior of Transfer Function

Before making any comparisons between the theoretical model
and the earthquake deta, some basic characteristics and consequences

of the basic model and equation (2.6) will be discuseed. The model



13~

develcped in this section is equivalent to a model shown in Fig. 1b
which utilizes frequency-dependent springs and dashpots for the inter—
action between the soll and foundation. The spring-dashpot model
becomes equivalént if the impedance functions, Khh and Kmm’ are
expressed as equation (2.3). The functions, khh and kmm would be
the stiffnesses of the translational and rotational interaction
springs, respectively, while the functions, S and Com? would rep-
resent the viscous damping constants of the translational and rota-
tional interaction dashpots. khh and chh are nearly constant over
a wide frequercy range, while the rotational compliances, kmm and

c .o Very significantly with frequency (see equation {2.3) and

Fig. 3).

To visualize the basic differences between the translationsl
motion of the base and free field motlon in the same direction, 1t is
convenilent to examine an equivalent oscillator shown in Fig. L.
Temporarily neglecting the rotation (assume K¢ and C(p are infinite)
and excluding any effects of the dynamic base shear, Sbﬁ and moment,
M, the transfer function, ?Q(w)/gé(w), for a harmonic excitation,

1um, can easlly be computed by elementary vibration theory. A

v_*t e
g
plot of ]?;(uQ/Vé(w)[ for the simple case is shown by a dashed line in
Fig. 5 for an actual building-soil site (21). Since KX and CX are
nearly constant over the range of frequencies considered, average
values of these parsmeters were used. The frequency-dependent base

shear distorts the transfer function in the neighborhood of the

natural frequencies of the superstructure (Fig. 5). The amount of
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distortion depends mainly on the natural frequencies, modsl damping,
and mcde shapes of the superstructure. It will be demonstrated by
examples in section II.3, that the transfer function, §$(w)/$é(w) 5
can be sensitive to different cholces of mode shape. Fig. 5 clearly
shows that the base response can be greater than the free field motion
at the lower end of the frequency scale, and for larger frequencies
the base response can be attenuated. The radiation damping into the
s0ll from the building basicaliy determines the maximum amplitude of
the transfer function, although in scme Instances, higher modesg from
the superstructure can contribute significantly.

The addition of the overturning moment, Mb’ and the rocking
flexibility have a negligible effect on the transfer function for
horizontal motion, ?;(w)/gg(w) , other than to decrease the fundamental
frequency of the system further (Fig. 6), (21). Soil-structure inter-
action due to translation and/or rocking of the base mass reduces the
natural frequencies of the superstructure (25), but in most cases the
only appreclable reduction occurs to the fundamentel frequency. For
tall buildings, where Mb is large, this reduction 1s primarily due

to rocking.

II1.3 Applications of Model to Earthguake Data

The first soil-structure interaction study of earthquake
response was Housner's analysis of accelerograms obtalned from the
site of the Hollywood Storage building during the Arvin-~Tehachapi
earthqueke (2). His conclusions about possible interaction were based

on the comparisons between the basement records and free field records
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obtained in a nearby parking lot. No comparisons were made between
the data and a theoretical model.

Duke et al. (26) compared the Hollywood Storage data toc a
theoretical modél of the building-soil system adapted from Luco (16),
(Fig. la). Iuco’s model was restricted to buildings that behaved
as infinitely-long shear walls; however, natural frequency calcula-
tions of the superstructure in the EW direction indicated that the
Hollywood Storage building closely approximated a cantilevered shear
wall. Comparisons were made between the basement to free field trans-
fer function for the model and an actual transfer function computed
from a smoothed version of the ratio of the Fourier Amplitude Spectra
of the accelerograms. The actual transfer functicn did not give much
Indication of the presence of modal contributilons from the superstruc-
ture as predicted by the model. The only resemblance to the theoretical
model appeared beyond 5 c.p.s. where the transfer function was less than
unity.

Duke's spproach assumed the accelerogram from the parking lot
was representative of the free field motion. This assumption is con-
sidered valid for the frequency range of interest used in the analysis

and is further discussed in the conclusions (section II.A4).

Hollywood Storage

The Hollywood Storage bullding i1s located near the corner of
Sante. Monica Blvd. and Highland Ave. in Los Angeles (Fig. 7). The
building is about 18 miles south of the center of energy release of

the San Fernando earthquake. The bullding is a li-story reinforced
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concrete frame structure, 150 ft. tall, with a basement 9 ft. beneath
the ground story. The foundation conslsts of concrete piles 10 ft.
to 30 ft. long spaced every 17 ft. in each direction. ILatersl dimen-
sion of the building are 51 ft. (NS) by 217 ft. (EW). A soil boring
to a depth of 100 ft. revealed a soft, sandy clay mixture with a
density varying from 100 p.c.f. at the surface to roughly 130 p.c.f.
(27).

Adjoining the main buiiding is a long, narrow, one-story
structure used as a loading dock and storage area. dJust north of the
main structure and east of the loading dock 1s a film studio, 30 ft.
tall, with base dimensions, 120 ft. by 60 ft. Directly west 112 ft.
from the southwest cormer of the maln bullding is a small shed with
aluminum siding and & 9 ft. by 6 ft. concrete base. This shed con-
talns a Standard Strong-Motion accelerograph instrument. The acceler-
ocgraph in the basement of the building is located at the southwest
corner and 1s also a Standard.

The major portions of the horizontal components of the accel-
erograms obtained during the San Fernandc earthguake from the basement
and the shed (hereafter referred to as the free field record) are shown
in Fig. 8. The peak free field accelerations in the hard shaking por-
tions from 1 to 8 sec. are generally 0.05 g to 0.1 g greater than
corresponding peaks of the basement accelerations. The free field
accelerograms also show a higher frequency content in this 1 to 8 sec.
segment. Following the portion of hard shaking are smaller amplitude,
longer periocd accelerations in both records that gradually diminish to

peak values of about 0.025 g at 20 sec.
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The Fourler Amplitude Spectra (F.A.S.) of the 20 sec. acceler-
grams were calculated using a fast Fourier transform technique based
on the Coocley-Tukey algorithm. Graphic comparisons of the F.A.S.

(Fig. 9) show élose sgreement between the basement and free field

F.A.S. for frequencles up to 4 c.p.s. in both the NS and EW directions.
For frequencies larger than 4 c.p.s. the free field F.A.S. is signifi-
cantly larger than the corresponding basement F.A.S. For visual pur-
poses the F.A.S. plots were smoothed one cycle with the Hanning spectral
window weighted.%y %, %3 i.e., if Fi represents a point in the unsmoothed
¥.A.8., then a point, fi, in the smoothed F.A.S. is gilven by Fi = %-Fi_l+
% Fi + % Fi44- The frequency spacing of the ordinate is 0.05 c.p.s.

A transfer function between the basement and free field was
achieved by dlviding the once-smcothed basement F.A.S. by the once-
smoothed free fleld F.A.S. and smoothing this ratio 10 times. The
additional smoothing of the transfer functlon was done to emphasize
the overell trend and to eliminate large fluctuations. Data reduction
of Arvin-Tehachapi accelerograms was ldentical to the process just
described for the San Fermando data.

The calculation of the necessary parameters for the theoretical
model was based on data collected by Duke (26), (27). A representative
value of the shear wave veloclty was derived from an experimentally
determined P-wave velocity for the soll. A P-wave velocity of 2400 f.p.s.
was measured at the site at depths from 9 ft. to 60 ft. (27). If =
Poisson's ratio, @ = % » 1s assumed, then the theory for a linear, homo-

~ geneous, isotropic half space predicts that the shear wave veloclty is
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half the P-wave velociiy, or 1200 f.p.s. However, during an earthquake
the elastic behavior of the soll is nonlinear. Experimental evidence
indicates that the shear modulus of soil determined by velocity tests
can be reduced by half during an earthquake (28). For sn ideal half
space then, the shear velocity would be reduced by a factor cf lAﬂ?.

The earthquake shear wave velocilty would be Vs ~ 800 f.p.s. The average
density, p , from the solil borings was 115 p.c.f. The equlvalent base
radius, a , for a circle whose ares is equal to the cross-sectional
area of the main bullding was 59.4 ft. The story masses and equivalent
interstory stiffnesses were taken from DTuke (26), who calculated these
guentities from the structural drawings. The lumped-story masses
varied from a minimum of 1.47 X 10%® 1bs. to & maximum of 2.06 X 10%® 1bs.
The total mass of the superstructure; from the 2nd floor up, was 25.8 X
10® 1bs. The EW direction of the building was significantly stiffer
than the NS direction. The EW stiffnesses varied from 230 X 10% 1lbs./ft.
at the top to 1,070 X 10® lbs./ft. near the bottom, while the NS stiff-
.nasses varied between 46 X 10%® 1bs./ft. and 496 X 10® 1bs./ft.

The natural frequencies and mode shapes of the superstructure
were found by solving the eigenvalue problem for a 14 degree of freedom,
linear, spring-mass system. The first 4 natural frequencies in the NS
direction were 1.05, 2.7k, 4.30, and 5.84 c.p.s. Vibration tests
before the San Fernando earthquszke (29) gave resonant frequencies at
0.83, 2.7, and 4.5 c.p.s. for the NS direction. The EW natural frequen-
cies, calculated from the eigenvalue problem, were within 5% of 2, 6,

and 10 c.p.s., the matural frequencies of an appropriate cantilevered
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shear beam. The EW fundamental frequency from vibratlon tests was
2.0 c.p.s. (29).

Figures 10 through 15 compare the basement to free field
transfer functions, }?5/%%1 , derived from the F.A.S. of the earth-
gquake gcceleration data and the theoretical model. TFor the theoretical
transfer function the parameters p , VS ; & , and the ratural frequen-
cles were fixed, while mo (and hence It), nj ,» end the mode shapes were
varied. Different choices of the base masses, m modal damping ratio,
"j » and mode shapes, Xij , were made to indicate their effect on the
transfer function ané to obtain the "best fit" with the actual transfer
function.

Figures 10 and 1} show how two dlfferent orthogonal mode shapes
can affect the shape of the theoretical transfer function. The slze
of the distortions in the transfer function from higher modes, through
the modal gquantities, Mj’ fﬁ, Hj » depends on the mode shape chosen.
For example, mode shapes measured by Jemnings et al. (50) at another
building give modal mass values, My = 19.6 X 10%® lbs., Mo = 5.8 X
10% 1bs., and Mg = 0.4 X 10® 1bs. (Fig. 10). Mode shapes calculated
from the superstructure using Duke's data (26) give modal mass values,
My = 21.4 X 10° 1bs., Mp = 2.8 X 10® 1bs., and Mgz = 0.9 X 10® 1lbs.
Varietions in the modal quantities for different mode shapes are more
pronounced in the transfer function for the higher modes where the
distortions are spread over a wide frequency band. The distortions
in the transfer function at the fundamental frequency are confined to

a much narrower band.
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A comparison of the theoretical transfer functions in Figs. 11
and 12 or Figs. 14 and 15 shows the basement response greatly attenuated
with a 6 fold increase in the base mass. The smaller value of m s
5 X 10° 1bs., was én estimate of the welght of the basement and ground
level floor slabs and the weight of the concrete walls in the basement.
The larger value, m = 3.1 X 107 1bs., included an estimate of the
welght of the so0il and clustered foundation pilles between the basement
floor and the rock layer supporting the viles. This value of the base
mess wap thought to be an upper bound for m -

An example of how the modal damping, “g , In the superstructure
modifies the transfer function can be seen in Figs. 12 and 13. ILarger
values of ny tend to smooth the distortions for all modes; but, as
might be expected, variations in ”j do not alter the overall shape of
the transfer function.

The partial agreement between the theoretical and actual trans-
fer functions in the EW direction is limited to frequencies between O
and ~ 5 c.p.s. There appears to be strong evidence of soil-structure
interaction in the fundamental mode for the San Fernando earthquake
but not the Arvin-Tehechapl event. A distortion in the San Fernando
transfer function centered at 1.5 c.p.s. conforms in shape and size
with the theoretical prediction. Beyond 5 c.p.s. it does not appear
thet any combination of parameters previously discussed is consistent
with the observed behavior. Using the upper bound for m.o in the
theoretical model will attenuate the amplitude of the transfer function

enough to give reasonable agreement for frequencies beyond 1l c.p.s.
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for the San Fernando data (Figs. 12 and 13). The trend of the Arvin-
Tehachapl transfer function shows reasonable agreement with the theo-
retical curve for frequencies beyond 4 c.p.s. In both cases, however,
this choice of ﬁo reduces the agreement in the low frequency range.

