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I • INTRODUCTION

Invest1 gations into the full scale dynaaic test! ng of tall struc

tures have been perfo~d on many new buildings. e8pe~i~1Iy when these

are located in seismically active zones. References (1). (~). wld (3)

are examples of tall buildings t~at have been tested in this manner.

While full scale testing of a new structure using lotating vibration

shakers is probably the most desirable method for estimating its

dynamic parameters, it is frequently difficult to obtain permission

from the owner to test a building in this manner. The cost of such

a test and the possibility that slight visually observable non-struc·'

tural cracking may result pre generally cited as reasons why such

tests are generally not performed on a new structure.

Ambient vibration measurements, however, can be performed on any

t~ll structure inexpensively without causing any damage. fuch

meaAurements may be performed quickly and easily by a small team of

i.1Vestigators lo.'ith a minimum of interference to the occupants of a

building. After ambient response data have been recorded and suitably

digitized for a structure, two questions confront the investigator:

a) what is the "best" way to analyze th:'..s data to identify

structural response parameters, Le •• whi'jb is the "best"

system identification method; and

b) by how much do these parameter estimates evaluated under very

low levels of excitation differ from the values to be expected

when the structure is subjected to much higher levels of exci

tation, due to vibration shakers, or under severe wind or
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earthquake conditions?

This investigation i. concexned with attempting to seek some

answers to these two very fundamental questions, with emphasis on

the former. ~fore the general theory underlying some of tbese

methods is presented, the relatively recent history of ambient vibrd

tion anslysis will be briefly d~scussed.

The application of statistical techniques to estimate vibration

parameters from random respotae data appears to have first developed

in Japan in the mid 1950's. In 1954, Takahashi and Husim1 [4] pub

lished a paper whereby the frequency and damping parameters of 8 one

degree of freedom sY8tem excited by a white noi8e vere obtained by

correlation and spectral density functions. The correlation function

vas approximately an exponentially decaying cosine function, and the

spectral density fun~tion had a correspcnding sharp peak at the

natural frequency. the damping parameter was estimated ~y the loga

rithmic decrement ot the correlation function.

In 1957, Hatano and Takahashi IS] used this method to estimate

dynamic parameters of dams. The application to towers, buildings.

and other structures excited by wind and ~erotremors was obvious.

However, the modeling of a structure as a one degree of ireedom system

was a severe liaitation, since most structures respoc~ in several

degrees of freedom under low level excitation. It was obvious that

so.e fora of filtering 01 the original data would be necessary before

the correlation technique could be succe••fully applied to vibration

of actual structures. The work of Cherry and Brady [6] demonstrated

that if more than one mode of vibration were present in the record,
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the envelope of the correlation function would exhibit irregular

behavior while generally decaying exponentially, making estimation

of damping difficult.

Ward and Crawford [7J used analog filtering techniques to isolate

i~dividual response modes of buildings excited by wind. Wh~le this

gave satisfactory results, info~mation on higher mod~! is frequently

lost by analog filtering of response records. Thus the tendency has

been for investigators to apply digital band-pass filters LO random

ambient data rather than an~log filte~s.

Several methods of analyzing dig:tally filtered a~bient vibration

data have been proposed in the literature. All of these 8SSU., that

the input function is stationary for a short duration and can be

represented by fairly wide band-limited white noise. The Chel'ry-Brady

autocorrelation approach (6) has been used by Davenport, Hogan, and

Vickery (8) to analyze re~ords from a tall bUilding, where a trape-

;;., i.dal hand-pass filter was applied to the response data before the

autocorrelation function was computed. Taoka and Scanlan [9] used a

Gaussian filter in conjunction with the autocorrelation function to

estimate structural response parameters of seven tall stru~ture8.

Vanmarcke (10) has proposed a method of estimating paramzters

using prcperties of spectral moments. Gersch, Nielsen, and Akaike

[llJ have developed a maximum likelihood technique for oetermining

these values. A comparison of these techniques has been performed on

an actual ambient 'fibration re.:ord of nine story stl'el building by

Foutch [12]. Gersch has also proposed a two-stage least square method

of analysis [13], which is simpler to apply than the maximul likelihood
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technique.

With respect to the difference in levels of excitation. Tanaka

[14) has compared the period and d.-ping values det~ra1ned from earth

quake reco~d& and from wind excitation for a group of buil~ings in

Jap~~. In this country, Trifunac [15) &nd Udwadia [16) have presented

comparisons of ambient and forced vibration test of structures.

Hudson (17) and Schiff [18) have surveyed the state uf the art in

random vibration .easure~nts due to wind and ~crotremor excitation.

Ibanez has also presented an extensive review of this subject [19).

While substantial effort has been expended ~n the dual problems

of analyzing random vibrati~n data and ~f the co~arison of ambient

r~sponse estimates with values obtained from shaker cr eartl'quake

excitation. additional work needs to be done in this area. especially

in regards to the respoDse of velY tall structures. More comparisons

of estimates obtained by analyzing actual response data by different

methods are required to properly evaluate advantages and disadvantages

of each method proposed to co~ute par..etet values by different

methods ~f time series analysis.

In the summer of 1974. the author served as a Visiting Research

Professor at Tokyo Institute of Technology (Tokyo Kogyo Daisaku) at

the invitation ot the Japan Society for the Promotion of Science.

DurinA t~is period, the a~thor was able to record the ambi~nt vibration

responses under natural ~ind conditions of seven tall structures in

Tokyo ~nd Yokohama with the help of Professor Hiroyoshi Kobayashi of

Tokyo Institute of Technology. These records were SUitably digitized

and processed in a -.nner such that they were ready for time series
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analysis on a digita: computer.

In early 1975, the author submitted a proposal to the National

Science Foundation to analyze the data and compare any dynamic

structural parameter estimates with values obtained for these same

structures during rotating vibration shaker tests.

After incorporating the suggestions of reviewers, the emphHsis

of the investigatio~ was shifted to a study of the various system

identification techniques available to an3lyze data. The comparison

of values obtai.led by different methods f rom the same data became

the primary focus of this research proposal.

Sin~e the actual funding was reduced by about one-third from

the original request, the scope of this project was reduced to an

investigation of 0~11y five of the original seven structures. It was

also decided that the study of digital filteri~g would be limited to

two fundamental and easily constructed windows, so that errors in

parameter egtimates due to filtering of the experimental data would

be minimal.

The four system identification methods for analyzing ambient

data to ~e investigated are:

1. filtered correlation method

2. spectral ncmcnts method

3. sp~ctral density method

4. two-stage least square method.

Since all these methods will be applied to the same data, filtered

using the same window, differences in parameter estimates will be pri

marily due to the system identification procedures employed. This
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will give an indication of h~ accurately each proc~dure estimates

the desired dynamic parameters for actual experimental data, instead

of for simulated data.

This research proposal was granted by the National Science Foun

dation in August of 1976. This document is the final report summa

rizing the result obtained by the author during the course of his

investigation, funded by this research grant.
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II. DIGITAL FILTERING OF THE AMBIENT RESPONSE RECORD

The discrete time series obtained from digitizing a response

rec~rd generally represented the structural response in more than a

single mode of vibration. A direct computation of the autocorrelogram

of the response series {y } would therefore result in a f~nction
n

exhibiting highly irregular behavior, due to the presence of energy

concentrations at more than one natural frequency. It was therefore

necessary to filter the response records in order to investigate

structural parameters associated with individual modes.

A filtered time series {u 1, where
n

u ~ u(nh)
n

n ~ 0,1,2.---, N-l (1)

can be obtained from the original series {y } by passing it through
n

a nonrecu(sive filter defined by the fo\lowing operation:

u
n

(2)

where h
k

- h_
k

, due to the symmetry of the filter.

The frequency response function H(f) of the filter is defined

as [20]
m

H(f) s h + 2 E h
k

cos (2nf,.bt) .
o k-l ~

The filter weights {h
k

} are obtained as the inverse Fourier

tl_ ~form of Equation (3).

(3)

(4)

Once the filter weights are known, the fiJtering can be performed

in the time domain 8S specified by Equation (2).
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Not all of the terms of the resulting output series {u } ~hould
n

be used for further analysis, however. It is desirable to construct

a new series {u~} by essentially truncating m terms frOll both ends

of {u },
n

i • 1,2,3,---, N - 2m (5)

The new series {ui} now has only N - 2m number of terms, and is

relative.1Y free from the effect of transient conditions, if the value

of ~ is negligible for k > m.

The autocorrelogram of the truncated filtered serie~ {u~J can

then be used to estilllate the damping associated with the mode in

question, as will be discussed later.

Digital filtering can also be performed in the fre~uency domain

wi th the use of a Fast Fourier Transform. (rFT) a1 gorithm. If {y (f)}

and {H(f)} are the complex Fourier Coefficient", of the discrete

Fourier Transform of {Yn} and (;k}' respectively, then filtering in

the frequency domain can be performed as follows:

1. Compute {Y(f)} by applying FFT to {y J,
tl

2. Specify the filter frequency response {H(f)J,

3. Multiply {Y(f)} and {H(f)} to obtain {U(f)},

4. Compute {u } by applying inverse FFT to {U(f)}.
n

Filtering by multiplication in the frequen~y domain using the

FFT is generally more economical than filtering by convolution in the

time domain. Stockham [21] and Brighan (2~) both summarize the ad~an-

tages of this indirect method.

Two filters have been utiljzed in this investigation: the

Gaussian Filter and the Trapezoidal Filter. The Gaussian Filter ie



defined by

H(f) ,.

9

exp [-. [f~:cJl
(6)

H(O • 0

The frequency characteristics for this filter are shown on Figure

(la). where B is the half-poweT bandwidth and C the cutoff bandwidth.

The trapezoidal filter's frequency respons~ is indicated on

Fi~ure (lb). where H(f) is unity in the passb~nd and decreases llne-

arly on both sides of the passband. It is also assumed zero for

C
If-fcl >"2'

?apoulis [23J has an extensive discussion of the properties of

Gaussian Filters. An example nf its application 1n geophysics is

given by Dzienwonski, Bloch, and Landisman [24J. This filter was

chosen because of its nearly ideal optimum properties (23), and the

ease with which it could be progr8lllllled on a digital computer.