There is general agreement in smplitudes between the theoreti-
cal and both earthquake transfer functions in the NS direction for
frequencies between O and 4 c.p.s. for the smaller value of the base
mass, m_ = 5 X 10% 1bs. (Fig. 14). Neither of the earthguake transfer

ctions however, gives poslitive Indication of interaction in any of
the modes. For frequencies beyond 4 c.p.s. both earthquake transfer
functions attenuate in roughly the same manner, with the amplitude
levels of Arvin-Tehachapi slightly larger on the average than San
Fernando. The same general trend was observed in the EW directiomn.
Substituting the upper limit for o into the model to achieve amplitude
attenuation for larger frequencies improves the agreement; however, as
previously noted for the EW direction, this worsens the agreement for
frequencies less than 4 c.p.s.

To further investigate the likelihood that the theoretical
model does not adequately explain the observed behavior over a large
frequency range, comparisons were made between the San Fernando free
field accelercgrem and a theoretical free field accelerogram. The
theoretical free fileld accelerogram was computed by transforming the
San Fernando EW basement accelerogram through theoretical transfer
functions by eppropriate Fourier analysils and synthesls. Two theoret-
ical transfer functions, whose amplitudes are plotted in Figes. 10 and

12, were selected. They were chosen because of their dissimilarity
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to illustrate that the differences they cause between the computed free
field accelerograms and the input basement accelerogram are almost
negligible. Figures 16 and 17 clearly show the differences between
the computed free field and recorded basement motions are relatively
minor. ILocal variations do exist in the size and shape of a few peaks.
Cverall then, the calculated free fileld accelerogram is virtually the
same a5 the recorded basement accelerogram and is thus gulite different

from the recorded free field sccelerogram (Fig. 8).

Millikan Library and Athenseum

The Millikan Library and Athenaeum bulldings are located on the
main campus of the Callfornia Institute of Technology in Pasadena,
approximately 21 miles southeast of the center of energy release
durling the San Fernando earthquake., The Athenseum is due east of
Milliken Library e distance of 1220 ft. Fig. 18 shows their location
with respect to other buildings on campus, the majority of which are
3 story reinforced concrete structures with 2 basement levels.

The Millikan Library is a nine-story reinforced concrete bulld-
ing 144 f£t. tall with a basement level 14 ft. below the ground floor.
The plen dimensions are 79 £t. X 69 ft. with an additional 8 ft. X
23 ft. area on the east side and a 14 ft. X 29 ft. stairwell on the
west side (Fig. 19). Iateral load resistance is provided in the NS
direction primarily by reinforced concrete shear walls and in the EW
direction by a central reinforced concrete elevator shaft. The north
and south faces consist of precast concrete window wall panels. The

foundation is basilcally a central pad 32 ft. wide by 4 ft. deep,
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extending from the east curved wall to the west curved wall (Fig. 19).
The foundstion rests on alluvium composed of firm to dense sand mixed
with gravel with an average density of 115 p.c.f. The alluvium on
campus extends ébout 900 ft. to bedrock.

The Athenseum is a 23-story reinforced concrete structure of
fairly complex geometry (Fig. 20). The building is asymmetric and
non—uniform in height. The basement floor area 1s approximately 127 ft.
X 138 ft. with an additional 69 ft. X 32 ft. on the north side. The
main support of the structure is provided by sgquare reinforced concrete
columns numbering 120 to 150 depending on the floor level. The founda-
tion consists of conventional spread footings, 7 ft. X 7 £t. X 2 ft.
thick on the average, and rests on the same type of alluvium as the
Millikan Idbrary. A P-wave veloclty of 2200 f.p.s. to a depth of
100 ft. was determined by experimental velocity tests (27).

A SMA-1 accelerograph recorded the basement accelerations at
the Athenseum during the San Fernando earthquake, and an RFT-250
obtained a record in the basement of Millikan Library. There were no
other ground or basement level stations on campus. Figs. 21 and 22
compare the lateral components of the basement acceleration of each
building whille Fig. 23 represents the Fourler Amplitude Spectra
(F.A.S.) of the 20.48 sec. portions of the accelerograms. The F.A.S.
plots have been smoothed 10 cycles (an arbitrary choice) with the
Banning spectral window. Accelerogram comparisons reveal the pesk
accelerations durlng the hard shaking are generally larger in the

Milliken Library record. A comparison of the F.A.S8. shows that the



—24—

bagement motion was more intense in Millikan, especlally in the NS
direction.

To test whether soil-structure interaction could account for
the aifferences noﬁed in the F,A.S. and the accelerograms, the free
field motions near each bullding were assumed to be identical. For
vertically incident waves this would be a valld assumption discounting
any local geological irregularities and the influence cof other nearby
structures. The modulus of a trsnsfer function, ]?;(w)/gé(w)] , Was
calculated for each bullding. The modull were then divided to give
the amplitude of a theoretical transfer function between the basements

of each building, i.e., The amplitude

1o hrrrmian’ ) sremmamud -
of this transfer function was then compared with the ratio of the F.A.S.
calculated from the accelerograms. A brief discussion of the modeling
of each buildlng-soil structure proceeds the analysls of the results.
The Athenaeum was modeled two ways because of its relatively
high stiffness. One method was to consider the entire bullding as a
rigid plate; the other way was to approximate 1t as an equivalent
one~gtory structure resting on a foundetion base mass. The weight of
the bullding and foundatlion determined from structural drawings was
18 X 10° 1bs. This value was obtained by estimating the weights of
the reinforced concrete walls, columns, floor slabs, besms, and spread
footings. Nominal values were added for the live load, but the weight
of the architectural elements was neglected. For the single-story
approximation the total weight was divided so that the base mass, m, o

weighed 13 X 10® 1bs. and the first story, my , 5 X 10%® Ibs. The

height between o, and my was estimated to be 20 ft. The equivalent base
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radius was 80 ft. A fundamental frequency of 4 c.p.s. was chosen
for both directlons and the modal damping was assumed to be 5% of
the critical value.

The masées of each story for the Millikan Library were taken
from Kuroiwa (31). The total weight of the superstructure, 18.7 X
108 lbs., was divided falrly evenly among the 9 stories. Values
egtimated for the base mass and radlus were 7 X 10° 1bs. and 45.9 ft.,
respectively. The fundamental frequencies, based on pre-earthguake
ambient and forced vibration tests (31), were 2.0 c.p.s. (NS direction)
and 1.5 c.p.s. (EW direction). A forced vibration test (31) also
obtained the 284 natural frequency in the EW direction of 6.2 c.p.s.
The 3Yd natural frequency (EW direction) was chosen as 13.5 ¢.p.s.,
an intermediate value between the thecreticei values for a flxed-end
shear beam and a bending beam based on a fundamental frequency of 1.5
c.p.s8. The ond natural frequency in the NS direction, 10 c.p.s., was
based on the F.A.S. analysis of earthquake accelerograms from the roof
and basement (21). Fundamental mode shapes for the superstructure were
 taken from Kuroiwa's forced vibration tests (31). The measured trans-
lation of the ground floor was subbtracted from the measured values at
the upper levels. The new modael displacements were then normalized
with respect to the roof and the resulting values were used as the
fundemental mode shape.

To complete the modeling of the superstructure, interstory
stiffnesses were calculated from the fundamental frequency and mode
shape plus the story masses. The formula used to estimate the inter-

story stiffnesses (32) was
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n
2
w1 jjs My X,
k = y s =1,2,--,n (2.7)

8 -
Xl,s Xﬁ,s—l

where wy 1is the fuﬁdamental frequency in rad./sec., m, is the mass of
the ith story, and Xl,i is the Ffundamental modal value of the ivh story.
Knowledge of the interstory stiffnesses and mass of each story enabled
the calculation of the higher mode ghapes by solving the eigenvalue
problem. The higher natural ffequencies obtained from the solution
did not agree very well with the values mentloned previously, thus
indicating a diliscrepancy between the calculated and actual stiffnesses.
However the effect of these differences on the mode shapes and hence
the theoretical transfer function will not be significant when compari-
sons are made with the transfer function calculated from the earthquake
data.

Soil parameters used were the same for both soll-structure
systems. Values for the soll density and Poisson's ratio were p =
115 p.c.f. and ¢ = 0.25. For strain levels assoclated with earthquake
response, an appropriate shear wave velocity of 800 f.p.s. was calcu-
lated in a menner similar to that done for the Hollywcod Storage site.

Theoretical transfer functions, l?;(w)/gé(w)J, are shown in
Figs. 24, 25, 26 for both directions of the Millikan Library and the
Athenseum. The dashed line in Fig. 26 represents the Athenaeum
treated as a rigid circular plate with a weight equal to the total
welght of the bullding. The curve is nearly flat which theoretically
means the basement and free field motions are very nearly identical.

No reascnable increase in base mass or moment of inertis, by including
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the welght of the soll between the bottom of footings and basement
floor, could alter the Athenseum's theoretical transfer function enough
50 that the theoretical free field motlon would be noticeably different
from the basemeht motion. Based on the Hollywood Storage analysis, it
can alsc be concluded that the Millikan Library transfer function
would not produice significant differences between the recorded base-
ment motion and theoretical free field motion, because the transfer
function is fairly close to unity over a frequency range containing
most of the energy of the strong motion. Thus, the theoretical free
field accelerations for the Millikan Library and Athenaeum are essen-
tially the same as thelr respective basement accelerograms.

Figs. 27, 28, and 29 compare the ratio of theoretical transfer
functions to the ratlo of the basement F.A.S. smocthed an additional
10 cycles. The agreement between the theoretical ratios and those
from the earthquake response in Figs. 27, 28, and 29 iz extremely
poor. There ig no reasonable way to adjust the parameters of the
soil-gtructure model of elther building to improve the agreement sub-

stantially.

IT.4 Conclusions

Evidence of soil-structure interaction appeared in EW direc-
tion of the Hollywood Storage bullding during the San Fernando earth-
guake for frequencles less than 5 c.p.s. The distortion in the
thecretical transfer function from interaction of the fundsmental
mode of the bullding-soll system resembles the shape of the earthquake

transfer function around 1,5 c.p.s. There was no positive evidence of
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soil-structure interaction in the fundemental mode (EW direction)
during the Arvin-Tehachapi earthquake. There seemed to be no indica-
tion of interactiop from the higher modes during either earthquake.,

In the NS direction there was no concrete evidence of soil-
structure interaction from any mode during either earthquake. How-
ever, the theoretical transfer function for a base mass equal to the
weight of the structure beneath ground level was similer in amplitude
to both earthquake transfer functions for frequencies less thar 4 c.p.s.

In general the San Fernando and Arvin-Tehachapl transfer func-
tiong exhibit basically the same character. Beyond ~ 5 c.p.s. both
transfer functions attenuate to amplitude.levels less than unity.

This filtering of higher frequenciles by the building was greater
during the San Fernando earthquake than the Arvin-Tehsaschapi event.

During the earthquakes, the building somehow filtered out the
higher frequencies observed in the free field accelerograms. The
theoretical model was unable to predict satisfactorily this filtering
which occurred for freguencies above ~ 5 c.p.s. in both directions.
One obvious revision of the model would be to replace the cilrcular
base plate with a rectangular plate of the same dimensions as the
building's foundation. However, the numerical results for the compli-
snce functions for large frequencies, as noted earlier (15), need
further investigation. The stress distribution beneath the plate
becomes legs accurate for higher excitation frequencies, and hence
smaller wavelengths of the order of the plate's dimensions. Accord—
ing to Sarrazin (13) the differences in the compliance functions

between a 2 X 1 rectangular plate and a circular plate of equal
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area become large for dimensionless frequencies, a, = %é 4 above 2. It
s

is interesting to note that for the Hollywood Storage bullding during
an earthquake (with v, = 800 f.p.s. and & = 59.4) this value of a
corresponds to a frequency of 4 c.p.s. which is close to the frequency
that the theoretical and earthqueke transfer functions diverge. This
is possibly a coincldence, and shouid not be seriously considered as
an explanation of the observed differences until the theory for larger
frequencies has been examined in a more rigorous manner.

Another posgible explanation of the building's filtering of
higher frequencies can be given assuming most of the earthquake waves
were incident upon the foundation at angles other than 90° (vertical
waves). Unfortunately, no mathematical theory of soil-structure inter-
action has been developed to account for P or SV waves at arbltrary
angles of incidence or surface waves. The idea of foundation filter-
ing for incident waves can be visualized from Fig. 30. Notice that
for certaln wavelengths, A , and angles of incidence, o€ , the soil
beneath the bullding can be moving in opposite directions as indicated
by the arrows. DBecause of its relatively large rigidity in the trans-
verse direction, the foundation would suppress lateral movements in
opposite directions at the same time. It might be reascnable to
agsume that the bullding will filter out all wavelengths smaller than
the one shown in Fig. 30. For this case the building is at an impasse
since equal areas beneath the foundation tend to move in opposite
directions. For example, in the case of the Hollywood Storage build-
ing in the EW direction, L = 200 £t. If the velocity, V , and angle

of incidence, & , of the incoming waves were 800 f.p.s. and 45°
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regpectively, then the frequency corresponding to the wavelength shown

v _ 800 f.p.s.
L cos& 200 ft. (.707)

waves traveling along the surface at this veloeclty, f = L c.p.s. For

in Fig. 30 would be f = ~5,6 ¢c.p.s. TFor
waves from the NS direction, f would be about 4 times larger since

the foundation dimension of the building 1s only 50 ft. in this direc-
tion. However, the adjoinling cne-story structure and the structure

78 ft. to the north of the main building may increase the effective
length of the bullding in the NS-direction from a filtering standpoint.
Waves arriving from a direction other than NS or EW would presumably
cause similar filtering. The expected flltered frequencies, then, are
of the same order as the observed.frequencies filtered by the building
during the earthguakes.