In Equation (6). f denotes the center frequency of the Gaussial~
c

filter The half-power bandwidth is denoted by B, and the cutoff

banuwidth by t, as shown in Figure (la). By centering the filter at

a spectral peak, and adjusting the ~utoff bandwidth C to isolate only

a single peak, the filtered spectrum of individv.ll modes could be

stuJied.

The square of the absolute valu. of the filter gain is siven by

18(01 2 • ~2 [f~J] I£-f I c
exp < -

c - 2
(7)

IH(012.0. ifl < f
C If-f I >

c
c - 2" ' c 2

"-For a • 3.0, B • O.34C

and the frequency response of the filter i. truncated at a level of



(8)

10

-26 decib~ls. fSee Jenkins [20]).

The value of B, and consequently of C. was determine~ by trial

ann error for each computer rWl. Starting with a relatively narrow

bAndwidth. the value of B vas subsequently wlden?d wit~ each computer

run until the shapp of the resulting autocorrelation curve "stabilized"

into an e~onential cosine decay function. Generally, however, as

wide a bandwidth value B as could be used without overlappi~g into a

second spectral peak was used, for reasons that will be e~lained in

the next section.

For tae fundamental modes. the resulting damping estimate proved

to be relatively insensitive to the value assigned to B, prOVided

that

8 > ! f
- 6 c

For most of the damping estimates. a value of B approximately equal

1to 3 f c was used in the final computer analys~s. For higher modes.

the values of ! and C w~re ~enerally kept small to prevent nearby

spectral peaks from interfering with the mode being analyzed.

The trapezoidal filter. shown in Figure (lb). has an advantage

over the Gaussian filter in that it is flat in the passband Band

therefore equal to unity in this region. However. because of dfscon-

tinuitieg of its derivatives at four points, its impulse response

function h in the time domain has a somewhat longer decay time, and
n

its integr~l has somewhat longer rise time than the impulse response

function of the Gaussian filter. The significance of the length of

the rise time will now be briefly explaine~.

~ince the filter impulse response weights ~ have anticipatory
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components on the negative time scale h_
k

, the total rise time t
R

of

the integral of the imp\llse response can be separated into two parts.

Half of the rise time (tR I 2), ,orreRronding to a rise from 0.5

to approximately 1.0 occurs during the first (m+l) terms of the record

(nzO,m). The other half appears at the end of the record. and cor~es-

ponds to a decay ; t"om approximately 1. 0 to 0.5. for n'" (N-m) to n=N.

Therefore, the "usable" portion of the filtered record {u } has
n

only (~-2m) terms. rather than (N) terms. This resd'ts because m

terms are truncated from both the beg~nning and ending of the {u }
n

terms. bec'luse these "end r'0rtions" include the rather long rise tillIE's

of the impu!se response function integral Qf the trapezoidal filter.

The effect ('f these "two-sided tails" is graphically illustrated in

Figure (2).

Thus a good "rule of thumb" for the choice of filter to use is

this:

1) If the a~bient vibration record is long. use the trapezoidal

filter, because of its constant value of unity in its pass-

band. Truncating 2m terms from the ori,ginal time series

still yields a long record to analyze.

2) If the record is relatively short, however, use the Gaussian

filter. While its value is not constant in the papsband. its

impulse response function decays rapi1ly, and less terms will

have to be truncated from the original time series. Th~

shortened recorc will still be long enough to give valid

estimates of frequency and damping parameters.
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111. APPLICATION OF THE RAW SPECTllUK
ESTIMATE FOR FREQUENCY DETEItMINATION

In aost ambient vibration studiea. three assumptions are made

concerning tbe nature of the input forces. system characteristics.

and outp~t response. Th~se are listed below (Schj~f (25):

1. The spectrum of the input forcing function, due primarily

to wind loading. is almost flat or of constant amplitude

with respect to frequency in the relatively narrow frequency

bands surrounding the natural frequencies of intereat.

2. The physical system may be modeled by linear equations with

COdstant coefficients.

3. The output response is stationary and ergodic.

lmder these assuaption, if H(w) is the syEtem frequen~) response

function, and x(t) and y(t) represent the input and response functions.

respectively. then the spectral estimates of the input and response.

Go(w) and G(w). ace related by

(9)

From Assumption 1. G(w) is assumed proportional to IH(w)i 2 in a

narrow region surrounding a natural fTequenc~. Assumption 3 implies

that the system characteristics may be estimated from one relatively

long ree')rd.

All three conditions were tacitly assumed in this investigation.

Since the input spectra for the different records were not available,

no estimate c~uld be made concerning the degree to which Assumption

1 might not have been .atisfied for these recorda. Assumption 2 is

generally valid for the 8111811 amplitudes of v1braU ..)n caused by wind
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or ~crotremor excitation. From 4 visual inspection of the individual

records. it appeared that the responses could reasonably be assumed

to be nearly stationary over the time intervals for which the ambient

responses were recorded.

Therefore. the shape of the square of the magnitude of the system

response function. IH(w)1 2• may be assumed to be ~early pr.oportiona1

to the shape of the output response spectLum G(~). Thus knowledge of

the ch3racteristics of G(w) implied know.edge of the system response

parameters inherent ill the absolute value of the system response

function IH(w)l.

If yet) is a continuous ambient response record. let

n • 0.1.2,---. N-l (10)

be the discrete values of the response digitized at equi-spaced t~e8

T • nh
n n • 0.1.2,---. N-l (11)

where h - ~t is the constant digitizing interval.

Let discre~e values along the frequency axis be defined by

k • O.l.~.---. N-1. (12)

(13)Yn exp (_j 21l'~n ).y. •k

Then the discrete values of the complex Fourier comp~nent8 {~}

corresponding to frequencies {fk } are given [261 by:

N-l
r
n-O

These complex Fourier components can be easily calculated by a

Fut Fourier Transforlll algorithm. The raw spectral density estimates

Cl(k) are definee 8S follows:
y

(14)
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Since values computed from Equation (13) do not give consistent

estimates of the true Fourier coefficients, th~se values are usually

smoothened by convolving them with appropriate weighting coefficients

averaged over adjacent discrete values [27). This is n~cessary

because the original finite time ~eries d~fined by Equation (10) is

pictured as a portion o( an infinite time series that is seen through

a rectangular, or "bo,," car" window functicn in the tiIDe domain. The

corrpsponding Fourier coefficients given by Equation (13), therefore,

are the results of a convolution of the true Fourier coefficent

estimates with the Fourier transform ot the rectangular window

function. The value of the raw spectral density ~stimates computed

from Equation (14) will thus tend to have pronounced "side lobes"

near the spectral peak lobes, indicating a "leakage" of energy from

the peak frequency band to adjacent frequency bands.

Such a smoothening procedure, however, automatically widens the

bandwidth and reduces the peak value corresponding to a spectral lor,e,

resulting in a ten,'ency to overestimate the amount of dampin!!> aS8o~i-

ated with a natural frequency.

The natural f~·equency estimates were therefore computed directly

1
from the unsmoothered spe~tral density estimatc3 G (k), using the

y

following interpolation method due to Lanczos (28). The following

discussion differs slightly from that given in Reference (281,

employin~ the magnitude of the Fourier coefficients rather than

algebraic values of sine and cosine components.

Assume that the largest absolute values of the Fourier coeffi-

cients ~ear a spectral peak are given by IYkl anc 1Yk+l"
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Form the follow Lng pairs of weightl'.d sums:

Z = \Yk-ll + !ZYk ! + !Yk+llk

Zk t-l = I'i k I + \ ZYk+l I + \Yk+21

The quotient qk is now defiped as

Zk
Gk

=
Zk+l

The parameter [ 15 dete rmi ned by

(I5)

(16)

( =L:...s
I + q

(17)

The value of the natural frequency coresponding to the position

of a spectral peak can now be ef.ti~~ted as

f .estlmate
k + [

Nh
(18)

Equation (18) was used to ~eter~ine the natura] frequency esti-

mates in thic; reprrt. Although the r;:jw sre.~tra] estimates tended to

have pronounced "side lobes" on both sidE'S of a spectral peak, it was

found that the determination of the natural frequency estimates for

the first three n·odes of vibration in a reco... d could be carried out

in a very straightforward manner.
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IV. APPLICATION OF THE FILTERED AUTOCORRELOGRAH ESTIMATE

The theoretical basis for the use of the autocorrelation function

to esticate structural ~e5ponse parameters has been reviewed by Cherry

~nd Brady [6). They credit Hatano and Takahashi (5] for introducing

this technique into the study of full scale structures.

Hudson [17) and Schiff [181 ~ave both reviewed the ~resent state

of the art in thi~ field. Filtered autocorrelation functions hav~

been used by Ward and Crawford (7] and by Davenport and Hosan [8] to

~tudy the response of tall buildings due to wind excitation.

The following brief discussion of the general theory involved is

taken frO!ll Cherry and Brady [6]. ar.d is included here for coopleteness.

If he,) is the system response function due to a unit impulse

applied ~t 1 .. O. then the relation between an input function x(t)

and the resulting output response yet) is given by

y(t).. f<ll> h(t) x(t-t) dt
,0

(19)

For a lightly damped single degree of freedom oscillator haVing

a natural circular frequency wand a small critical damping ratio ~

the system response function is defined as

t > 0 (20)

It is assumed that h(t) • 0 for T < O.

(21)C (t) - lim ~
y T'tGD

The &utocovariance function for a function yet) 18 defined by

T

J2 yet) y(t+T) dt
-T

2
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It can be shown that if the input function x(t) is composed of

''white noise" with constant spectral density Go. that the output auto-

covariance function is gi~en by

nco re-r;WT (cos I'i=?"C (T) --- WT
Y 2l;.w3 L

+-L sin 11-1;.2 loll ) ] (22)
&?

Equation (22) represents a cosinusoidal function with exponential

decay. The decay of the envelope of the autocovariance estimate of

the output response can thus be used to estimate the critical damping

ratIo l;. of the system.

Note that for l;.« I, the sine expression jn the parenthesi~ is

very small cou~ared to the cosine expression, and C (1) p.~proaches a
y

dacped exponential cosine function.