The inability of the theoretical model to incorporate any type
of wave at arbitrary incidence may be its most seriocus limitation in
describing observed soil-structure interaction effects.

There are other obvious inadequacies of the mathematical model
in conforming to reality. A homogeneous, isotropic, linearly elastic
soil is never encountered. These assumptions are recognized as mathe-
matically convenient and hopefully can approximate the actual scil
behavior for practical engineering purposes.

The modeling of the foundation by a flat plate resting on the
surface i1s another debatable issue. This simplifiecation would intui-
tively seem more accurate for shallow foundations as opposed to build-
ings with a number of underground storieg. In the case of deep founda-
tions, wave scattering off the underground portion of the building

would alter the sub-ground story response and nearby free field
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motions. Alsc, the compliance functions for the rigld plate problem,
expressing the nature of the radiative damping and the soill stiffness,
would no longer be valid. For the Hollywood Storage bullding the
basenent level was oaly 9 ft. beneath the surface. The size and orien-
tatior of the building and location of the parking lot accelerograph
with respect to the epicenter of both earthquakes should rule out

wave scattering off the building's foundation as a reason for doubting
the representation of the parking lot accelerogram s the free field
motion.

The reinforced concrete piles, depending on thelr nurber and
size, could be another contrlbuting factor tc the basement response.
In the analysis of the Hollywood Storage bullding, thelr presence was
accounted for by an Increase Iin the foundation mass only. This con-
sideration dld not improve the overall agreement between the theoretical
and earthquake transfer functions.

In the case of the Millikan Library and Athenaeum the main
gquestlon is: Can the differences in the basement accelerograms be
explained by the present state of art of soil-structure interaction
theory? The answer is simply nc. The distance between the buildings
and their relative orientation with respect to the epicentral area,
coupled with the possibillity that many incoming waves may have been
incident at angles other than 90°, could perhaps account for the
major differences. The cdncepts of wave superposition and dispersion
can also conceivably explain the major differences between the base-—
ment accelerograms recorded in the Millikan Idbrary and the Athenaeun.

Wave superposition and dispersion are discussed in Chapter IV.



-z2-

If soil-structure interaction in some form did result in the
major differences between the library and Athenseum, then the general
character of the interaction phenomenon must be significantly differ-
ent than considered by the present theory.

For a better understanding of the interaction phenomenon
during earthquakes, it would be beneficial to know more preclsely the
ground motion near & particular bullding. It was assumed that the
parking lot accelerogram from the Hollywood Storage site was repre-
sentative of the surface motion at the location of the building with
the building absent (i.e., the true free field motion). The ground
motlon is expected to vary from point to point, but based on acceler-
ograms studled in Chapter III end the wave superposition analysis in
Chapter IV, the degree of similarity in surface motlons at any two
points increases as their distance apart decreases. From the examples
presented in Chapter IV on wave superpositicn, with due regard to the
distance between the accelerographs in the parking lot and the Holly-
wood Storage buillding, and theilr orientation with respect to the
direction of incoming waves for both earthquakes, the error in assuming
the parking lot record is the free field motion should be small in the
frequency ranges containing most of the earthquake's energy.

The distance between the Millikan Library and Athenseum 1s
roughly 10 times the distance between the accelerographs in the main
building and parking lot at the Hollywood Storage site. The free
field motions at these sites were probably different over a significant
frequency range. A knowledge of the differences in ground motion at

various locations near these buildings would be of value in understand-
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ing the actual nature of interaction, as well as the relationship
between ground motions as a function of their separation. During
future earthquakes, & well instrumented site of thig nature might
determine whethér there i1s consistency in observed soill-structure

interaction behavior and whether any site periodicities exist.
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mo = base mass

Io = centroidal moment of
inertia of base

vg = free field displacement

Y, = total displacement of base

K, sC_ = interaction spring and

¥ X dashpot {translation)
_ KQ,C = interaction spring and
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Fig.4  Soil-Structure Model with Springs and Dashpots.
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MILLIKAN LIBRARY N-S DIRECTION.
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Fig.6  Differences in Transfer Function with and without Rocking.



T

g,,
é
4
i
0
i

View Looking Southeast. Arrow Shows ILocation of Shed in Parking
lot Containing an Accelercgraph.

Santa __Monica_ Blvd.

N

L
0, o o
D
L a
story 2 stor a

Struct. .
struct. ]<>
accelero - @

graphs
main bldg.
N :

Fig.7 Hollywood Storage Site in Los Angeles.



20.

sz 00 . Se-
. (01/9) 13300 01314 3344
M3

:

. L—cjgég;?i_’Ac
e z

52 ] §°z-
01/9) '133%5 7314 3344
N

Ty

20.

16.

12,

| E—

20.

16.

12.

S

sz 00 se
(01/9) 73329 IN3IWISHA
SN

20.

E— — s
34 0’0 sz
(01/9) 73334 INIW3ISHE

M3

Recorded Accelerations at Hollywood Storage Site,

ig.



FOURIER AMPL (G-SEC)
.03 0u .05 .06 .07 .08 .09 .10

.02

W01

FOURIER AMPL. (G-SEC)
.03 ) .05 .06 .07 .03 .08 .10

.02

.01

Lo

HOLLYWOOD STORAGE ,EW DIRECTION

FREE FIELD

——— — BHSEMENT

7. 8.
FREG - CPS
HOLLYWOOD STORAGE,NS DIRECTION

FREE FIELD
— — - — BRSEMENT

Fig.9 Fourier Amplitude Spectra of Accelerograms from

Hollywood Storage Site.



| BASE/FREE FIELD|
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.4

0.2

0.0

Fig.,10 Comparison of Transfer Functions. Model: m_ = 5x1071b., I, = 1.21 % 10“1b. -ft., n= .05,

HOLLYWOOD STORAGE.EW DIRECTIGN

EARTHOUAKE (1952)

—— — ERRTHRURKE (1971)
THEORY

...
:

w

-

Q

-

=

-

N

-

w

¢

-

-
ol

7. 8.

FRE@ — CPS
6

6 6. t 6

Mode Shapes from (30), M;=19.6 x 10 1b,, M,= 5.8 x 10°1b, ,Ma= .4 x 10°1b.

wl -



| BASE/FREE FIELD| 4
0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.6

0.4

o
-
[~

o
.
o

Fig.1l1l Comparison of Transfer Functions. Model: m

HOLLYWOOD STORAGE .EW DIRECTION

EARTHBUAKE (1952)
ERRTHQUAKE (1971)
THEORY

mhﬁ_

0. 1. 2. 3. ¥, S. 6.

Mode Shapes Calculated from (26),

7. 8.
FREQ — CPS

=5x1061b., 1= 1.21x101

) b, -gt., n= .05,
6 6

M;=21.4x10"1b., M, = 2,8 x 10 1b., Ma= .9><:IO6 1b.



|BASE/FREE FIELD)
o.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.2

0.0

Fig. 12 Comparison of Transfer Functions.

HOLLYWOOD STORAGE.EW DIRECTION

EARTHOUAKE (1952)
EARTHRUAKE (197/1)
THEBRY

Mode Shapes Calculated from (26).

7. 8.
FREQ — CPS

Model: m
o

© b
.
o
b
—
-

3.1x10" 1b.,

I=2.2x10"b. -4, n=.05,

_g-‘.(...



1.2 1.4 1.6 1.8 2.0

1.0

IBHEE(FBEE FIELD |

0.4 0.6

0.2

0.0

HOLLYWOOD STORAGE ,EW DIRECTION

EARTHOUAKE (1952)

—— - EARTHQUAKE (1971)
THEORY

Fig.13

7. 8.
FREG — CPS

Comparison of Transfer Functions. Model: m = 3.1 x 10’7 1b.,

N = .10, Mode Shapes Calculated from (26).

It=Z.leO1

1

1b. -ft.,

~Qp=



| BRSE/FREE FIELD
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
T

0.2

0.C

HOLLYWOOD STORAGE .NS DIRECTION

i y 2 .

\ , N N ' \ i i
/ vl ‘ y oot P!
, AR T . i i : !
! i \ /\ ' N %
DN | A bl ) / : .
Voo / y \ !
i
\\ \

EARTHOUAKE (1952)
EARTHQUAKE (1971)
THEORY

§
'
!

[

-
./

P
1] 1

AV

.
1
1
i
i
1
'

— L.].(_

7. 8.
FREQ — CPS

Fig. 14 Comparison of Transfer Functions. Model: m_ = 3.1x 1071b. L= l.22x 10101b. ft.

N= .05, Mode Shapes Calculated from (26).



| BARSE/FREE FIELD|
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.2

0.0

Fig. 15

HOLLYWOOD STORAGE .NS DIRECTION

EARTHBUAKE (1952)

— — — ERRTHQUAKE (1971)
THEQRY

[y -

7. 8.
FREQ@ — CPS

Comparison of Transfer Functions. Model: m = 5 x 106 1b., I, = 6.7 x 109 1b. -ft.,

t
M= .05 Mode Shapes Calculated from (26).



(G/10)
2.5

BASEMENT ACCEL.

il
r

(G/10)
2.5

0.0

-2.5

FREE FIELD RCCEL.

L . ! T 5 20

Fig.16 Hollywood Storage Site. Computed Free Field Acceleration vs. Recorded Basement
Acceleration. Modulus of Transfer Function Used Shown in Fig. 10.



2.5

(=3
e
[+4]
;
=
S

BRSEMENTUqECEL (G/10)

-2.5

2.5

0.0

FREE FIELD ACCEL. (G/10)

-2.5
[=]
=l
ol
S
&
3L

Fig.17 Hollywood Storage Site. Computed Free Field Acceleration vs. Recorded Basement
Acceleration. Modulus of Transfer Function Used Shown in Fig. 12.

_Og_



PARKING
BECKMAN
AUDITORIUM
w
C ANCE_STREET w g
e e TITTTTITIT = w
z >
—'—_HH'H“H W 4
PARNIG : 2z
Hit |2 2
—z [
© STEELE = GRADUATE
5 JORGENSEN o HOUSES
NOYES o ]
o I
x
w - wh
; { o s
2 L 143 ke 5 e
> | WAL ROOTH >L
Ja Ji «
z SAM PASQUAL STREET »
5 CHANDL 2[
o =
) CRELLIN GATES SPALDING DIMING HALL ] z
T
2 | CHUACH L Q =
T 2
; O a
2 S
P ]
I KERCKHOFF ! THOMAS ETT
STUDENT CENTER
MILLIXAN
e e 0]
LIanady I FIRESTONE ATHENAEU
KELLOGG
[7 MUDD ] AANS 3 GUGBENHEM
BRIDGE STUDENT HOUSES
Falllks
CULBERTSON i
ROBINSON SYNCHROTRON
J JL - -
CALIFORNIA BOULEVARD
< - M Al * T

- O
o
O
N
S’

Fig. 18 Location of Athenaeum and Millikan Library Buildings on Campus of
California Institute of Technology.

—Tg_



“t‘\
N
N

BT

W\

AT AT - L

\\\\\\\
L

52—

i/l

89

\\\\\

§
\\\\}\\

\ Z

T 5
IIIIIS IV A
‘

Fig.19 Millikan Library




_.5 5._.

View Looking Northeast.

-

patio

Fig.20 Athenaeum.

PLAN




(G/10)
2.5

g.c

MILLIKAN

-2.5

BASEMENT ACCEL.
]

(G/10)
2.5

0.0
f

ATHE NAEUM

-2.5

BASEMENT ACCEL.

o

H
[

®
[4S]
—t

Comparison of Recorded Accelerograms from Millikan Library
and Athenaeum. NS Direction

-6



(G/10

IKAN
ACCEL

v.0

-
i b
—d

=

(G/10) BASE

ATHENAEUM
BASEMENT ACCEL.

Fig.22 Comparison of Recorded Accelerograms

2.5

-2

2.5

0.0

-2.5

and Athenaeum.

EW Direction.

from Millikan Library



w56

.10

L EW DIRECTION

.09

_ MILLIKREN
— — _ RTHENREUM

.07 .08
T 1

.08

FOURIER RMPLITUDE (g-sec)
.04 .05

.03

.02

.01

.10

al NS DIRECTION
8l _ MILLIKAN
___ ATHENAEUM
PE
o

FOURIER AMPLITUDE
.03 .04 .05

.02

.01

9. 10. 1. 12. 13. IUN 15.