The unbiased autocovariance estimate of a time series f y } where
n

n varies from 1 to N is given by

N-k
I:
n.. l

o < k < M (23)

The corresponding autocorr~logram estimate is given by

C (k)

R (k) • iTo>
y y

o < it < M (24)

In both Equations (23) and (24). the integer M, tbe maximum lag

number, is kept small compared to Nt the number of point. in tbe

series.

In thi~ investigation, the autocorrelation esttmate R (k) was
y

cOEputed indirectly by first forming the spectral density estimate.
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and then computing the inverse transform of the filtered spectral

density. by applying the Fast Fourier Transform algorit~ twice.

fhe procedure is summarized below.

1. Subtract the mean value from the criginal series. and

add N l.eroes to obtain rt 2N augmented series.

2. Filter the original series yet) to obtdin a filtered

series u(t).

J. Form the raw spectral estimates of the filtered series

Gl(k).
u

4. Form the biased ~stimate of the autocovariance function

corresponding to the filtered function {u } by finding
n

the inverse Fourier transform of

~.

GI(k) • !H(f) 12 GlCk).
u y

1Multiply each C (k) by
u

(25)

N
the factor ( ~-k ) to obtain an

unbiabed ectimate C (k).
u

o. Divide each C (k) by C (0) to obtain the normalized
u u

autocorrelogram estimate R (k).
u

It should be noted that ~oc nonrecursive filtering process by

"'hieh {u l is deriv£'d from {y l nccordlng to Equatien (2) is affected
n n

by the trat\~i",nt ~onditions in the fiyst m teyms. introducinG some

error ir. these initial terms of {u }. unless these m terms have already
n

been removed from the e~ds of the filtered time s£ries as discussed

earlier. As a con8eq~ence. thp. resulting envelope of the autocoYrelo-

gram estimate R (k) ~ay not exhlbit exponential decay in the region
y

0< k < It.

The "usable" region from which the critical damping ratio ..y be
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esti~3ted is for k within thc limits

m < k < M. (26)

T;-, ... logarithmic decremen[ method [29] was used to estimate the

critical damping ratio in each mode. The value is determi~ed by

1
211q

(27)

where A is th~ peak amplitude at cycle p and A is the peak ampli-
p p+q

tude q cycles later.

the time lag 1

It should be noted that if, corresponds to
n

then

(28)1<,<1 .... 1
m - p - p+q - M

Since 1 is invp.rsely proportional to the cutoff bandwidth C of
m

the filter, 1 could be made small by using as wide a cutoff bandwidth
m

C as possible. This is a consequence of the "uncertainty princl.ple"

discussed by Papoulis [23].

7he value 1 may be interpreted as the minimum time lag required
m

for the autocorr(;lation function to "stablize" because of the filter-

ing operation indicated by Equation (2).

Four important factors can influence the accur1cy of the damping

parameters estimated by the filtered correlogram method presented

above. These are

1. the ambient response record length

2. the signal to noise ratio for a ~iven mode

3. the shape of the filter

4. the filter bandwidth.

Assuming that the record is stationary, the longer its length is,

the better its correlogram estimate will generally lle. Since the
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maximum lag time is generally only a tenth (conservative value) to a

quarter of its total length [30], and since the damping ratio estimate

obtained from Equation (2i) generally increases in accura~y as the

number of cycles q increases, the filtered record, after truncating

its m terms at both ends, should be as long as possible. A minimum

of five peaks should be used in Equation (27).

It is self evidenr that the signal to noise ratio should be at

a maximum for best results. This requires thaL data be recorded from

Q1fferent building levels for different modes. From previous analy

tical studies of a building, ~he level at which each mode appears tQ

exhibit its maximum relative amplitude is usually known in advance.

In order to estimate parameters for this mode, data should be collected

at this level. Thus, a typical set of levels for which data should

be taken for a tall structure might be as follows:

1. top of building for first mode

2. 40% level for second mode

3. 70% level for third Mode.

It should be noted that the values shown above are only apfroxi

mate, listed for purposes of illustration oil1y.

The filter gain should be a real symmetrical function, reasonably

flat in a relatively small passband about its center frequency, and

Should roll off grad~ally to negligible levels o~tside a wider cutoff

bandwidth.

The filter bandwidth has a significant effect on the resulting

damping estimate. Thp ~uto[f band~idth C (Figure 1) is inversely

proportional to the filter rise time t
R

(Figure 2). Thus C should be
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as wide as possible without including more than a single mode in the

passband. The resulting rise ti~ will then be as shar: as possible,

allowing for a longer correlogram maxi~um lag time. The inverse

rel~tion8hip existing between bandwidth and rise time is discussed

by Schwartz [31J.
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V. SPECTRAl MOMENTS METHOD

In ~972, Vanmarcke [10] proposed a spectral moments method for

estimating frequency and damping parameters of a randomly excited

system. The method depends on the cOMputation of the zeroeth order,

first order, and seLond order moments of the power sp~ctral density

t.Jnction of the response of a structure to "white nois~ p.xcitation".

The original method proposed by Vanmarcke has been slightly modified

in this investigation to correspond to the response of a structure to

"band-limited white noise," rather than pure "white noise".

The zeroeth order moment g~ves the area under the power spectral

density function. The first ord~r moment Is a function of its cen-

troid, and the second order momen~ gives a measure of variability or

dispersion about a spectral peak indicating a central frequency.

If yeti is a stationary randOM process '.rith ~ero mean value,

its autocorrelation function R(t) is defined by

R(t) • E [yet) y(t+t)]. (29)

The "one-sided" Fourier Transform pair of formulas relating G(w)

and R(T) is given by

2
G(w) • 

1r
r- R(T) C08(wt) dtJo

(30)

R(t) • J: G(w) COS(WT) du (31)

where G(w) is the "one-sided" power spectral density function of the

autocorrelation function of the zero-mean process yet). The mean

square value <y(t)2> is obtained by c;ettlng t • 0, in Equation (31),
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giving

R(O) = J: G(w) dw

The spect-;.al moments are

J"'oAl· wl G(w) dw

J: G(:A1) dw

(32)

(33)

(34)

(35)

Vanmarcke h~s introduced the folJ0wing quantities ~elated to the

spectral moments ~bove.

Wl

IA2 ]1/2
ro

(36)

(17)

Note that wl and w2 as defined have dimensions of circular fre-

quency. For a physical interpretation, wl is the location of the

centroid or center of mass of the spectral depsity function. and w2

1s the radius of gyration of this function. The parameter w2 will

be dL ...ctly related to w , the natural ci rcular frequency of vibran

tion. The following dimensionless parameter

q 5" [1 _~]1/2
AO>'2

\

(38)

will be directly related to the percentage of critical damping ~ of
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the vibrating system.

If x(t) is the input and y(t) thL output of a linear system,

the reldtionship between x(t) an~ yet) 1s given by

y(t) ~ J: h(T) X(t-l) dT

where h(T) is the impulse response function of tne system, with

(39)

h(t) • 0 for t < O. The system transfer function H(w) is defined to

be the Fourier transform of the impulse response function he,).

If Go(w) i~ the power spectral density function of the stationary

"white noise" input x(t), and c;(w) is the output spectral density

function, the equation defining these relationship is

(40)

For a stogIe degree of freedom system with natural circular fre-

quency wand damping ratio coeffir.ent ~, the square of the absolute
n

value of the system transfer function Is given by

IH(w)12 •
1

(1+1)

It can then be shown that the following relationships exist:

AO ..
4Z;w 3

n

When 1z;1 « I, it can be seen that

(42)

(43)

(44)

(45)
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for very light damping [~ : 0.15). Thus the natural circular fre-

qucncy and critical d~mping ratio is given by

). 2
1T 2 11 1

1; • 4" q • 4" (l - .\0:\2 ).

Since the output functio~ yet) is filtered b~ a band-limited

(46)

(47)

window function between circular frequencies wa and w
b

' the effect

of excluding frequencies outside of (w.'wb ) will ~~~ be discussed.

It will be convenient to define dimensionless band limits

Q
a

(48)

Vanmarcke has demonstrated that the natural frequency is still

given by

(49)

However, the critical damring ratio 1s corrected according to the

relationship

(50)

for the special case ~hen n~ .~. This condition will b~ utiliz~d

in this investigation.
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VI. POWER SPECTRAL DENS lTY METHOD

This method is based on analyzing the power spectral density

function of the response spectra. In the output power spectrum, the

spectral density becomes maximum at a frequency wi 1-2~2 , and the

damping coefficient ~ can be calculated as follows, knowing the fre-

quencles £1 and f 2 where the spectral densities become 11), of its

1Mximum.

where,

(51)

A·
1---

n:-.-:-T
(52)

In practice, A .. 2 is usually used for simplicity.

Equation (52) is derived from the power spectral density function

sew) ~ ---------
So

(wo 2 - w2) + 4~2wo2w2
(53)

Althllugh the power spectral analyses for the microtremor records

in actual buildings have often been conducted recently, only a few

examples or damping estiL.ates of the buildings have been reported.

lhis meth~d has been used by Tanaka, Yoshizawa, Osawa, and

Morishita [14] to estimate period and damping farameters of some

buildings in Japan.

The power spectral density function is defined as the Fourier

transform of the true autocorrelation functlon derived from a vibra-

tion record of infinite length of time. Wh£n the length of the

record is finite, we cannot estimate the true autocorrelation function

for arbitrarily long lags. Furthermore. it 1s said that the use of
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lags l~nger than a moderate fraction. say 10 per cent, of the length

of the record is usually not desirable. In the practical easen.

therefore. we can only compute the so called the apparent autocorre-

lat10n function from a record of relatively short length. Ho~ever,

a good estimation of smoothened values of the true power spe~tram

can be obtained from the Fourier transform cf a modified apparent

autocorrelation function. which 1s the product of the apparent auto-

correlation and a suitable even function called the lag window. It

is apparent that when this process ~f analysis is adopted for det~r-

minirg the damping value of a structure. a much larger value than

the true one would be obtained. However, if the effect of smoothing

in the process could be known and the corrections for this influence

could be made on the apparent damping value. the true value of damping

could be obtained. With t~e above E~pectations in mind. we now

examine the effect of s~)o~hing and discuss ways of determining the

desired correction to the c'ampin~ estimate.