Fig.23 Fourier Amplitude Spectra.



2.0

- THEORETICAL TRANSFER FUNCTION,EW DIRECTION

1.8

- — — ATHENREUM
— MILLIKAN

1.0 1.2 1.4 1.6

IBHEEBMENT/FHEE FIELD |

0.6

0.4

g.2

o
o | ] ] ] ] ] | 1 | | ] 1 ] l |

7. 8.
FREQ - CPS

Fig. 24 Comparison of Transfer Functions. Millikan:m = 7 % 1061b. , I

" o £ = 1.21 x IOIOft. -1b.,
N = .05, Athenaeum: It = 2.52x 10" "ft. 1b., mo =13 x 1061b. ,Mm; = 5 x 1061b. ,

fi=4c.p.s., n=.05,

~) Cm



2.0

THEORETICAL TRANSFER FUNCTION,NS DIRECTION

1.8

— _ HATHENAEUM
— MILLIKAN

0.8 1.0 1.2 1.4 1.6

{BASEMENT/FREE FIELD |

0.6

0.4

0.2

0.0

7. 8.
FREQ - CPS

Fig.25 Comparison of Transfer Functions. Millikan: m_ = 7 x 1061b. It =1.02 x loloft, -1b.,
M= .05. Athenaeum: m_= 13 x 10%1b. , m, = 5 x 10%1p., 1, =3.4x10 %% -1b.,

fi=4c.p.s., N=.05.

..8 g...



1.2 1.4 1.6 1.8 2.0

1.0

|BASEMENT/FREE FIELD |
0.2 0.4 0.6 0.8

0.0

THEGRETICAL TRANSFER FUNCTION.EW DIRECTION

— — RATHENAEUM
MILLIKAN

| 1 ] 1 | 1 I ] ] | I

Fig. 26

7. 8.
FREQ - CPS

Comparison of Transfer Functions. Millikan: same as Fig.

Athenaeum: mo = 18 x 1061b. . It = 2.52 x 1010ft. -1b.



0.
1

RATIO OF BASEMENT RESPONSES,.EW DIRECTION

— THEGRY
— — EARTHQUAKE

6.
I

5.
I
_09_

[ MILLI‘_IKHN/HTHENREUM i
.|¢

Fig.27 Comparison of Transfer Functions. Theoretical Transfer Function Calculated From Fig. 24



10.
L

RATIO OF BASEMENT RESPONSES,NS DIRECTIOGN
— THEGRY
oL __ ___ EARTHQUAKE
i N
~ l\
_| [
||
||
|
=l ~ |
= P
A Y \\
I /\ / J J \
) [\, \
RS % \ //\\ A
N T~ k/ \/\¥/,-\_\
o i | | | i | I | | | ] | | | ]
0 1 2 3. Yy 5 6 7. 8. g, 10. 11. 12. 13. 14, 15.
FREQ ~ CPS

Fig.28 Comparison of Transfer Functions. Theoretical Transfer Function Calculated From Fig. 25,

~To—



2l RATIO OF BASEMENT RESPONSES.EW DIRECTION
— THEORY

<k — _—_ ERRTHQUAKE

~I
= A

ok /

[\
T fo N A\
~ / SN a
i v/ 7 v ~ N /\
v v N/ \J \\ “\v/«Jx/
= | l. 1 | 1 | | 1 ! | 1 i 1 | J
0. 1 2 3. ' 5. 6. 7. 8. 9. 10. 11, 12 13. 14, 15
FREQ - CPS

Fig.29 Comparison of Transfer Functions. Theoretical Transfer Function Calculated FromFig. 26.



bldg.
TR
e \ —>\
\\ SN
\
\
incoming AN
wave '

*~direction of travel
~_direction of particle motion

Fig.30 Plane Harmonic Wave Incident at an Angle,



6l

III. ANALYSIS OF SELECTED BASEMENT ACCEIEROGRAMS

IN 10S ANGEIES

IIT.1 Introduction

This chapter is devoted to the study of selected accelerograms
obtained in basements of buildings in the city of Los Angeles during
the San Fernando earthquake. The first portion of the chapter deals
with accelerograms from a group of 6 tall buildinge in the vicinity
of Wilshire Blvd. and Normandie Ave. (Fig. 31). The buildings, vary-
Ing in size and foundation design, are clustered in a 200 yd. X 700 yd.
area. A description of the size, sfructural type, foundation design,
and underlying soil is included for each building for the purposes of
investigating the possibility of trends in the acceleration data that
might be related to similarities or differences in structural and soil
characteristics at the sites. Analysis of the acceleration data, in
addition to visuel comparisons of the accelercograms, also includes
comparisoné in the frequency domain by means of Fourier Amplitude
Spectra (F.A.S.) and relative velocity response spectra. The major
differences in the data are compared with results expected from
existing theories of soil-structure interaction and thecries describ-
ing the effects of soll deposits on the ground motion.

The second part of this chapter examines acceleration data
from bulldings surrounding the group of buildings in the Wilshire-
Normandie area. The seven accelerograms studied were taken from

buildings approximstely 2 to 3 miles from the center of the Wilshire-
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Normandie group. The locations of all of the accelerographs are shown
in Fig. 31.
11I.2 Analysis of Basement Accelerograms from

the Wilshire Blvd.-Normandie Ave.
Area in los Angeles

The ground motion during the San Fernando earthquake was
recorded in a group of 6 tall buildings clustered near the intersec—
tion of Wilshire Blvd. and Normandie Ave. The location is 21 miles
from the center of the San Fernando earthquake (i.e., center of energy
release), at a direction of 8 12° E. The most prominent structure of
the group is the 3l-story Equitable Life Assurance building at 3411 Wil-
shire, which is centrally located with respect to the other 5 buildings.
Fig. 32 1s an aerial photograph showing 5 of the bulldings within a
dense array of other multistory structures.

The surface topography of the overall area is relatively flat.
The Senta Monica mountains can be seen in the background. This chain
runs east-west and begins at a point roughly 5 miles to the north of
the Equltable building. Beyond the Santa Monics mountains to the
north is the San Fernando valley and the epicentral region. To the
northeast of the Equitable building about one mile is the southwestern
extent of the Elysian Hills, not visible in the photo.

The 6 buildings are located on the eastern edge of a geologic
feature called the Ls Bres Plain, c&mposed of preconsolidated Pleis-
tocene sediments (33). Five of the buildings are supported on a layer
of sedimentary rock, 30 ft. to 60 ft. beneath the surface of the over—

lying alluvium. The sedimentary rock at thesge gites is the same
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geologic formation from the Miocene ers (%3) and has a density of
roughly 90 p.c.f. The rock is nearly horizontal beneath the 5 sites.
The thickness of the rock layer could not be determined from the scil
borings which only went to depths between 50 ft. and 100 ft. No rock
layer was found at the westernmost site. The 9 soil boringe at this
site varied between 50 ft. anc 100 ft. in deptkh. Variations with
depth In the so0il conditions of the slluvium, indicated by the soil
borings, exist at each site. The soils in the alluvium also vary
from site to site. The surface topography is fairly flat except for
a gently sloping valley which runs southwesterly through the Equitable
bullding site. This valley was formerly & river bed, most likely an
extenslion of Ballona Creek, wahich beglns just to the southwest (53).

The locations of the 6 builldings are shown in Fig. 33. The
greatest dilstance between any two bulldings is 2100 ft. while the
shortest distance is 470 ft. The tallest structure, the Equitable
building, at 3411 Wilshire, is 31 stories (439 ft.) from ground to
roof. The shortest building of the group is located at 3407 W. 6th
Street and is 7 stories (106 ft.) in height.

The basic features of the buildings, including column spacing,
overall dimensions, foundation type, and the location of the basement
accelerograph are shown in Figs. 3l through 39. The depth of the
sedimentary rock is alsc shown and i1s an average value based on the
soil Dborings.

The building at 3407 W. 6th (Fig. 34) is a composite structure;

the first two stories are steei-freme construction, while the upper 5
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stories are reinforced concrete. There is no basement as such, but
the first floor on the western half of the bullding is sunk approxi-
mately 5 ft. beneath ground level. Belled calssons, 24 in. to 30 in.
in diameter in the cylindrical portion, extend about 40 ft. to the
sedimentary rock. The overlylng alluvium conslsts of sandy silt
£111 at the surface at 110 p.c.f. and a ccombination of clayey silt
and siity sand at 100 p.c.f. between the fill and the rock.

The Equitable building at 3411 Wilshire (Fig. 35) is a 31—
story steel-frame structure with 4 to 5 sub-basement parking levels.
The foundation consists of spread footings, 20 ft. X 20 ft. X 6 ft.
on the average. The bcttoms of the footings are nearly 25 ft. into
the rock. Some hard, granite-like inclusions were encountered in the
gsedimentary rock during construction and kad to be removed by jack-
hammers. Then sheets of water and sand are also present in the rcck
and were considered in the design of the foundation. The surface
alluvium consisted of clayey and silty sand f£111l, 110 p.c.f. It is
noted that the basement accelerograph is at the lowest level, essen-
tially at the surface of the rock.

Just to the west of the Equitable building is a narrow 17—
story reinforced concrete structure at 616 S. Normasndie (Fig. 36).
The bullding has one basement level 12 ft. beneath the first floor.
Foundatlon support is provided by individual spread footings, 12 ft. X
12 ft. X 5 ft., with 2 to 4 friction piles extending an average of
10 ft. into the rock. The surface of the rock layer begins roughly

15 ft. beneath the bottom of the footings. The alluvium above is a
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mixture of weathered rock, clay, and sand, with an average density of
105 p.c.f.

At 3345 Wilshire (Fig. 37) stands a 12-story reinforced concrete
building with 3 sub-basement levels. The foundation, consisting of
spread footings, 13 ft. X 18 ft. X 3 f£t. 4 in. typically, rests on the
rock approximately 30 ft. beneath the surface.

The only structure not supported on or over the sedimentary
rock is the westernmost building of the group at 3550 Wilshire (Fig. 38).
Although the site 1s only 500 £%t. from the one at 3470 Wilshire, where
the rock is 45 ft. beneath the surface, no rock layer was encountered
to boring depths of 100 f4. The bullding is a 2l1-steory steel-frame
structure and has the largest cross-sectional area of the six and is
the second tallest. The building has one basement and is supported by
spread footings cn firm to very firm silty sand and clay, 110 p.c.f.

The last of the group at 3470 Wilshire (Fig. 39} is the most
complicated structure. It is basically an ll-story reinforced coacrete
building with interior shear walls. Adjoilning the high rise portion
are one-story annexes on the northern and western sides. There are
two sub-basements. The first extends the entire length of the build-
ing and 90 percent of the width. The second basement is less than
half the floor area of the first. Belled caissons, 3 ft. 6 in. to
4 ft. in diameter in the cylindrical portion, provide foundation
support. The bellg extend 5 ft. into the rock, 45 ft. beneath the
surface and 25 ft. beneath the second basement floor level. The

soils above the rock consist of a silty clay and sand with densities
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between 100 p.c.f. énd 115 p.c.f.

As shown in Figs. 3% through 39 each strong-motion acceler—
ogravh is located in the lowermost level of the bullding with the
exception of the instrument located two levels gbove the third sub-
basement at 3345 Wilshire. As is standard practice, all instruments
are securely fastened to the concrete floors and are covered by a
protective housing.

All six basement accelerographs triggered during the earth-
guake, but not all at the same time due to different starting sensi-
tivities. The basement accelercgreph array consisted of three AR—ZAO'S,
two MO-2's, and one SMA-1 (34). The SMA-1 instrument at 616 S. Normendie
ceased to function properly 18.6 sec. after initially triggering. The
record does contain, however, all the hara sheking and some of the
subsequent longer period motion, thus rendering it acceptable for the
analysigs. For purposes of meaningful comparisons, identical durations
of similar portions of each accelerogram were chosen, the length of
each record was limited by the abbreviated 616 S. Normardie acceler—
ogram. Since this Instrument triggered 5.5 sec. earlier than one of
the other six accelerographs, the final length of accelerograms analyzed

was 13 sec.

Accelerogram Comparisons

Comparisons of the accelerograms can be made by examining
Figs. 40, 41, and 42 for vertical, NS, and EW acceleration components,

respectively. The vertical transducer in the instrument at 3407 W. 6th
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maifunctioned, s0 no vertlcal basement acceleration component was
available for this site.

The amplitude levels and overall character of the vertical
accelerograms, Fig. 40, are similar for all recorde. All of the accel-
eration records contain high frequency components in the first 6 sec.
with amplitude levels near 0.05 g. Beyond 6 sec. the higher frequency
content diminishes and longer period accelerations, tetween 1 and 2
seconds in period, clearly appear. The two vertical records which
exhibit the best agreement are the ones from 616 5. Normasndie and
3411 Wilshire, the sites closest together. There is a general resem-
blance in the smoothed appearance of the accelerograms from 3470 Wil-
shire and 3345 Wilshire due to lesser high frequency content than in
the other three records.