In the present investigation. the so called 'hamming' type lag

window expressed by Equation (54) was used.

Wet) • 0.54 + 0.46 liT for. It I < T (54)cos
'I m

m

• 0 for It I > T
m

where. t is a time lag and T is the maximum lag which we desirE to
m

use.

The corresponding frequency function is

11 11
W(w) • 0.54 Wo(w) + 0.23 [ Wo(w + ~ ) + Wo(w - ~») (55)

m m
where,
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m

sin UlT
m

wT
m
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(56)

The modified autocorrelation function is the product of ¢(T) anct

W(T), and its Fourier transform is represented by the convolution

integral of the power spectrum for each time function. This operation

implies smoothing of the response power speet rum (;(w) witl. the spec-

tral windO\ol W(w) as a weighting function. The smoothened spectral

function is then expressed by

( ..,
P(u) .. K L... l.

[ Yo(u - u')

where,

23 1+ 54 {Yo (u - u' + 2fT ) + Y (u - u'
o m

2f~T ) }Jdu'
m

(57)

K ..
1. 08T Go

m

w ..
n

Yo(u-u') ..
sin u.: T (u-u')

n m
w T (u-u')

n m

w
u· 

01
n

u'
w'
w

n

This ~ethod has been used by Kobayashi and Sugiyama (32) to esti-

mate the structural dynamic parameters of the five struct~r~s investi-

gated in this reflort. The results of this analysis is reported in a

later ("lapter.
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VI I. TWO STAGE LEAST SQUARES METHOD

A fourth method of analyzing ambipnt vibration data for parameter

estimation is the two-stage least square correlation function metnod.

to be referred tl.J hercinafter by the initials 2S:.S. It was developed

by Gersch and FOlltch [33], and is an improvement of the maximum like

lihood estimation for structural parameter estimation developed by

Ger~ch, Nip-Isen. and Akaike [11J.

The use of th~ 2SLS procedure is based on the assumption thaL

the structure under consideration can be accurately described in teres

of an n degree of freedom lumped mass-spring-damper model excited by

a white noise. Displacement, ve!ocity or acceleratiQn vibration data

sampled at uniform intervals for digital computer analysis is known

to have a representation in terms of an AR-HA (mixed autoregressive

moving ~verage) discrete time series model. The coefficients of the

AR-MA model can be expressed in terms of the structure's natural fre

quency and damping paramelers. The 2SLS procedure is ~ statistically

efficient procedure for estimating the parameters of the AR-MA model.

Statistically efficient estimates of the natural frequency a:ld damping

parameters can 1n turn be computed from the statistically efficient

AR-~. parameter estimates. Estimates of the statistical reliability

of the structural system parameter estimates are also readily obtained

from the AR-MA parameter estimates.

Much ~f the background material for this paper appears in recent

related papers [33]. [34], [13], so the description of the problem

considered and the time series background of 2S'S methods are only
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briefly described here. The results of 2SLS correlation function

method applied to ambient response data taken from three floors of

the World Trade Center BUilding will appear later in this report.

The structural system is assumed to be represented by an n degr~~

of freedom lumped mass-sprinB-damper white noise excited stochastic

differential equation

MZ(t) + Cz(t) + Kz(t) f(t) . (58)

The input f(t). an approximation to a random wind forc~. is assumed

to be a zero mean n component white noise vector with covariance

matrix E[f(t)f' (s) J DO(t-s). (3,). Assume that z(t)

z2(t) •.•.• Zn(t)]' is the vector o~ displacements with zi(t) being

the relative displacement of the ith mass in the model of ~quation

(58) to the ground. and the Zj(t). the displacement of the jth mass

is observed. (Velocity or acceleration measurements can be used with

equally good results, [34).) Further. assume that only a regularly

sampled noise contaminated version of Zj(t) is available for analysis.

Let Zj(kTs ) k = a.±l ••.• be the regular samples of the vibration data

and n(kT ) be independent noise sa~plp~ with T the sampling interval.
s s

The observed vibration data for some particular mass peint is repre-

sented by the discrete time series v = z.(tT ) + n(tT ). t ·O.±l, •••
. t 1 s s

The problem is: Giv~p a finile sample {Y
t

, t • 1•... N} of noise

contaminated vibration data. obtain estimates of the parameters f
j

•

~j' j • 1•••. n. the natural fIequency and damping par8lleters of the

structure described in Equation (58).

The regularly sampled noise contaminated vibration data is knmnl

to be exactly represented in the AR-HA model,
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20
E BtXt _ i • aO· 1. eo· 1

i-a
(59)

where {x
t

} is a zero mean uncorrelated ~equence with variance 0x2 .

A useful relationship between the AR-HA time series model parameters

ai' 1· 1•... 20 and the natural frequency and damping parameters fj'

~j' j e 1••.. n is given by.

20
n

j-l
(60)

where ~j' U
j
* are the complex conjugate root pairs of the character

istic equation of the AR parameters satisfy.

(61)

Next our attention is directed to the estimatiul, of the AR-HA

parameters {ai.b i } i = 1•... 2n by the 25L5 method.

Convention or ordinary LS statistical parameter estimates are

expressed in the form

y ~ X'S + e (62)

where y is an N vector of observations. X' 1s a known Nxp matrix. e

is a p vector of unknown parameters which are to be estimated ana e

is a zero mean vector of N independent random variables each with

variance o~. The normal equation for the LS estimation of e. are

Xy - (XX'18

S • (XX'l-l Xy
(63)

where it 1s assumed that the rank of X is p so that the pxp matrix

inverse of (XX'} exists.

The unknown parameters {bi,a! !. 1•••• 2n} of the AR-MA time

series model car be expressed in an ordinary L5 ~del OLS form [331.
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by making thE associations

Xy • ~cyx(I) -cyy(l) cyx(2n) -cyy(2n»).

J.

(64)

(65)

[XX' j - C(O)

C' (1)

CO)

C(O)

C(2n-l)

C(2n-2 1

(66)

C(k)

C'(2n-l)

• [CXX(k)

-cyx(k)

-cxy(k) -I
cyy(k) J.

C(O)

(67)

In Equation (66) the 40 x 40 matrix (XX'] is in block Toeplitz

form ar.d cyy(k). k • 0.1 •..• is the sa~ple covariance function computed

from the observed data {y • t • 1 •••• N} in the usual manner by the
t

formula

cyy~k) • Ii
N-k

':
tsl

(68)

In Equation (67). cxx(k). cxy(k). cyx(k) are input and cross-coV81i-

ance functions.

The statistical properties of OLS parameter estimation. i.e.

consistency, and asymptotic unbiasedness and efficiency for AR-MA

time series parameter estimation was well treated by Astrom [36].

The OL5 procedure described above is the second stage of our 25L5

procedure. Because only the time series {Yt' t • 1, ..• N} is observed,

th~ covariance functions cxx(k). cxv(k). cyx(k) necessary for the

OLS stage must be computed by something other than the direct ~ample

function computations in Equation (68). They are in tact obtained
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from the cy)'(k) data in the first LS stage. That material is dis-

cussed nexc.

The AR-MA model in Equation (59) has alternative equivalent

representations a~ an AR aid as an MA or impulse response model, (64),

These models are represented by

2n 2n
L: a.y i" l: bixt _i

..."0 ~ 'i- i-O

00

'"L: aiY t - i
. :Itt

i=O
co

Yt . L hixt _ii=O

(AR-MA)

(AR)

(MA)

(69)

(70)

(71)

where x t is an uncorrelated sequence with variance 0x2

iii the first LS stage a "1('\ng" but finite order AR model

'"P
1:

i=O
'"a Y IE

i t-1
(72)

is fitted to the cyy(k) k - 0.1 ••.• data by the Levenson-Durbin-Akaike

procedure (37). This co~putation also yields an estimate of the vari-.
ance of the {xt } time series, 0x2 , so that the input covariance func-

~ion can b~ represented as cxx(k) .. ~ 26 where 6 is the Kron-
x k,O r,s

ecker delta (which is one if r .. s and zero otherwise).

A recursive formula for computing the MA parameters {hi} from

the AR parameters ai in Equation (71) follows easily using operator

-1
notation. Identify the delay operator z, zX

t
.. x

t
+1' Z x

t
• x

t
_

l
.

"-Then the AR and MA models in Equation (71) can be written a(z)Y
t

.. x
t

"-and Yt - h(z)xt respectively where a(z) anc h(z) are polynomials in

"- "-the operator z. Multiply the second form by a(z) to get a(z)Y
t

..

"-a(z)h(z)xt • Co~are this form with the first form to get the result
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'"a(z)h(z) - 1. lbis latter operator or transform domain equat~on is

transformed to the time domain to obtain the desired recursive

formula for hi'

hO = 1. t - 1.2•••• (73)

Next, multiply the MA moJel in Equation (71) by x k and take expec
t-

tations to obtain the known result for the input-output covariance

function in terms ~~ impulse respose

v 2
cxy(k) = { xo

k > 0

k = 0

k > 0
(75)

Thus given the original cyy(k) data and the results frum the

first LS stage. we have all the covariance function information.

cyy(k), cxx(k). cxy(k). cyx(k) k = 0,1 •... required for computation

of the second L5 stage. If n is a lar~t number. numerical iqstabili-

ties may be encountered in the il'l'!ersion of the 4n x 4n block Toeplitz

matrix [XX']. A block Toeplitz ~atrix inversion routine due to Akaike

achieves inversion of the 4n x 4n matrix recursively requiring only

inversion of 4 x 4 matrices.