The NS accelerograms, Fig. L1, have certain features in common.
For instance, the character of the accelerations in the neighborhoods
of 1.5, 3.3, and 6 sec. are similar in additicn to the 2 sec. period
motion at the tails of each record. Again the records from 616 S.
Normandie and 3411 Wilshire have the most in common. Also, the ampli-
tude levels for these two records are the smallest with peak acceler-
ations of approximstely 0.11 g. The largest amplitude levels occur
in the 3407 W. 6th building, the shortest and possibly the lightest
structure in the group, with a pesk acceleration of about 0.17 g.

The EW accelerograms, Fig. lu; do not agree as favorably as
the NS records. There are similarities in the EW records at about the

seme times (.7, 3.5, 6 sec., plus the longer period motion at the end)
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as the NS records, but the similarities are gererslly not as strong.
The agreement between the 616 S. Normandile aad 3411 Wilshire EW accel-
erograms 1s not as striking as the comparisons of their NS components.
The two accelerograms which appear to have the most in common are

3470 Wilshire and 3550 Wilshire. These buildings are the next closest
pair of the group. Agein the 3L07 W. 6th record had the largest accel-
erations with one peak at 0.18 g. Table I summarizes the maximum

recorded accelerations at each site for all components.

Feurier Amplitude Spectra Comparisons

Further comparisons of the accelerograms were made in the fre-
guency domain by means of Fourier Amplitude Spectra (F.A.S.). In
addition to quantitatively describing the frequency content of a given
accelerogram, the modulus and phase of the Fourier transform have a
simple physical Interpretation in terms of the relative response of an
undamped single degree of freedom osclllator excited by the acceler-
ation., The modulus of the Fourler transform equals thé sgquare root
of twlce the energy per unit mass of the undamped oscillator at the
end of the excitation {35).

The F.A.S. of the accelerograms in Figs. 40, 41, 42 were calcu-
lated by a Fast Fourier Transform (FFT) technique based on the Cooley-
Tukey algorithm. The frequency interval between two successive F.A.S.

points was about 0.05 c.p.s.l The F.A.S. were smoothed one cycle

IMhe actual record analyzed was 20.48 sec. in length, 13 sec. of
the real record plus an additional T.48 sec. of zeros. The 20.48 sec.
contained 1024 points, which is equal to EM, where M must be a positive

integer in order to apply the FFT. The frequency interval is 1/20.48
sec.”™* or sbout 0.05 c.p.8.
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with the (¥, %, %) Hanning spectral window and are presented in Figs.
L3, 4, 45, Only two plots are compared on each graph o maintain
clarity in the presentation. The F.A.S. cf the 3411 Wilshire and
616 S. Normandie records were paired on the same graph because the
bulldings are the two closest to one another. The F.A.S. for the
3407 W. 6th and 3550 Wilshire records were paired because those two
buildings are the furthest apart. The basls for the final pairings
was somewhat arbitrary; however, all F.A.S. plots have been exten-
sively compared to one another.

The F.A.S. comparisons gernerally confirm the qualitative simi-
larities and dissimilarities noted in the accelerograms. The F.A.S.
of the vertical accelerograms, Fig. 43, agree closely in the low
frequency range between 0.1 c.p.s. and 0.8 c.p.s., vwhich corresponds
to longer period motion. Above 0.8 c.p.s. there is little agreement
in detall, except for overall amplitude levels, with one notable
exception. The F.A.S. of 616 S. Normsndie and 3411 Wilshire records
are guite similar between 0.9 c.p.s. and 3 c.p.s.

The F.A.S. of the EW accelerograms, Fig. U4l, are similar in
the frequency range, 0.1 c.p.s. to 1.0 c.p.s. Above 1.0 c.p.s. the
agreement deteriorates with increasing frequency. Falr agreement does
exist up to 1.6 c.p.s. among the 3411 Wilshire, 616 S. Normandie, and
3345 Wilshire F,A.S. In certain instances the presence of large peaks
beyond 1.0 c.p.s. can be seen in some of the spectra. For example, a
large peak at 1.8 c.p.s. can be seen in the 616 S. Normandie and 3470

Wilshire gpectra. In all of the spectra, the amplitude levels notice-
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ably decrease at higher frequencles. For the majority of spectra the
amplitude attenuation begins around 3 or 4 c.p.s. However, for the
3411 Wilshire spectrum the attenuation occurs beyond 10 e¢.p.s., while
for the 3407 W. 6th spectrum, decay begins around 7 c.p.s. The largest
overall amplitude levels are found in the 3407 W. 6th spectrum, while
the smallest levels occur in the 3345 Wilshire spectrum.

All F.A.S. of the NS accelerograms, Filg. “5, agree reasonably
well between 0.1 c.p.s. and 1.2 c¢.p.s. There is also good agreement
between the 3550 Wilshire spectrum and 616 S. Normandie spectrum
between 1.2 and 2.2 c.p.s., and fair agreement between the 3411 Wilshire
and 616 S. Normandie spectra in this frequency range. With the exception
of the 3411 Wilshire and 616 S. Normandie spectra, the spectra repidly
diminish in amplitude beyond 3 or 4 c.p.s. The €15 8. Normandie spec—
trum gradually decays beyond 3 c.p.s. while the spectral attenuation
for 3411 Wilshire begins at approximately 8 c.p.s.; both spectra have
similar amplitude levels beyond 5 c.p.s. The F.A.S. for 3407 W. 6th
contain the largest overall amplitudes, an observation consistent

with examinstion of the accelerograms.

Response Spectra Comparisons

Another standard tool useful in the analysls of strong-motion
earthquake accelerograms 1s the relative response spectrum. Relative
regponse spectra are the maximum relative responses of single degree
of freedom oscillators over a range of natural periods and dampings
for a glven bage acceleration. Plots of the spectra versus pericd

show the meaximum resgponse of simple, single—stéry structures during
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an earthquake and also glve an indlecatlion of the frequency content of
the accelerogram. Response spectrum methods are directly applicable
to single degree of freedom structures and can alsc be applied to the
design of multistory structures, in cases where modal superposition
is valid, to determine Important design parameters such as maximum
buse shear and overturning moment (36).

A program for calculating response spectra developed by Nigam
and Jennings (57) was applied to the 6 basement accelerograms. Relative
velocity response spectra curves were plotted for 2% critical damping
over a period range, 0.2 sec. to 10 sec., in increments of 0.2 sec.
Thus, the grephs tend to emphasize the longer period motion and sup-
prees any detailed information in the higher freguency range, just the
opposite of the information conveyed by the F.A.S. It was recognlzed
that spectral values for the larger periods might be 11l conditioned
for accelerocgrams of only 13 sec. duration. Spectral calculavions of
a few accelerograms with an additional T sec. of record showed the
differences to be negligible, however.

Figs. 46, 47, and 48 are the 2% damped relative velocity
response spectra, Sv’ for the vertical, EW, and NS accelerograms.

The plots in each figure contain 3 spectra, one plot with spectra
from the 3 buildings closest together and the other for the group
furthest apart. |

The response spectra for the vertical accelerations, Fig. U6,
are quite similar over the entire period range. The largest variance

between any two spectra occurs in a small neighborhood around 2.5 sec.
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In general the spectral differences are small; the smallest differences
are seen in the 616 S. Normandie and 3411 Wilshire spectra. It was
noted that the F.A.S8. of those accelerograms agreed better than any
other combination for frequencles up to 3 c.p.s.

The EW response spectra, Fig. 47, closely agree up to periods
of 3.5 sec., after which the divergence between the 616 S. Normandie
and 3470 Wilshire spectra becomes evident up to 5.5 sec. The percentage
differences between these spectra in that pericd range are as large as
70% with the smaller value used as the base. Differences among the
spectra are small again beyond 5.5 sec.

The NS spectra, Fig. 48, are similar in character to the EW
spectra. Again there is good agreement among all spectra except in
the period range between 2.0 sec. and 3.6 sec;, where the 3470 Wilshire
and 616 S. Normandie spectra exhibit the greatest divergence, as large
as T0% (again with the smallest value used as the base). The 616 S.
Normandie and 3411 Wilshire spectra are practically identical over
the entire period range. In the period range below 1.0 sec., the
response spectra suggest that the 3407 W. 6th NS accelerogram had
the largest frequency content between 1.0 c¢.p.s. and 5 c.p.s.; this

is confirmed by the F.A.S. comparilisons.

Soil-Structure Interaction Considerations

Examination of the accelerograms and their F.A.S. does not
suggest that the major differences can be attributed to present theories
of soil-structure interaction. For example, the buildings at 3407 W.

6th and 616 S. Normandie have roughly the same mass, height, foundation
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support, and NS lateral dimension. Yet the basement accelerograms are
clearly different for frequencies above 1.0 c.p.g. The smplitude levels
of the F.A,8. and accelerograms sre muck larger for 3407 W. 6th. The
EW F.A.S. for 3407 W. 6th is 2 to 3 times larger than the 616 S. Norman—
die F.A.S. between 5 c.p.s. and 8 c.p.s. ILarge contributions to the
basement response from lightly damped higher modes of the 3407 W. 6th
superstructure in this frequency range is not likely. A smcothed ratio
of the F.A.8. of the roof and bagement accelerograms of this buillding
did not indicate the presence of any lightly damped modes beyond
5 ¢.p.s. In the NS direction the F.A.S. for 3407 W. 6th 1s 2 to 3
times larger in the freguency range, l.5 c.p.s. to 3.5 c.p.s., than
the F.A.S. of 616 8. Normandie. A smoothed ratic of the F.A.S. of the
roof and basement for 5407 W. 6th 1in this direction revealed the second
translational mode at 1.75 c.p.s. No other modes were present between
1.5 and 3.5 c.p.s. Only one peak at 1.8 c.p.s. in the F.A.S. for 3407
W. 6th is close to the second translational mcde. Thus, it does not
appear that interaction from the higher modes caused the differences
observed in the basement accelerograms of these two buildings.

The unique feature of the 3407 W. 6th building, relative to the
other five in the group, is the absence of a basement. The lowermost
level, where the accelerograph is located, is no more than 5 feet beneath
ground level. In essence the bullding is not embedded and the acceler-
ograph 1s essentially at ground level. If this feature is the cause of
differences observed in the accelerograms from this bullding and the one
at 616 S. Normandle, say, then present theoretical models, such as the

one studied by Bielak (19), cannot vpredict the differences for any
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reasonable choices of the parameters involved. It is difficult from a
theoretical standpoint to analyze embedded foundations without oversim-
plifying the problem. Theoretical and experimental results on the effects
of embedment on the response of a footing (38) to harmonic excitation do
not favorably agree, especially for high frequencies. One theoretical
result which agrees with experiment is that the resonant responee of a
footing decreases with increased embedment (38). An embedment ratio,
defined as the ratio of the depth of the building beneath the grcund sur-
face to the square root of the floor area, is presented in Table I for
each bullding, It is difficult to determine if any definite correlation
exlsts between embedment and the degree of hard shaking, determined from
examination of the overall amplltude ievels of the F,A.S8. The builaing
that experienced the strongest shaking, 3407 W. 6th, does have the least
embedment. However, of the remsining buildings, it is difficult to clearly
ascertain which ones experienced the stronger shaking.

A comparison of the F.A.S. for 616 S. Normandie and 3411 Wilshire
tends tc contradiet the predlctions from soil-structure models. The
bullding at 3411 Wilshire is considerably different structurally from
the building at 616 S. Normandie. It is three times taller, has larger
lstersl dimensions and completely different sub-ground level and founds-
tion characteristics. If the effective base mass ig taken ag the weight
of the structure beneath the ground or based on gome value proportional
to the basement floor area, then the base maes for 3411 Wilehire is
consldershbly larger by an order.of magnitude. For this case soil-

structure interaction theory predicts that the base resgponse at higher
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frequencies would be significantly lower for 3411 Wilshire. Yet, the
amplitude levels in thedir F.A.S. for the higher frequencies are nearly

the same.

Effects of Soil Deposits above Rock

Soil borings at all sites except 3550 Wiishire revealed a liayer
of sedimentary rock 30 ft. to 45 ft. beneath the surface that provided
partial if not total foundation support. Above the rock were softer
soll layers of various compositions and properties. The layering and
composition of the alluvium alsc varied from site to site. The build-
ings with shallow foundations near the rock, 3470 Wilshire, 3407 W. 6th,
and 616 S. Normsndie, had piles extending into rock. The bulilding at
3411 Wilshire was embedded 25 feet into the rock, while the building
at 3345 Wilshire was supported directly on the rock. Both of theée
bulldings plus the buillding at 3550 Wilshire used spread footings
for foundation support. The depths of the rock and foundation beneath
the ground surface is included in Table I for each buildiﬂg.