Once the AR-MA time series parameters are known. the structural

system parameter estimates and an evaluation of their statistical

reliability can be computed from them [llJ. [34]. The roots ~j' ~j*

of the characteristic Equation (60) can be computed by a packaged

subroutine. The ~ j' ~/' then yield tbe:onvenient dimensionless

parameters OJ' Aj

OJ - 2TIf j ['jT j ~ (-1/2)log(~j~j*)
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" • 2nf T Q .
j j j i

(76)

The right-hand side of Equation (76) can be expanded in a Taylor

series whos~ linear part is

[dal' .••• daZn ] • S[d6 l • d~l•... d~n' d"nl

where dx denotes the total differential of x. Define the 2n x 1

column vectors a • [al •... a2n ]'. ct • (6 l • "1.·.· 6n • "n]' and the

covariance matrix of the a parameter estimates by VAR. Then the

covariance matrix of the ct paramet€r estimates V and V
AR

~rect

related by [11]. [34],

V • S-lv 5-1
ct AR

cov(6 1 ." )
n

coVO'l' >. )n

var(>. )
n

(77)

The aatrix V
AR

is a submatrix of the AR-KA parameter variance-covari

ance matrix corresponding to the ai i - 1, ••. 2n parameters. The

AR-HA parameter estimate variance-covariance matrix. the reciprocal

of the Fischer information matrix may be computed from the .\R-MA

parameters. [11}.

Finally. the coefficients of variation c f and c j. 1•••• n
j Cj

of tbe natural frequencies and their damping are given by
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j 1 •... n (78)

The quantities ~0 .• hA. in the Equation (78) are the standard devta
J J

tions of the b .• A. parameter estimates. They can be computed as "he
J J

square roots of the diagonal elements of V
ct
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VIII. BASIC GUIDELI~ES FOR

EARTHQUAKE RESISTANT ~E~IGN OF

TALL BUILDINGS IN J~.\N

GENERAL DESCRIFrION

The earthquake resistant design of tall buildings has always

been a subjecl of primary importance to architects and structural

engineers in Japan, since earthquakes occur frequently in all parts

of the country. Prior to 1963, the Japanese Building Code restricted

the height of high rise bUildings to 31 m, a relatively low height

restriction by American standards.

In 1964, the Japanese Building Code was revise", til permit the

height of high-rise building~ to exceed 31 m, prOViding the safety of

the structures under earthquake loading co~lQ be assure~. The Mini

stry of Construction would give its ap~r0val if 8 dynamic ~alys1s of

the structure had been performed dur1.ng its design stage for earth

quake loading, and its maximum stresses al.d deformations resulting

from the dynamic analysis were within safe design limits.

The first high-rise building constructed in Japan is called the

Kasumigaseki BUild~ng located in downtown Tokyo. It has 36 stories

and rises to a height of 147 m, and was completed in 196~. Its

earthquake resistant design was performed by the Muto Institute of

Structural Mechanics under the direction of the world-renowned Dr.

Kiyoshi Huto. Since lQ68 there have been a multitude of high-rise

buildings completed in Japan.

Since the reader may not be familiar with the general provisions

for earthq~ake resistant design of tall buildings in Japan, its main
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features will be briefly discussed nere. The following edited

f-xl:erpt is taken from a """eport by Dr. T. H!.sa~3 of the 'ajima Insti

tute of ConRtruction Techuology [38).

INTRODUCTION

In ~anuary 1964, the building height limitation. which had been

stipulated in the Japanese Building Code since 1921, was repealed.

The revisions permit the construction of buildings exceeding 31 meters

(loa feet) in height, provided that the buildings are constructed in

a~c~rdance with the provisions of density co~trol as well as sky

exposure restrictions.

As is commonly kuown, the seismic code for low buildings cannot

be applied to high-rise buildings, sin~~ they respond differently to

earthquake loading. Also thp. wind velocity at higher levels has a

different profile from that close to the ground and this fact must be

considered in the structural design of tal~ buildings.

To account for these differences, the Structural Standard Commit

tee of the Architectural rnstitute of Japan (AIJ) worked to draft a

document stipulating the guide lines to be utilized in structural

design of tall buildings and published it in March. ~964 wIth revi

sions in 1967 and 1971.

In order to insure the structural safety of tall bUi1din~~, an

Examination Board was set up in the Ministry of Con~truction in Sep

tember 1964. The Board was transferred from the Ministry of Construc

tion to the Building Center of Jt pan in 1965 to perform preliminary

evaluations of the structural safety of tall buildin£s.
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Since its inception. the Examination Board has investigated and

approved the structural design of more than 25~ high-rise buildings.

Theee buildings have been desisne~ in accordance with the principal

items described in the guide lines mentioned below.

Since no seismic cudp- is at present in force govel~ing the pro

visions for the safety of tall buildings, the role the Board plays

1s important and the results of the ~xaminations performed by the

Board is highly s1 gnificaltt.

AIJ GUIDE LI~ES FOR ASEISMIC DESIGN OF TALL BUILDINGS

1) Scope of A~plication

a) Thesp. guide lines are applicable to the structural design

of a tall building with a height exceeding 45 meters

above ground level.

b) These guide lines need not be applied to tall buildings

which are designed on the basis of the results of spe

cial engineering studies.

2) Rules for General Planning

a) It is generally desired that st~uctures have simple cross

sections in both plan and elevat~on views.

b) The foundation of a tall building should be supported on

hrm ground.

c) Structural elements to resist horizontal forces should

be designed so as to minimize torsional effects.

d) The structure of a building should be easily amenable to

rational analysis.
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e) The structure of a building should have both adequate

strength and rigidity under the applied loadings.

f) The deformation of a building under seismic loadings

should be limited .·n order not to endanger the p~blic

or cause inconvenience to occupants of the building.

3j Seismic Analysis

The seismic analysis of the structure may be performed in

the following steps:

a) The design base shear coefficient CR (ratio of total

deSign seismic force on the bl~ilding to its total weight

including effective live loads) of the building should

be first evaluated. The value of C
B

is considered to

decrease hyperbolically with an increase of the funda

mental period of the structure and is to have a minimum

value of O.OS.

b) The distribution of the story shear coefficientR is

assumed for each story of the building in proportion to

the value calculated for the base shear coefficient.

c) The dimensions of structural menbers and details of the

structural joints are then designed. On the basis of

this preliminary structural design. the stren3th. rigi

dity and behavior of the structure in the elastic and

inelastic ranges are evaluated for each stor! for the

assumed seismi~ and wind loading. It is desirable to

perfo~ experi~nts on the structure or portions of the

structure to confirm their design characteristics. when-
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,",ver necel:":sary.

d) Dynamic analysis en the structure is then performed

using strong earthquake accelerograms appropriate to the

seismicity and ground condition of the site and its

responses under earthquake loadings are computed and

examined. If necessary, the preliminary structural

design is modified and the revised structural responses

are computed. This iteratlve procedure is repeated

until a sound structural desigr'. of the building is

fonnulated.

e) Large horizontal seismic coefficients should be consi

dered for the design of parapets, interior and exterior

orname~tary objects, water tank~, chl~eys and sim!lar

unusual structures or structural elements.

4) Items to be considered in Design of Structural Members and

Connections

In tall buildings, steel or composite construction is

generally used in the entire structure or partly in a compo

site structure. Reinforced concrete construction is some

times used for basement foundations. The usual type of a

structure is that of a space frame with or witn'):.lt seismic

shear walls or bracings.

Items to be considered in the design of structural mem

bers and ccnn~ctions in tall buildings are ~ntioned below:

a) High strength steel may be used faT structures.

b) In case of steel construction. special attention should
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be given to prevent local buckl1n~~ of the structural

members.

c) In case of reinforced concrete or composite columns,

lttention should be given to prevent failure due to

!hear and buckling of reinforcing steel bars due to

,.palling of coved-og .:oncrete under cyclic loads_

d) The connection between column and girder in a space

frame structure should be carefully designed, because

stress concentration usually occurs there. The effect

of the deformation of this connection to the rigidity

of the entire frame should also be considered.

e) When the li:teral distortion of tt\e frame under c.rLhQl\ake

1s largE, the reduction of the rigidity and strength of

a collmm due to additional moment caused by the lateral

di~tort1on and axial force should be considered.

() The floor ~hould be safely designed to provide proper

strength and rigidity in its plane.

g) Besides those it~ms ~-ntioned above, structural details

shall be carefully designed so that the whole structure.

has sufficient ductility.

SUMMARY OF STRijCTURAL DESIGN OF nIGH-RISE BUILDINGS

The structural design and the r~~aLe~ dynamJc analyses of over

250 high-rise buildings thus far examined by the Boat-d C're sutlllllB.rized

below.

1) A steel structure is generally adopted for high-rise buildings
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up to about 60 stories. However. a steel encased reinforced

concrete (composite) s~ructure is often used for buildings

up to about 20 stories in height. Recently a 18 story reitJ-

forced concrete buildings wa~ constructed in Tokyo.

2) The usual typ~ of structure is a space frame (ductile moment

resisting) with ~r without shear walls or bracings.

3) All high-rise buildings have basement floors of 2 to 5

stories. Many buildings have mat footings located on firm

layers (th~ Tokyo gravel layer in case of Tokyo) but some

have pier footings.

4) The fundamental periods af vibration of the buildings are in

rar,g€ uf 0.7 tc t S€Cviid.~, !.r'.crc~:;:!..ng with the huilding

hl!ights.

5) Th~ design bas~ shear coefficients CB (most are story shear

coefficients of the first story or of the first or second

basement story) decrease with the Increaee nf the fundamental

periods of vibration T
l

. The relation between C
B

and T
1

is

generally in the range of CB ~ 0.36/T
1

- 0.18/T1 and the

valueR of CB are nOl less than 0.05.

6) The story shear coefficient of each story increases with the

building height:: and the ratio of the story shear coefficient

of the top story to the base coefficient is in the range of

2 to 4.

7) In many cases, the damping factors (fraction of critical

damping) used in the dynamic analyses are 5% and 2% for

composite and steel ~tructure8. reepectively.
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IX. RECOtD DA1A AND BUILDING nETAILS

DATA COLLECTION PROCEDURE

The vibration sensors used in thIs investigation were three

horizontal velocity meters manufactured by the Hosaka Instrument Co~

pany of Japan. The analog signals were subjected to low pass filter

ing effectively eliminating frequen~1es greater than 10 Hz.

The resulting signals were than digltizerl at a constant interval

of 0.04 seconds, which gives a Nyquist frequency of 12.5 Hz. For the

World Trade Center Building, a record length for l'ach sensor of approx

i~tely 6,000 points, or four minutes, was recurded on each floor.

For the other three bu11d1n~s, as well as fOT t~e Tokyo Tower, 4,500

points, or three minutes of data, were conti~uously recorded.

The method for .~cording the ambient vibr3tioll data was the same

for all the structures, so th~ method will only be described in detail

for the World Trade Center Building. Data were collected on the 40th

floor (1st mode), 28th floor (3rd mode), and 16th floor (2nd mode)

for this building.

On each floor level, the three vibration sensors, were placed as

shown in Figur~ (3). Sensor #1 was placed at the geometric center of

the cross section, facing North-South. Sensor 12 vas placed at the

Northern tip of the crOHS section, facing East-West. Sepsor #3 also

faced East-West, but was located at the Southern tip of the cross

section. Thus, if y1(t), Y1.(t), and Y3(t) were the output from the

tbree sensors, the North-South, East-West, and Torsional responses

were given by
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YN_S(t) .. Y1(t)

YE_W(t) .. lIZ [Y2(t) + y 3(t)]

YT(t) .. 1/2 [Y2(t) - y3(t)]

(19)

(80)

(81)

The ambient responses for this building were 8u~jected to both

the Gaussian and the Trapezoidal filters. For the Gaussian filter,

the cutoff bands were 0.546 i;?. 0.638 Hz and 1.096 Hz for the 40th

floor (1st mode), 16th tloor (2nd mode), and 28th floor (~rd mode).

For the Trapezoidal filter, the cutoff bands were the same as for the

Gaussian filter. The unit passbands, however, were 0.363 Hz, 0.394

Hz, and 0.607 Hz for the 40th, 16tll, Rnd 28th floors, respectively.

TOKYO WORLD TRADE CENTER BUILDING

The Tokyo World Trade Center Building is located in the Hamama

tsucho, Minato-ku section of the city. It is located adjacent to the

train stations for the Japan National Railways and for the monorail

to Tokyo International Airport. In addition, the building itself

houses a terminal for medium distance buses. It consists of a low

rise block and a tall tower. The low-rise block contains exhibition

holls, transportation facili~ie8. and an energy center, as well 3S

extensive underground parking facilities.

The tower portion contains offices, shops, banks, and other

service facilities. It rises 40 stories to a height of 152.2 meters

at roof level. A small structure on the roof rAises the overall

height to 156.0 me~ers. The tower is a steel frame, almost symmetri

cal in plan view, being 51.4 m (E-W) by 48.8 m tN'S) 1n cross section.

The area of a typical floor is 2,458 ml . There 1s a restaurant at
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the top level which overlooks the city. Construction started in July,

1967. and the structure was completed in February, 1970.

Details of the building are given in Figures (3) an~ (4), Vibra

tion tes~s on this stru:ture have been reported by Muto [39].

The structural details of the other three bUildings will only

briefly De described.

INTERNATIONAL TELE-COMMUNICATIONS CENTER

This building is located in the Nishi Sh1njuku ar~a of Tokyo.

This part of the city contains a large nuwber of tall structures, and

is well known for its many hotels and re8tau~8nts. The 52 story tri

angular Shinjuku Sumdtomo Building, and the famous Keio Plaza Hotel

are located close to this building. This structure houses the equip

ment for intern~tional telephone transmission to and fro. Tokyo.

This buildil'S is a steel fra~ which rises 32 stories to a height

of 170 meters. It is almost square in plan view, with plan Jimensions

51 m by 54 m. Its structural framing consists of closely spaced col

umns ly1ng on the perimeter of the cross section, Its vibrational

characteri8ti~_ and design features have also been reported by Huto

[40J.

Records were taken from the 32nd floor for the funda.ental modes

aud the 17th floor for the other modes. Its structural details are

shown iu Figurer (5) anJ (6).

ASAHI TOKAI BUILDING

The Asahi Tokai Building is a steel frame high-rise structure
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lucated in the Ohtemachi section of Tokyo. It is a 30 story ~uilding

with a total height of 119 m. There is a concrete foundation of three

floors below ground level. It is essentially square in cross secLion.

with plan dimensions 36 m by 35 1Il. Each typical floor has a cross

sectional area of 1.249 1Il2 • Its dynamic characteristics are described

oy Ichinose [41]. Its structural details are shown in Figure (7).

Datp for this building were taken on the 22nd and 14th floors.

YOKOHAMA TENal BUILDING

The last building studied in this investigation is not located

in Tokyo, but In the port city of Yokohama. Japan. It is also a steel

frame whose cross section is perfectly ~quare, being 27 meters on

each side. Its structural framing system c.onsists of a "tube in tube"

design. It consists of 27 stories and rises to a height of 103 m.

There are also three base.ent floors below ground level. Its struc

tural details are sh~~ in Figure (8). Vibration test for this

bui~ding are described in a report by Tamano [42]. Ambient data were

recorded on the 27th. 20th. and 13th floors.
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X. THE TOKYO TOWER

GENERAL DESCRIPTION

The television tower called th~ Tokyo Tower is located in the

Shiba Park section of Tokyo. The geodetic coordinates of the tower

are 139
v 44'55" E and 35° 39'20" N. The site in which this tower

stands occupies an area of 21,003 m2• The tower was constructed

over a period oi about eighteen months from June 1957, to December

1959. It is used for broadcasting and receiving television, and due

to the constructiol' of this tower, the effective distance of the elec

tronic wa~e transmission extends to a radial distance of 110 km from

Tokyo. Besides serving as a television transmitter, the tower is

open to the public for sight-seeing during normal working hours.

As can be seen in Figure (9), the tower is an isolated free

standing steel-framed tower composed of two parts; that is, a primary

tower with a height of 253 m and another one of a height of 80 m being

added on the top uf the former. The latter tower may be divided int0

two parts, i.e., the super-gain-antenna of 60 m in height and the

super-turn-antenna of 20 m In height. Thus, the total height of the

tower is 333 m above ground level which Is at an elevation of 18 m

above the mean sea level.

It Is of some interest to compare this tower with the EHfel

Tower in Paris. The height of the Tokyo Tower is taller than that of

the latter tower which is 312 m high. The total weight of steel used

in the Eiffel Tower 1s 7.300 tons, whereas in the Tokyo Tower it is

3,600 ~ons. The number of rivets in the former tower is 2,500,000
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and that in the latter 48 1,200,000. Therefore, the Tokyo Tower was

constructed with approximately half of the amount of the materials

that were used in constructing the Eiffel Tower. A design require-

ment for this tower was that under any circumstances, the maximum

o 0deformed ~lope at the ~op of the antenna was to be less than + 2 - 3 ,

which is a necessary reqllirement for television transmission.

The present Tokyo Tower is built over a six-story building havin~

a total floor area of 21,500 m2 • as shown in Figure (10). At a height

of 120 m, there is a two-stGrv observation-platform with total area

of 1.320 m2 and above this. an operation-platform of an area of 132 m2

is situated at a height of 223 m. Travel up and down between the

building beneath the tower and the observation-platform 1s made possi-

ble by means of thre~ elevators. each capable of carrying 23 persons,

as well as by stairway. This tower was designed so as to allow the

addition of another platform at a height ~f 66 m. if it becomes ne-

ce&sary to do so in the future.

The floor of the observation-platform is formed on the V-shaped

deckplates by plastering the mortar with wire-meshes inside. The

surface of the floor is covered by an asphalt compound called Astiles.

The outer surfaces of the platform aTe formed by glass windows, but.

the walls surrounding the lift-shaft and the staircases are constructed

of mortar with laths insirle and finished with special paint or flexible

panels. The ceiling and the roof are made of ribbed iron plates. The

walls of the elevator shaft are of flexible boards and in a part of

these walls there exist glass Windows. The stairs are of iron. and

the metal netting is used surrounding the staircase.
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The fleor of the ~oom for the transmitter is constructed in the

sa~ way as in the case of the observation-platform, but, finished

with colo[ed-concrete. The walls of this room are made of flexible

panels.

Tole floOI of the room controlling the elevator shaft is made of

s~riped steel plates, and the walls are of sandwich panel construction.

The r~of is covered with ribbed iron plates.

CONN~CTION OF STRUCTURAL MEMBERS

With the exception of the antenna-tower, mo~t of the parts of the

tower were constructed by riveting the steel members together or bV

tightening them with bolts.

Up to height of 130 m from the ground, all members are connected

by rivets and painted to resist corrosion. This portion was construc

ted by the Matsuo Bridge Manufacturing Co., Ltd. In the part lying

above this and up to a height of 253 m, all members are galvanized and

the connection was made by means of bolts. All the members in this

part were tightened by polished bolts with spring washers to prevent

them from being loosened.

The supporting tower of the antenna was constructed in the work

shop by welding the portions, each 10-12 m long. After that, the

welded tower was annealed in a furnace at ~ temperature of 625
0

C for

four to six hours, depending on the thickness of the steel member,

for the purpose of relieving the internal stress~s. The field con

nection of this tower was done by using bolts.

The construction work of the bolted parts and the antenna parts
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were carried out by the Shin-Mitsubishi Heavy Industry and Ship

Building Co., Ltd.

FOlnlDATION DESIGN

According to the results of several borings down to depths of

25-30 m, it was found that the uppermost layer was formed by the K

vato loam of a thickness of 4-6 m. and beneath this layer, there lay

alternate layers of sand and sandy clay, for which the standarj pene

tration number ri 1oI8S about 10. However, the sand and gravel li'.yer

which lCiy ~t depths deeper than 20-Lb III was c\ense and hard enough to

support the foundation of this tower, ~here ~he value of N was greater

than SO.

The load test which was made on the base of the foundation re

vealed that the deflection was of an order of 3 rom when the load

intensity was 180 ton/m2 • In the design of the foundation, however,

a bearing stress of SO ton/m2 was taken as the maximum permanent load.

In the test of lateral loading on the deep foundation, a fcrce

which was equivalent to 50 tons was applied horizon~ally at the Lvp

of the foundation, with the result that the lateral shift at the top

was about 5-10 mm for this load case.