The sub-surface conditions at the sites with soils between
the rock and the foundation suggested examining whether these inter-
mediate soils might have modified the basement response. Seed et al.
(39) studied the effects of soil layers above rock on the surface
reponse. They compared the response from a conventional cne-dimensional,
wave-propagation model, subjected to vertically incident shear waves,
to motions recorded during the 1957 San Francisco earthquake. Their
model was alsc used to study the ground motions during the E1 Centro

earthquake. Their analysis indicated that the highest accelerations
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can occur for relatively shallow soil deposits (30 ft. to 40 £t.) on
rock, and that the maximum acceleration would be 2 to 3 times greater
than that for deeper deposits of 100 ft. or more of the same soil.

To test whether the soil deposits at the Wilshire-Normandie
sites nad any mejor influence on the observed differences in the accel-
erograms, a model for the shearing behavicr of a layered half space
studied by Tsal was employed (40). The theocretical model, similar tc
the one developed by Seed, predicts the influence of horizontally
stratified, linearly elastic soil layers on the surface response for
vertically incident shear waves. Differences between an assumed rock
motion and the resulting surface motion were examined for three sites,
3407 W. 6th, 3470 Wilshire, and 3550 Wilshire, to determine the extent
to which the basement motion may have been modified. The site at 616 S.
Normandie was similar to 3470 Wilshire and was not included in the
analysis.

Because of the analogy between the governing differential equa-
tions of a shear beam and a layered half space, an appropriate model
can be developed consisting of a continuous shear beam attached in some
prescribed manner to a rigid foundation. The properties of the shear
beam approximate the soll layers above the rock and the rigid foundation
approximates the rock. To account for the energy loss due to the defor-
mation of the rock a dashpot can be inserted between the foundation and
the base of the shear beam. This model is shown in Fig. 49. (Closed
form solutions can be obtained for the response at any depth beneath

the surface for harmonic excltation of the rock, and solutions by
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numerical integration can be obtained for transient inputs.

For convenience, 1t is assumed that the damped shear beam
possesses clagsical normal modes; thus, the model in Fig. 49 becomes
equivalent to the model, shown in Fig. 50, used in the analysis.

To apply the model to the three sites, pre-construction soil
borings were examined to determine appropriate values of soil layer
depths, densities, and earthquake shear wave velocities (41). Table II
summarizes the choices. The total depth of the layers is the distance
petween the rock and the foundation. At 3550 Wilshire the rock was
assumed to be 100 ft. beneath the foundation.

The natural frequencies of the layered systems are relatively
high at sites, such as 3407 W. 6th and 3470 Wilshire, with shallow
depths of the soil layers. For a one layered system, such as 3470
and 3550 Wilshire, the natural frequencies are :E‘r = gﬁ——?-]: (%i—) cC.p.s.,
where C, and Hj are the shear wave velocity and depth of the layer,
respectively. Substituting the values from Teble II for 3470 Wilshire
gives the natural frequencies, f = 6.0, 18.0, 30.0, -+ c.p.s. The
natural frequencies of the much deeper layer at 3550 Wilshire are
considersbly less, i.e., £ = 1.75, 5.25, 8.75, *-+ c.p.s. The
natural frequencies of the two layered system, such as 3407 W. 6th,
are obtained by solving the transcendental equation, (pyCi/p=Cs) X
ten(Hyw/Cy) = cot(Haw/Cz), where py 1is the density of the ith 1ayer
and w is the circular natural frequency. For the 3407 W. 6th site
the first two natural frequencies are 4.79 c.p.s. and 13.4 c.p.s.

These calculatlons show that only the fundamental mode could affect
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the response at 3407 W. 6th and 3470 Wilshire, since the frequency
content of the earthquake accelerograms is negiigible beyond 10 c.p.s.
On the other hand the first three modes could contribute to the response
at the 3550 Wilshire site.

The EW basement accelerogram from the 3411 Wilshire site (Fig.
42) was chosen as the rock motion. The resulting surface motions were
then calculated for the three sites for 0% and 5% criticel damping in
each mode of the shesar beams. The rock and computed surface accelera-
tions are compared in Fig. 51 (0% critical damping) and Fig. 52 (5%
critical damping).

Comparisons of Figs. 51 and 52 show that the computed ground
and rock motions are virtually the same for the 3470 Wilshire and 3407
W. 6th sites. The O% critically damped ground accelerations (Fig. 51)
at these two sites contained slightly larger peaks than the input rock
accelerogram. The peak acceleration of the rock motion was 0.13 g,
while the peaks for the computed surface motion at these two sites were
0.15 g for 0% modal damping. For 5% damping (Fig. 52) the peak accel-
erations for the two sites were the same as the input motion.

Differences between the computed ground motion at 3550 Wilshire,
the site where the rock was assumed to be 100 ft. beneath the surface,
and the assumed rock motion are readily apparent. The higher frequency
accelerations present in the rock motion are absent in the computed
surface response. The peak accelerations of the computed ground
motions are 0.10 g and 0.08 g for O% and 5% modal damping, respectively.

The amplitudes of nearly all peaks are smaller in the computed response.
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The results of the anslysis confirm a general conclusion of
Seed et al. (39) discussed previously; namely, that peak accelerations
at the surface can be much greater for shallow deposits (30 ft.-4O ft.)
than deeper deposits (100 ft. or.more) of similar soil. The shear beam
analysis indicates that the response at the 5 easternmost sites, where
the buildings either rest on the rock or are separated from the rock by
shallow alluvial deposits, would be virtually the same for a common
rock motion. BSubstantial differences could be expected at 3550 Wil-
shire, where the rock layer is much deeper. However, although 3550
Wilshire is the most atypical site of the group, its accelerogram,
F.A.S5., and response spectra for the Sen Fernando earthquake are rela-
tively average by comparison. The 3550 Wllishire site recorded the
second largest peak acceleration in both horizontal directions,
whereas the theory predicted it should have been the smallest.

Comparing the results of the analysis and the dsta suggest
that differences in the recorded accelerograms cannot be attributed to
shearing modifications from dlfferences in the locai site conditions.
The theory predicted significant differences in the accelerograms at
5550 Wilshire, which did not, in fact, exist in the data.

ITT.3 DBasement Accelerograph Recdrds in the Vicinity
of the Wilshire Blvd.-Normandie Ave. Area

Seven basement accelerograms from buildings surrounding the
Wilshire Blvd.-Normandie Ave. group were studied to see if there were
any general similarities present for the entire array, and to determine
the nature of the differences as a function of distance from the center

of the emrthquake.
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Fig. 31 shows the locations of the selected buildings, 2 to 3
miles from the clustered group in the Wilshire-Normandie district,
which contained basement accelerographs that triggered during the
earthquake. In some instances buildings from a given area were
chosen on the basis of acceleration dats available at the time of the
study.

Table III summarizes the pertinent Information for each site
(42). Three buildings are located to the north of the Wilshire-
Normandie area; two of these buildings are only about 200 yards apart.
Another bullding is directly west on Wilshire Blvd. while the building
to the south 1s located on the campus of the University of Southern
California. To the east of the Wilshire-Normandle group in downtown
Ios Angeles are the Union Bank building, 39 stories and the tallest
of the seven, and the L.A. Department of Water and Power building,
approximately a half mile northeast of the Uniocn Bank building.
Although the soil conditions vary from site to site, the seven sites
have basically the same geologic formation as the Wilshire-Normandie
area, 1l.e., Plelstocene deposits over Miocene sedimentary rock. At
three of the sites, 4B6T Sunset, Union Bank, and Department of Water
and Power, the sedimentary rock is near the surface. At the other
sites the rock layer 1s much deeper and was not encountered in soil
borings except at 3440 University, where borings discovered the
rock at a depth of 40O ft. The depth of the soil borings at the

sites where rock was not found was not investigsted.



Accelerogram Comparisons

Comparisons were made of similar 13 second portions of the
accelerograms; each record beginniné at the start of the hard shaking.
To be consistent, portions of the accelerograms chosen were sgimilar
to those portions of accelerograms analyzed from the Wilshire-
Normandle group.

Figs. 53, 5%, 55 show the vertical, NS, and EW accelerograms,
respectively. The strongest shaking in the vertical accelerograms was
observed in the three bulldings furthest north, i.e., closest to the
center of the earthquake. Peak accelerations near 0.1 g were recorded
at 6430 Sunset and 4867 Sunset. The 6&64.Sunset vertical record, by
comparison, had no peaks larger than 0.08 g and the overall amplitude
level in the hard shaking was smaller. The smallest acceleration ampli-
tudes were recorded at 3440 University, the site furthest south. This
vertical component did not exhibit the high frequency accelerations
typical of the other vertical records.

The same trends noted in the vertical accelerograms can be
seen 1in the lateral components as well. The strongest shaklng is
found at 4867 Sunset and 6430 Sunset, while the weakest accelerations
were found at 3440 University. The lateral motion at 6464 Sunset does
not have large high frequency peaks as do the neighboring accelerograms
at 6430 Sunset. The longer period accelerations for these two builld-

ings closely agree.
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F.A.S. Comparisons

Comparisons were continued in the frequency domain with F.A.S.
plots. Figs. 56, 57, 58 show the once smocthed F.A.S. of the vertical,
NS, and EW accelerograms, respectively. Plots have been superimposed
where the records were from buildings close together, i.e., Union Bank
and the Department of Water and Power (DWP), and the buildings at 6L6L
and 6430 Sunset. As might be expected, the F.A.S. correlate poorly
except for the buildings close together. There is good agreement
between the F.A.S. for 6430 and 6464 Sunset for frequencies less then
2 ¢.p.s. for all components. Beyond 2 c.p.s. the amplitudes are larger
for the 6430 Sunset spectra in the lateral directions. The Union Bank

and DWP spectrs agree quite well for frequencies below 0.5 c.p.s.

Response Spectra Comparisons

The 2% damped relative velocity response spectra are shown in
Figs. 59, 60, 61. From previous comparisons of the F.A.S. it is not
surprising that the response spectra for 6430 Sunset and 6464 Sunset
agree closely for pericds larger than 0.5 sec., and that the Union
Bank and DWP spectra agree closely for periods larger than 1.5 sec.

All of the spectra attenuate to some level beyond 8 sec.
except the vertical and EW spectra for 3440 University. The amplitude
in both of these spectra continuously increases between 8 sec. and
10 sec, and does not give any indication of leveling off. This anomaly
1s probably due to a spurious 13 sec. period inherent in the processed
accelerogram trace. The standard correction of the acceleration data

is to filter all perlods above 15 sec.; thus, the spurious 13 sec.
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motion would be unaffected by the correction process.

In general the lateral spectra exhibit roughly the same character
as the Wilshire-Normandie spectra, i.e., narrow peaks in the neighbor-
hood of 1 sec. and broader peaks centered between 4 sec. and 6 sec.

An indication of the spread in the response spectra is shown in Fig.
62, where the maximum and minimum spectral values of the 7 buildings
are plotted for each pericd. Superimposed on these graphs are the
spreads in response spectra for the 6 buildings from the Wilshire-
Normandie area. For the vertical and EW directions the spread in the
Wilshire-Normandie spectra is contalned within the spectral limits of
the surrounding buildings. This result might intuitively be expected
for all directions. However, in the NS direction the maxiﬁum and
minimum velues of the Wilshire-Normandie spectra are generally
slightly larger than those of the spectra of the surrounding buildings
for periods less than 3 sec. JFor periods larger than 4 sec. the

ppectral limits are roughly the same for each group of bulldings.

ITI.4 Summary and Conclusions

Accelerogram, F.A.S., and response spectra comparisons for the
6 buildings in the Wilshire Blvd.-Normandie Ave. ares indicate that
the degree of similarity in the basement motion of any two bulldings
is mainly & function of the distance between them. Major differences
in the accelerograms could not be explained by the theorles of soil-
structure interaction and vertically incident shear waves in & layered
half space. There was no evidence of any correlation between similar-

ities in the acceleratlon date and similarities iﬁ structural character-
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istics, such as degree of embedment or size of the building.

The two accelerograms with the most in common were from 616 8.
Normandie and 3411 Wilshire. These two buildings are the closest
together but are very dissimilar structurally; The F.A.S. of their
accelerograms agreed excellently for frequencles less than 1.2 c.p.s.
(NS), 1.4 c.p.s. (EW), and 0.8 c.p.s. (vertical). The agreement was
fair up to 2.2 c.p.s. (NS), 1.7 c.p.s. (EW), and 3 c.p.s. (vertical).
The frequency content in all 6 accelograms was similar for frequencies
less than 1.0 c.p.s. (NS and EW) and 0.6 c.p.s. (vertical). There was
good agreement among the response spectra for each component; the best
overall agreement occurred between the.6l6 S. Normandie and 3411 Wil-
shire spectra. All EW spectra had peaks near 1.0 sec. and 2.5 sec.
and a broad hump centered around 5 sec., while the NS spectra had
2 peaks near 1 sec. and a broad hump centered around 3 sec. All ver-
tical spectra had a small hump near 2 sec.

The 6 Wilshire-Normandie accelerograms had little in common
with the 7 accelerograms, 2 to 3 miles from them. There was some
general similarity in shape among the response spectra from the Wil-
shire-Normandle area and the larger clrecle of surrounding buildings.
The spectra from the surrounding buildings, however, showed a wider
range of varlance than the spectra from Wilshire-Normandie.

Comparisons among the surrounding group again revealed that
buildings closest together had accelerograms with the most in common.
The next chapter offers some insight into the degree of similarity

between two accelerograms as a function of their separation distance.
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There is evidence of amplitude attenuation and dissipation of
high frequency accelerations with increasing distance from the center
of the earthquake. The dissipation of the higher frequency content
from north to south is most obvious in the vertical accelerograms.

It is less obvicus in the lateral components, but F.A.S. comparisons
between the 3 northern most sites con Sunset Blvd. and those roughly

3 miles to the south, including the Wilshire-Normandie group, establish
this trend. The accelerogram furthest south, 6 miles from Sunset Blvd.
and 24 miles from the center of the earthquake, had little high fre-
quency content, and the acceleration amplitudes were considerably less
than any of the records obtained further north. 'The effects of the
eplecentral distance over distances the size of the larger circle of
buildings can therefore be significant for shorter period motions.

The San Fernando data from this larger circle suggest that more than
one design spectrum in the low perlod range could be used to reflect
the distance from a known fault to sltes within an area of this size.

Methods to modify design spectra, due to the effect of scil
deposits on rock, are heing proposed (67) based cn the layered half
space model developed by Seed et al. (39). In reference 67, two
amplification curves for design spectra, one for alluvial deposits
20 ft. to 50 ft. deep and the other for deposits 80 ft. to 150 ft.
deep, are considerably different. The response spectra from the Wil-
shire-Normandie area, which Includes sites of these two types, suggest
that local site conditions did not have any significant effect on the

recorded basement motlons. Any procedure for modifying a design
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spectrum for this area besed on the differences in local site conditicns
would not be consistent with what actually happened during the earth-
gquake. The earthquake data indicates that only one spectrum for an
area of this size would be necessary from the standpoint of design.
However, to specify a representative spectrum for this area from the
response spectra of the San Fernando event for future design would be
incorrect even if it is unlikely that any future earthquake could
generate stronger motion. The shapes of the spectra Jrom Wilshire—
Normandie and thne larger area are similar to variable degrees. Thus,
the shape of the response spectra 1s probably attributable to details
of the source mechanism and the travel paths of the earthquake waves.
Therefore, a future earthquake of the same size would conceivably
produce response spectra with peaks at different periods. Given the
additional uncertainty of size of the earthqueke, along with the un-
predictable nature of the location and source mechanism, it must be
assumed in specifying design spectra that the size of the major peaks
and their perlods is unknown.

The use of peak acceleration in specifying cverall levels of
design spectra is not advisable. Acceleratior peaks are usually high
frequency spikes occurring in the hard shaking portion, and the ampli-
tude cf one such peak will not affect the response spectrum. The peak
accelerations in the lateral accelerograms from the Wilshire-Normandie
ares varied by as much as a factor of almost two in some instances;
hovever, the response spectra were nearly ldentical for the longer

period motion greater than 1 sec. For periods less than 1 sec., the
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F.A.5. gave a reasonable ldea of the intensity of hard shaking. How-
ever, there was no absclute correlation between peak g and the asmplitude
levels of the F,A.S. for the Wilshire-Normandie data. Thus, peak accel-
eration, per se, is not a reliable yardstick in determining the intensity
of the strong motion, except in a very general sense, and it 1s not recom—

mended as a tool for determining design spectra.



DEPTH |DISTANCE |DEPTH OF [AREA OF|AREA OF |DIMENSION-] MAXIMUM
OF ROCK |OF [NSTRU| BLDG. |BLDG AT|_ BLDG LESS RECORDED
BENEATH| ABOVE  |BENEATH |SURFACE|BENEATH |EMBEDMENT|ACCELERATION
BLDG. SURFACE! ROCK SURFACE.z| as __|SURFACE,Qe| 240 | 243 | V | EW | NS
616 S.Normandie| 30 ft. 20 ft. 10 ft. 100x10'sf]1.26 x10*s.£. 100 [.089 |06g|.12g | 124
3407 W. 6 th 40 35 <5 217 217 034 |.034 |[NR[.18 |17
3345 Wilshire 30 20 30 1.30 2.75 263 |.183 07 [10 |12
3411 Wilshire 30 25below| 55 245 910 .352 |.165 [06 (.13 | 11
3470 Wilshire 40 25 20 2,39 2.91 129 [117 o512 |14
3550 Wilshire 100 + 90 - 10 2,52 252 .063 [.063 [07 |13 |17

TABLE I
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SOIL SOIL LAYER PARAMETERS
SITE LAYER |DEPTH [ DENSITY |EST. SHEAR VEL.,
3407 W. 6th 1 10 ft. 110 p.c.f. 500 f.p.s.
2 25 100 700
rock S0 1000
3470 Wilshire 1 25 105 600
rock 90 1000
3550 Wilshire 1 100 115 700
rock S0 1000

TABLE II

"'36""



BLDG. - DIST ANCE DISTANCE
NO. ADDRESS INSTRUMENT & LOCAL BLDG. | NO. OF FROM FROM CENTER
(Fi1G, 31 LOCATION GEOQLOGY TYPE |STORIES 13411 WILSHIRE | OF E.Q
1 4867 Sunset AR-240 , Bsmt, shallow aliuvium R.C. s) 2.6 mi. 18.5 mi.
over Miccene
sedementdry rock
2 6430 Sunset MO -2 ,1St‘floor alluvium steel 14 3.1 18
3 6464 Sunset MO-2 , Bsmt, alluvium steel 11 3.1 18
4 4680 Wilshire AR -240, Bsmt. atluvium R.C. 7 2.0 21
5 3440 university | MO-2 , Bsmt 400" of alluvium R.C. 12 3.0 24
N over sed. rock
6 445 Figueroa AR -240,5ub-Bsmt. Miocene steel 39 2.5 225
(Union Bank) sed, rock
7 111 N. Hope AR-240 , Bsmt. Miocene steel 15 2.8 225
sed. rock

L A Dept. of
Water & Power

TABLE III

~C 6~
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IV. STUDIES OF WAVE SUPERPOSITION AND INTERPRETATION

OF DIFFERENCES IN THE ACCELEROGRAMS

IV.l Introduction

A number of theoretical investigations have been performed to
explain variations in accelerograph records at different sites. Theo-
retical studies on the modification of earthquake waves due to varia-
tions in local geology are limited to the cases of horizontally strati-
fied elastic sub-—surface layers (43), (4k4), (45), (46), a semi-
cylindrical inclusion at the surface of an elastic half space (L47),
and a medium having an irregular interface (48). Variations in surface
topography have been studied for the special cases of a harmonic surface
(49) and surfaces with a step discontinuity (50), semi-cylindrical
canyon (51), and a protruding wedge (52). These studies indicate that
the effects of surface topography become important for seismic wave-
lengths comparable to a characteristic dimenslon of the surface irregu—
larity.

A number of investigators have studied the influence of local
site conditions by analyzing available seismic date (53), (54), (55),
(56). None of these studies conclusively revealed the presence of
any local site periodicities. Clough et al. (57) used a three-
dimensional finite element model to investigate the effects of loecal
slte conditions on the Pacoima Dam accelerogram obtained during the
San Fernendo earthquake. They concluded that the loecal topography
was responsible for the extraordinarily large accelerations that were

recorded.
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The differences observed in the accelerograms from the Wilshire
Blvd.-Normandie Ave. area could not be attributed to the minor differ-
ences in local geology revealed by the soil borings. Topography was
not a factor since the area is falrly flat. Soil-structure interaction,
based on the theory, was also ruled out. Wave scattering due to isclated
inhomogenelties in the soll, such as the granite boulders encountered at
3411 Wilshire, would not be expected to contribute tc differences in the
frequency range, O to 10 c.p.s., because the earthquake wavelengths in
this frequency range are much larger than a typical length of the
granite inclusion.

In the previous chapter It was noted that some maJjor differences
in accelerograms were asgsociated with aistance from the center of the
earthquake. On the other hand for sites very close together, such as
the buildings in the Wilshire Blvd.-Normandie Ave. area, 6430 and 6464
Sunset, the Union Bank and DWP buildings, and the Heollywood Storage
building and adjacent parking lot, it was cbserved that the degree of
similarity in accelerograms was correlated with the separation distance
between the sites. This observation suggests that differences in
speeds and travel paths of earthquake waves and the resulting differ-
ences from superposition or digpersion of these waves may account, at
least partly, for the degree of similarity and nature of the differ-

ences 1in the accelerograms.
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IV.2 Dispersion

Dispersion is & surface wave phenomenon whereby waves of dif-
ferent frequencles propagate at different speeds. Hence, the appear-
ance of a surface wave with various frequency components is constantly
changing with time. The various frequency components gradually sepa-
rete or disperse and the surface wave conseguently becomes longer in
duration. A theoretical development of dispersion can be found in the
literature (58), (59) and will not be presented herein. However,
qualitative features of dispersion, which are relevant to the scope of
this section, will be discussed.

The term dispersion applies to surface waves and can only occur
in medls with different elastic properties. Wave dispersion was first
studied by Bromwich (60). ILove (61) further developed the topic in an
attempt to explain the duration and complexity of earthquake waves.
The theory of dispersion for both Rayleigh and love surface waves pre-—
dicts that waves of different periods will propagate at different
velocities, called phase velocities. The proper relationship between
phase velocity and wavelength 1s determined from a frequency equation
whnich involves the elastlic constants, densities, and depths of each
layer.

Scolutions to the frequency equation have been obtained for
specific cholces of the parameters involved (62), (63), (64), (65).

A plot of dimensionless phasé velocity vs. wave period (after Kanai
(64)) is shown in Fig. 63 for Rayleigh-wave dispersion in a two lay-

ered system, the second layer having infinite depth. The lLove-wave
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dispersion curve for this case is basically the same (64) except that
the phase velocity approaches the shear-wave velocity of the top layer
for infinitely small wave periods. The phase veloclty always approaches
some limliting value as the period increases. For a two-layered system
the phase velocity cannot exceed the shear wave velocity of the second
layer or substratum (58).

In order for dispersion to account for the differences in the
accelerograms from the Wilshire-Normandie group, a significant portion
of the energy from the San Fermando earthquake must have been in the
form of surface waves. Unfortunately, it does not appear possible,
with any degree of confidence, to identify clearly the P (dilitalional),
S (shear), and surface wave motions in the hard shaking portions of the
accelerograms, which exhibit the higher frequency accelerations. This
1s primarily due to the relatively short distance between the earthquake
source region and the accelerograph stations. The duration of the fault-
ing was long enough and the mechanism and propagation so complex that
the P, S, and surface waves appear to arrive simultaneously during much
of the hard shaking portion. Hence, it does not'seem possible to sepa-—
rate their contributions to the strong motion.

The local geology must be known to depths on the order of half
wavelengths of the surface waves (58) before any approximate model for
dispersion can be formulated. Soil boring depths in the Wilshire-
Normandie area were betweén Lo ft. and 100 ft.; typlcal half wave-
lengths for frequencies around 2 c.p.s. and wave speeds around 1,000

f.p.s. would be about 250 ft. A surface wave of this kind would be
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influenced by soil properties to this depth; hence, the nature of the
dispersion would be determined by some aversge soil properties over
thls depth and to a legsser extent by the soll properties at greater
depths. Therefore, an informative dispersion modeX for the Wilshire—
Normandie area cannot be constructed on the avaiiable soil boring data
for frequencies between 2 c¢.p.s. (half wavelength = 250') and approxi-
mately 10 c.p.s. (half wavelength = 50'). It was noted in the previous
chapter that differences in the accelerograms from the Wilshire-
Normandie area occur for frequencles greater than 2 + c.p.s.

A study of Kanai's dispersion curves (58) for different combi-
nations of soil layer depths and properties does indicate that disper-
slon in some cases can account for differences in the appearance of a
wave-form for frequencies larger than 2 c.p.s. over dlstances comparable
to the site-to-site dlstances in the Wilshire-Normandle area. Thus, if
the majority of the waves comprising the strong motion were surface
waves, dispersion could possibly be a cause of the differences. How-
ever, the uncertainty associated with any reliable estimates of the
relative energy from surface waves coupled with a lack of knowledge
of the soll properties to depths greater than 50 ft. at most sites,
precludes any definite claims sbout the felative importance of disper-

sion in explaining the observed differences in the accelerograms.