Under each footing at the corner of the square foundation. eight

piers were driven by the pa.;£:n,.~d mechod of deep-foundation of the

Kida Construction Co .• Lt~. Thege circular piers were 2 m in diameter

and 3.5 m at their "':-,Res. A bearing load of 500 tons can be resisted

by one pier, thel ore a loa~ of 4,000 tons can be taken by one foot

ing. For an actual load of ~,250 tons acting on one footing under
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ordinary load, the safety factor i~ greater than 3. During an extra

ordinarily strong wind, such as of a v~locity of 90 m/sec, under

typhoon conditions, ar uprooting force will act on the foundation.

When this force is only in one direction, it will b~ of an order of

700 tons. Under this loading this force is easily counteracted oy

the dead weight of the foundation alone. Thus, the foundation of

this tower is exceptiona:ly well designed to 9afely withstand the

extre~ely large lateral forces which can be expected under typhon~ or

earthquake conditions.

The design of this tower, as well as its dynamic response to

vibration test and under typhoon conditions, has been reported by

Naito, Nasu, Takeuchi. and Kubota {42] in a Waseda University Engin

eering Report. Details of the response characteristi~~ of this tower

will be presented later in this report.
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XI. EXPERIMENTS WITH DIGITAL FILTERING
AND PARAMETER ESTIMATION

Records containl~g the first three modes of vibration in the

North··South direction of the World Trade Center (WTC) were suhjected

to botr the Gaussian and the Trapezoidal digital filters, to determine

how the characteristics of each filter may affect the values of the

parameter estimates.

Each of these three records were first filtered by a Gaussian

Filter and then by a Trapezoidal Filter with the same center frequency

and cutoff bandwidth. These filtered records were then analyzed by

the Filtered C0rrelogram Method and the Spectral Moments Method to

estimate fr~quency and damping parameters. The results of these

experiments are shown in Table 1.

An inspection 0: Table I reveals that the digital filter used

had negligible effect on the estimates of the natu~al frequencies

obtained by the Filtered Correlogram or Spectral Moments methods.

The minor differences vary by less than one percent. The filter

chosen. however. resulted in wide differences In the estimation of

the critical damping ratio for each mode. While only a small differ-

ence was noted in values es timated by the Fil terE'd Correlogram method

of analys:ls. the Sp,!ctral Moments method resulted in values of dampitlg

~arameters by Gauss_an Filtering being only half of the values ob-

tained by Trapezoidal Filtering. Since the Trapezoidal Filtered

estimates appeared to be consistent in both methods of analysis. it

appears that the Gaussian Filter has the effect of seriously lowering

the Spectral Moment parameters from their t~ue values. It was thus
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TABLE 1
COMPARISON OF PARAMETER ESTIMATES USING

GAUSSIAN AND TRAPEZOIDAL FILTERS
FOR WTC NORTH-SOUTH RECORDS

NATURAL F~EQUENCY f (Hz)
n

GAUSSIAN FILTER

FIRST KlDE

TRAPEZOIDAL FILTER

Filtered Correlogram

Spectral Moments

SECOND MODE

Filtered Correlogram

Spe~tral Moments

THIRD MODE

Filtered Correlogram

Spectral Moments

0.278

0.279

0.859

0.855

1.S73

~.562

0.278

0.281

0.859

0.856

1.573

1.S69

CRITICAL DAMPING RATIO (~ )
n

GAUSSIAN FILTER

FIRST MODE

TRAPEZOIDAL FILTER

Filtered Corre1ogram

Spectral Moments

SECOND MODE

Filtered Correlogram

Spectral Moments

THIRD K>DE

Filtered CorrelogTam

Spectral Moments

0.0091

0.0034

0.0106

0.0042

0.0172

0.0068

0.0094

0.0070

0.0116

0.0072

0.0183

0.0152
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felt that the Trapezoidal Fil ter should be used in this i'lvestlgation

to compare parameter estimates obtained from different system identi

fication methods. While the Gaussian Filter did not affect the values

obtained by the Filtered Correlogram Method, it would probably seri

ously undereetimate damping values obtained by the Spectral Moment&

meth0d of analysis.

l'H~ fact that the Trapezoidal Filter ",as chosen for analyzing

the re~- of the structures in this report should not be interpreted

as indieating that it is necessarily a "better" filter to use. As

has alrE~ady bl'en mentioned in Seedon II of this report, a Gaussian

Filter lt3y .' it:lci more accurate resu~ts when the length of the ambient

vibration record is relatively short, or when the ~tationarity pro

perty of the record is not satisfied. It is only when long, station

ary records are available for analysis, that the Trapezoidal Filter

would be the prererred on~ to use.

The Recond experiment that was performed on the North-South

records of the ~orld Trade Center involved subjecting the records

from each of the first three modes, filtered by a Trapezoidal Filter,

to system iJentification analysis by the three methods of Filtered

Correlogram, Spectral Moments: and Two-~tage Least Square analyses.

The Filtered Correlogram and Spectral Moments methods were used to

estimate the parameterE from t~e first three modes of vibration for

the North-South direction of the World Trade Center !ullding. However,

uo1y the first two modes were analyzed by the Two-Stage Least Square

Method.

roe res .... lts of this second analytical "experiment" are shown in
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Table 2. The frequency estimates obtained form the three analytical

procedures appear to be almost identical for the first two modes.

However, significant differences occur in the estimates for the criti

cal damping ratio. While the difference between the Filtered Corre

logram and Spectral Moments estimates is only O.~ percent of critical,

the difference between the Filtered Correlogam and the Two-Stage

Least square estimate is 1.3 pet'cent of critical. It ap~ear8 that the

Two-Stage Least Square estimate is more than double the average esti

mate obtained by the other two methods. Since the other two methods

~ave esti~tes that are consistent for the first mode, the Two-Stage

Least Square method appears to overestimate the critical damping ratio

for the first mode. The second mode damping ratio estimated by this

method appears to be consistent with the other values.

S_nCe the damping estimate obtained for the first mode by this

method appears to be in error, the other records for the other struc

tures were not subjected to the Two-Stage Leest Square method of

parameter estimation.

The power s?ectrum for a single degree of freedom system is

shown in Figure 10, 3nd the unfiltEred and filtered two-oode covariance

functions for the North-South direction of the World Trad~ Center

Building are shown in Figures 11 and 12. These are the covariance

functions subjected to Two-Stage Least Square analysis to obtain the

frequency and damping para-eters shown in Table 2. The results of

this investigation have been reported by Gersch, Taoks, and Liu [13}.
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TABLE 2
COMPARISON C'? PARAMETER ESTIMATES OBTAINED
FROM 'l'HREE SYSTEM IDENTIFICATION PROCEDURES

FOR WTC NORTH-SOUTH RECORDS

NATURAL FREQUENCY f (Hz)
n

K>DE

1

2

3

FILTERED
CORRELOGRAM

0.278

0.859

1.573

SPECtRAL
l'I>1'IENTS

0.281

0.856

1.569

TWO-STAGE
LEAST SQUARE

0.279

0.855

CRITICAL DAMPING RATIO (~ )
n

K>DE

1

2

3

FILTERED
CORRELOGRAH

0.009

0.012

0.018

SPECTRAL
~NTS

0.007

0.007

0.015

TWO-STAGE
LEAST SQUARE

0.021

0.010
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XII. COMPARISON OF
SYSTEM IDENTIFICATION METHODS

In this section, parameter estimates for the iour buildings

obtained from the Filtered Correlogram, Spectral Moments, and Spectral

Density methods of analysis will be compared. The estimates from the

Spectral Density Method were calculated by Professor liiroyoshi Koba-

yashi, with the aid of &raJu~te student Nao ~ugiyama (31]. It should

be noted that each estimate was obtained from the same ambient vibra-

tion record, subjected to a Trapezoidal Filter. Thus any differences

in these v~lues would be solely due to the different method used to

analyze the data.

WORLD TRADE CENTER (WTC)

During its design phase, the theoretical values calculated for

~he first three natural frequencies of translation were 0.31, 0.99,

and 1.92 Hz for the North-South direction, and 0.31. 1.04, and 2.08

Hz for the East-West direction, respectively (39). No theoretical

values were calculated for torsional natural frequencies, or for

damping estimate~.

The estimates for natural frequencies and critical damping ratios

evaluated in this investigation for this building are shown on Table 3.

Estimates are shown for three North-South, three East-West, and two

Torsional modes of vibration.

With T~~pect to natural frequency estimates, the first and aec-

ond translational mode estimates are very close, but the Spectral

Density estimates for the third translatlon&l modes appear to be



'fABLE 3
PARAMETER ESTIMATES OF WTC BUILDING

NATURAL FREQUE.~CY f (Hz)
n

MODE FILTERED SPECTRAL SPECTRAL FORCED
CORKELOGRAM MOMENTS DENSITY VlRRATION

N-S FIRST 0.278 0.281 0.286 0.318

N-S SECOND 0.859 0.856 0.869 C.9f;Q

N-S THIRD 1.573 1. 569 L6b 1.82

E-W FlRST 0.281 0.285 0.23£. 0.315

E-W SECOND 0.861 0.872 0.877 0.990

E-W THIRD 1.590 1.600 1.64 1.85

TORS ION FIRST 0.345 0.355

TORSION SECOND 0.976 0.977

CRITICAL DAMPING RATIO (I; )
n

MODE FILTERED SPECTRAL SPECTRAL FORCED
CORRELOGRAM MOMENTS DENSITY VIBRATION

N-S FIRST 0.00~4 0.0070 0.008 0.007

N-S SECOND 0.01L6 0.0072 0.008 0.013

N-S THIRD 0.0183 0.0152 0.016 0.014

E-W flRST 0.0100 0.0096 0.014 0.009

E-W SECOND 0.0096 0.0104 0.014 0.013

E-W THIRD 0.0108 0.0094 0.025 0.015

'CORSION FlRST 0.0128 0.0119 0.008

TOllSION SE<..oND 0.0138 0.0116
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about 31 higher tban the estimates obtained from the first two

methods. This may indicate a difficulty in c.refully determining

the shape of the Spectral Density function in the frequency domain

for the higher modes of vibration.