IV.> Wave Superposition Studies
An earthquake accelerogram is composed of a number of differ-
ent transient wave pulses of varying types, travel paths, duration,

smplitudes, propsgation speeds, and frequency content. The super-
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position of these waves at a particular location determines the character
of the accelerogram recording the motion. In an early study (66) on the
composition of accelerograms, Housner assumed a theoretical accelerogram
formed by the superposition of a large number of elemental acceleration
pulses, random in time, and showed that this accelerogram had much the
same character as actual recorded accelerograms., The purpose of this
section is to illustrate how the principle of superposition might affect
the character of two accelerograms at a given distance apart. Some
numerical examples illustrate to a certain extent some or the basic
aifferences encountered in the Wilshire-Normandie accelerograms.

Suppose two accelerograph stations are located a distance, 4 ,
apart, and each accelerogrsm records the same number of Sransient
waves. However, because of different travel paths and/or wave speeds,
the waves superimpose differently at the two stations. Intuitively,
one would expect accelerograms to exhiblt more and more nearly the
same character as the distance between the station decreases.

Assuming the recorded accelerations, a;(t) and ax(t), at
stations 1 and 2 respectively, are composed of a superposition of

acceleration pulses, 8y s then

ale) = I og(o-a)
(k.1)
e(t) = % gt - )

where a& and ﬂi are the arrival times of the waves, 8 - It is assumed
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that the distance between stations i1s small encugh so that the pulse
shepes are not modifiled significantly. Thus, the differences in appear-
ance of ay(t) and ax(t) are due to the differences in arrival times,
ai and ﬁi.

Ore common method of measuring differences in the acceler-
grams is the Fourier Amplitude Spectrum (F.A.S.), used in the previous
chapters. ILet the Fourier transforms of aj(t) and as(t) be ai(w) and

a2(w), then by the Fourier shift theorem,

S(e) = L F(w) ol
i=1 *
(4.2)
~ n
aa(w) = 2 2. (w) e"14Py
i=1 %

where g;(w) is the Fourier transform of gi(t). The F.A.S. is given by
the modulus of the Fourier transform. Thus, the differences in the

F.A.S. of the two accelerograms, A , is given by

A = [ay(w)] - [E2(w)] . (k.3)

An upper bound on A is

A 2 Jai(w) - Fa(w)]

< |2 E (0 (T by
i=1

IA

Ll et - ey
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whlch can be written as

n w(B
A< 2 _Z ]‘gi(w)l Isin———i——-——i—)-l . (4.4)

1=

Thus, the upper bound on the differences, A, i1s a funection not only of
the frequency of the motion and the difference in arrival times, but
also on the F.A.S. of the individual acceleration pulses, gi(t). If
the srgument, w(Bi - O&)/Q, is less than =/2, equation (%.5) shows that
as the distance between two stations increases, 1.e., the difference,
Bi - ai , increases, the frequency range where the two accelerograms,
a1(t) and ax(t), exhibit reasonable agreement becomes smaller.

In the examples that follow only two acceleration pulses were
considerec. It was assumed for convenience that bota pulses arrived
at station 1 at the same time. At station 2 only the relstive time
lag between the pulses was considered in the superposition. This
relative time lag is a function of the distance between the stations
and the apparent velocities of the wave pulses. The apparent velocity
1s simply the distance between the accelerograph stations divided by
the travel time between stations. The apparent velocity as opposed to
the actual wave speed reflects the possibility of waves arriving from
arbitrary directions and with arbitrary angles of incidence, as well
a8 waves with Inherently different wave speeds, owing to wave type or
propagétion through different soil medla in the vicinity of the accel-
erograph stations. If the apparent velocities of two mcceleration

pulses are y; and vz, where vy > vo, then the relative time lag, T ,
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between the pulses at station 2 is T = d/v2 - d/vl ;s where 4 is the
distance between the stations.

The acceleration pulses, gi(t) and go(t), were arbitrarily con-
structed and are 3 sec. and 2 sec. duration, respectively; their appar-
ent velocitles were taken as 1600 f.p.s. and 800 f.p.s., respectively.
The distance, d , was varied from 64 ft. to 480 ft. Fig. 64 shows the
two acceleration pulses and their F.A.S. The superposition of gy(t)
and gg(t) at stations 1 and 2 for various values of d are shown in
Fig. 65. Comparisons of the F.A.S. of the resultant accelerations,

81 (t) and as(t), are shown in Fig. 66a and Fig. 66b.

As expected the resultant accelerations become increasingly
dissimilar as d increases. The F.A.S. comparisons of the resultants
verify these observetlions and are consistent with the expected theoreti-
cal behavior indicated by equation (4.4). Figs. 66a and 66b show
periodic frequency intervals where the F.A.S. of the resultants,
ay{t) and as(t), closely agree. This phenomenon is a conseguence of

the relevant form of equation (4.4) for the numerical exsmples. For

these examples equation (k.4) reduces to, A< 2|gz(w)]|]|sin %?', which
shows the periodicity in A .

Close agreement exists between the F.A.S. of the resultants
for frequency ranges between (0, 1.8 c.p.s.) and (0, 1.0 c.p.s.) for
station to station distances from 160 ft. to 480 ft. Similar agreement
in these frequency ranges was observed in the Wilshire-Normandie F.A.S.

The two F.A.S. which agreed over the largest frequency range were the

616 8. Normandie and the 341l Wilshire spectra. The agreement varied
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up to 1.8 e.p.s. to 3.0 c.p.s. depending on the component compered. The
distance between the buildings 1s approximately 450 ft., but their proj-
ected distance apart on a line from the epicentral region i1s around

200 ft. This distance is the closest to d = 160 ft. in the example
where the F.A.S. agreement existed for frequencies less than 1.8 c.p.s.
The agreement between all of the Wilshire-Normandie F.A.S. was reasonable
up to about 1 c.p.s. The examples showed agreement up to about 1 c.p.s.

for station to station distances of 320 ft. and 480 ft.

IV.4 Conclusions

If some of the differences in the Wilshire-Normandie acceler-
ograms can be attributed to surface wave dispersion, more information
18 necessary before any definite claims can ve made. Soil data to
depths up to 1000 ft. are required to comstruct a reasonable mathematical
model. BEven if this model indicated that major differences in acceler—
cgrams could be expected, there still remasins the question of how much
surface wave energy comprised the hard shaking portions of the acceler-
ograms. It does not appear possible to resolve this question based just
on an examination of the accelerograms. The P, S, and surface waves are
not separated in the hard shaking to permit identification. The alterne-
tive involves the formulation of an accurate model of the Ffaulting. So
far nothing has been published concerning P, S, and surface wave compo-
sition of the maiﬁ shock Qf the San Fernandc earthquake. Untll more
information is made avallable the role of dispersion must remaln ques-—

tionable.
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An elementary model, consisting of two acceleration pulses with
different apparent velocities, showed to a ceriain degree the behavior
noted in the F.A.S. comparisons of the Wilshire-Normandie acceler-
ograms. The examples graphically illustrated the extent superposition
can affect the character of two accelercgrams as their distance apart
increased. Although imprecise, the model provides a semi-qualitative
wey of telling what wavelengths are susceptible to modificaticns between
two stations.

The general model develcoped in the theory, namely, that the
accelerograms were composed of a number of wave pulses with different
arrival times at each station, assumes that the shape of the pulses
remains unchanged in traveling from one station to another. The accel-
eration data from the Wilshire-Normandle area do not suggest that the
shapes of the earthquake waves were modified significantly within this
area. Therefore, it appears possible that major differences in acceler-
ograms could be due to differences in the arrival times of the waves
because of differences in travel pvaths and speeds. Comparisons made
in the previous chapter among accelerograms 2 to 6 miles apart, how-
ever, definitely indicates that the shape of the waves were appreciably

wodified.
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V. GENERAL CONCLUSIONS

The local effects at the sites studied in this report were not
thought to be the major sources of differences observed in the acceler-
ograms from the San Fernmande earthqueke. Theories of soll-structure
interaction and a layered half space subjected to veriilcally incident
shear waves could not account for these differences., Although there
was evlidence of soil-structure interaction from the fundamental mode
of the Hollywood Storage building in one direction, the theoretical
model could not predict differences in the accelerograms from the base-
ment and nearby parking lot for higher frequencies. If scil-structure
interaction of some form did contribute to major differences in any
of the accelerograms, then the general character of the interaction
phenomenon must be different from the present theory.

Differences in the ground motiorn predicted by the theory of a
layered half space for the six sites in the Wiishire Blvd.-Normandie
Ave. area were not consistent with what actually happened during the
earthquake. The responrse spectra indicated that one design spectrum
would be sufficient for buildings in this area. Thus, proposed modi-
fications in design spectra walch reflect differences in the sub-soil
conditions of the type existing at this location should be seriously
guestioned, based on the ground motions during the San Fernando
earthquake. The data also reaffirm that peak acceleration per se,
is not a reliable means for determining design spectra.

The data indicated that the character of the ground motion
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was probably most dependent on the source mechanism and the travel
paths of the earthquake waves. Differences in travel paths of incom-
ing waves along with differences in wave speeds can substantially
modify the ground motion at two sltes fairly close together. It

was generally observed that the degree of similarity between two
accelerograms increased as their separation distance decreased.

This phenomenon can be predicted theoretically without the assumption
that the shapes of the waves change in traveling between the sites.
For sites the same direction from the center of the earthquake but at
different distances, differences in the intensity of hard shaking were
easlly recognized over site-to-site distances as small as 3 miles at
an average distance of 21 miles from the center of the earthguake.
The higher frequency energy in the hard shaking diminished noticeably
over 3 miles. This attenuation was greater for vertical motions than
horizontal.

To obtaln a better understanding of the soil-structure inter-
action phenomenon and the nature of the ground motion at a given site
during an earthquake, a thorough array of accelerographs 1s necessary.
For example, on the campus of the California Institute of Technology,
more accelerographs to measure actual ground motion in addition to the
accelerographs already located in the basements of Millikan Library
end the Athenaeum, would be helpful in resolving these issues during
future earthquakes. Instruments located near these buildings would
give a better insight into: (l) the actual interaction phenomenon,

(2) the relative importance of soil-structure intersction versus the
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effect of the distance between the buildings on the free field motion,
(3) variations in ground motion with distance, and (4) the existence

and nature of any site periodicities.
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APPENDIX

Description of Symbols for Fig. 2a and Egns. (2.1)

]

mass matrix of rigid base structure
damping matrix of rigld base structure
stiffness matrix of rigid base structure

free field acceleration

horizontal displacement of superstructure at jth floor
relative to the base mass excluding rotations

translation of base mass relative to free field motion
height of jth story above base mass

[vj}, a column vector

rotation of base mass
vV +v_ _+h.p+ v,

23 o J J
mass of jtb story

centroidal moment of inertia of jth mass
base mass

centroidal moment of inertia of base mass

n

I + X I,

o j=1 J
horizontal interaction force vetween base mass and soil
interaction moment between base mass and soil
mass density of soil
Poisson's ratio of soil

shear wave velocity of soil

radius of base mass

shear modulus of soil (= Vsap)

kth mode shape of rigid base structure

Jth component of X
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Soil-Structure Interaction Transfer Functions for eqn. (2.6).

The transform parameter, s , has been replaced by iw.

n "~
A= wt L (M.I -2z, F,
3,k=1 Wy fe ™ % B Kl
Jk

PP I, + s Kmm)(;g:l B (w) )
- P(~Pn_ + ua Khh“jEl Fi(w) I,)

n .
- 2 4 4 .3
+ k£1 (-w? + w® + 12y wkw)[w m I, - ua wgmbK

Swewt Ky Lo+ efet Ky K]

+

N
%o
H

n
—| 3 — 2 3
+ mo( e I, +pe®K ) kgl (—w® + W=+ 120, wwk)] .
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The compliance functions Khh and Kmm are

a3 . atw
m  3(1 - o) Em vl 3(1 - GjVS Qm e

~
I

0}
l'\)'..?
i

o]

Q

™
=

+

,—h
N
| (s
alh
=

w

D"-UD
ure
5

wa,
where Bm’ Bh’ gh, gmAare functions of &, (— Vs)

The modal quantities M., Z,, I, are
d

2
n
< Z.mi X..>
1=1 1

M. = 2 -f' =
dJ n J n
Y m x 2 X m X °
i=1 1 1] 1=1 1 Tid
n n
Y. m X, Z m b X,
. . d
7. = - i=1 i=1
3 MJHJ Py
2 m, X2
1=1 * 1J

The jth undamped natural fregquency, wJ , of the rigid base structure is
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The critical damping ratio of the jtR mode of the rigid base

structure is defined by

L,
Jd X M X,

The functions %j(w) and ﬁjk(w) are

-~ n
. _ 2 2 _ .
Fj(w) = (w‘j + 1 quij) kl—_I]_ (wk o+ i Eqkwkw)
k£
2 2 2 2 2
ij(w) = (wj + i Enjij)(wk + 1 2qkwkm) gii (wz -w® + 1 quwzw)

L4k, 84k
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