With respect to damping estloates. the values of the Spectral

Moments and Spectral Density estimates are consletent for the North

South direction. but the Filtered Correlogram estimates are consis

tently larger than the others. For the East-W£st dir~ction. the

Filtered Correloga. and Spectral Moaents valuea are consistent, with

the Spectral Density estimates being much higher in value. The tor

sional estimaces for the two methods were consistent. No torsional

estimates were calculated by the Spect~al Density method of an8lysl~.

The correlograms for this building are shown f.n Figures 13, 14. and

15.

INTERNATIONAL TELECOMMUNICATIONS CENTER (ITC)

The natural frequency values us~d in deolgning this building

were 0.233. 0.654. and 1.22 Hz for the North-South and 0.230. O.&~5.

and 1.20 Hz in the East-West direction for the first three modes of

vibratl~n [40).

The values obtained in this investigation are shown in Table 4

for the first two modes of translation and torsion. With respect to

frequency estlk~tes. all three methods gave rembrkably similar values.

with only the second East-West mode estimate from the Spectral Density

method being about 1% higher than the others.

The damping ratio estimates are also very clo8~, with the Spec

tral Density estimates for the first ~&8t-WeDt and first TorsiGna1
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TABLE 4
PARAMETER ESTIMATES OF ITe BUILDINC

NATURAL FREQUENCY f (Hz)
n

MODE FILTERED SPECTRAL SPECTRAL
CORRELOGRAM !«)MENTS DENSITY

N-S }'IRST 0.324 0.324 0.323

N-S SECOND 0.955 0.957 0.952

E-W FIRST 0.311 0.318 0.312

E-W SECOND 0.925 0.928 0.935

TORSiON FlRST 0.412 0,415 0,413

TORSION SECOND 1.04 1.05 1.06

CRITIC~ DAMPING RATIO (~n)

MODE Fl!,TERED SPECTRAL SPECTRAL
CORRELOGRAM !l)MENTS DENSITY

N-S FIRST 0.0050 0.0048 0.004

N-S SECOND 0.0010 0,0057 0.007

E-W FIRST 0.0112 0.0115 0.1)c)9

E-W SECOND 0.0060 0.0060 0.006

TORSION FIRST 0.0076 0.0091 0.005

TORSION SECOND 0.0144 0.0118 0,013
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modes being definitely brn31ler than the estimates from the other

methods. For this building, the parameter estimate~ from all three

methods of system identification gave very similar results.

The correlograms for this building are shown in Figures 16, 17,

and 18.

ASAHI TOKAI BUILDING (ATB)

The theoretical natural frequency values used for designing the

Asahi Tokai Building were 0.385 and 1.11 Hz for the North-South direc

tioa and 0.390 and l.12 Hz for the East-West ciirection, respectively.

The corresponding theoretical estimates for the critical damping

ratios were 0.020 and 0.057 for the North-South modes and 0.020 and

0.058 for the East-West modes.

For the system identification methods, only four modes of vibra

tion were analyzed, due to a relatively low signal to noise ratio,

whose effects will be discussed later. These were the first two

North-South modes, and the fundamental modes in the torsional ann

East-West directions. These results are shown in Table 5.

For the natural frequency estimates. the Spectral Moments esti

mates fut· the East-West and Torsional modes appear definitely to be

in error, being about 7% too high. The remainder of the frequency

c~t1mates are valid.

With respect to damping. the Spectrsl Density estimate for the

fundamental North-South mode and the Filtere..a Correloglam estimates

for the East-West and Torsional lOOces ap':,i'ar to overestimate the true

value. Generally speaking, the sitnal to noise ratio for the records

f~r this building wer£ unfavorably low. generally yielding inaccurate
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TABLE 5
PARAMETER ESTIMATES OF ATB BUILDING

NATURAL FREQUENCY f (Hz)
n

K>DE

N-S FIRST

N-S SECOND

E-W FIRST

TORSION FIRST

FILTERED
CORRELOGRAM

0.382

1.11

0.382

0.382

SPECTRAL
MOMENTS

0.385

1.14

0.404

0.405

SPECTRAL
DENSITY

0.374

1.15

0.374

FORCED
VIBRATION

0.434

1.27

0.436

0.562

CRITICAL DAMPING RATIO (t
n

)

K>DE

N-S FIRST

N-S SECOND

E-W FIRST

E-W SECOND

FILTERED
CORRELOGRAM

0.0052

0.0209

0.0455

0.0473

SPECTRAL
MOMENTS

0.0072

0.0165

0.0287

0.0271

SPECTRAL
DENSITY

0.026

0.013

0.1l24

FORCED
VIBRATION

0.009

0.012

0.009

0.0073
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parameter estimates. The correlograms for this building are shown in

Figures 19 and 20.

YOKOHAMA TENRI BUILDING (YTB)

The theoretical natural frequency estimates used in designing

the Yokohama Tenri Building were 0.375 and 0.943 Hz for the North

Snuth modes and 0.374 and 1.10 Hz for the East-West modes of vibra

tion, respectively. The corresponding estimates obt~ined by system

identification procedures are shown in Table 6.

The natura] frequency estimates ~re again all very close, with

only the second torsional estimate from the Filtered Correlogram

me~hod being significantly less than the other values. by 4%. The

fundament21 North-South Filtered Correlogram method is also about 1%

too high. The rest of the results appedr to be extremely consistent

among all thr~e methods of analysis.

'he damping ratio estimates show much wider variation among the

three methods of analyses. Four of the six Spectral Density estimates

appear to be much lower than those values calculated by the othel' two

analytical procedures. A fifth Spectral Density estimate appears to

be considerably higher than i~ should be. For this building. the

Filtered Correlogram and Spectral Moment·) est~mates are in agreement,

but the Spectral ~nsity estimates appear to be considerably in error,

in estimating damping parameters.

The correlograms for this structure are sllown in Figures 2J, 22.

and 23.
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TABLE 6
PARAMETER ESTIMATES FOR YTB BUILDING

NATURAL FREQUENCY f (Hz)
n

HODE F'ILTERED SPECTRAL SPECTRAL
CORRELOGRAM MOKNrS DENSITY

N-S FIRST 0.464 0.459 0.457

N-S SECOND 1. 32 1.33 1. 32

E-W FIRST 0.454 0.468 0.459

E-W SECOND 1. 32 1. 34 1.33

TORSION FIRST 0.601 0.603 0.602

TORSION SECOND 1. 54 1.60 1.61

CRITICAL DAMPING RATIO (r; )
n

MODE FILTERED SPECTRAL SPECTRAL
CORRELOGRAM MOMENTS DENSITY

N-S FIRST 0.007"< 0.0075 0.005

N-S SECOND 0.0073 0.0059 0.005

E-W FIRST 0.0129 0.0103 0.006

E-W SECOND 0.0091 0.0014 0.013

TORSION FIRST 0.0125 0.0090 0.003

TORSION SECOND 0.0175 0.0173 0.014
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XIII. COMPARISON OF AMBIENT AND
FORCED VIBRATION P~~TER ESTIMATES

Three of the structures investigated were subjected to forced

vibration shaker tests. The structures tested under this condition

were the World Trade Center, the Asahi Tokai Building, and the Tokyo

Tower. Thus for these structures it is possible to compare frequency

and damping values obtained under low amplitude ambient vibration with

estimates evaluated under large amplitude f~rced vibration ~onditions.

In addition, frequency estimates for translational modes for the Tokyo

Tower observed under typhoon and earthquake loading are also available

for comparison purposes.

WORLD TRADE CENTER

Forced vibration tests for the WTC building were conducted by

the Kajima Construction Company under the direction of Dr. Kiyoshi

Muto. These tests were conducted after the steel frame and curtain

walls of the structure, as veIl as the floor slabs, had been construc-

ted. However, the structure WaS still not completely finished, and

no live load (furniture, equipment, and people) was presel~t on the

structure. The results of these tests are also shown on Table 3.

The menn value of the natural frequencies evaluated by system idcnti

fication methods are 0.282, 0.8bl, and 1.60 Hz for the North-South

direction, ano 0.284, 0.870, and 1.61 Hz for the East-West modes.

rn~ ~urresponding forced vibration estimates are 0.318, 0.980, and

1.82 Hz for the North-South direction, and 0.315, 0.990, and ~.85 Hz

for the East-West direction, respectively. The forced vibration
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values are larger by an average value of 14% over the ambient vibra

tion values. This difference can probably be attributed to the

abse~ce of live loading in the forced vibration tests. The ambient

measurements were takep w~en the bUilding was fully occupied, so the

full live load was present, resulting in shorter natural frequencies.

The mean damping ratios are 0.0081, 0.0089, 0.0165 and 0.0112,

0.0113, 0.0151, for the two translational directions. The corres

ponding forced vibrati~n estimates are 0.007, a 013, 0.014 and 0.005,

0.013, 0.015, respectively. No clear pattern emerges from these

values. The first and third North-South estimates, and the first

Ea£t-West estimate evaluated under forced vibration conditions under

estimate the c0rresponding ambient vibration values by about 16%.

However, the second North-Sou~h values is 46% greater than its ambi

ent counterpart, and the second East-West value is 151. greater. The

third East-West mode estimates evaluated un~er both levels of vibra

tion are identical. The only definite pattern that emerges is that

the forced ~ibration estimates for damping for the first modes are

lower than their ambient rounterparts, but the second mode values are

higher.

ASAHI TOKAI BUILDING

Forced vibration tests for this building were ~onducted by the

Shimizu Construction Company. These tests were also ~onducted after

the building structure had been complet~ly con8trucled~ but before

live loads were placed on the structure. Because of low signal to

noise ratios for this building, as indicated in Table 9, only the

first North-South mode parameter estimates can be expected to be
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reliable. The natural frequency estimates obtained by system identi

[ication procedures wer~ approximately 14 percent less than the cor

responding forced vibration estimates.

The damping estimate for ~he fundamental North-South IIIDde evalu

ated by system identification was considerably lower than l~e forced

vibration value. The other damping estimates cannot be considered

reliable due to the low signal to noisc ratio for the other three

modes of vibration.

TOKYO TOWER

Forcer vibration tests on the Tokyo Tower were conducted in 1959.

In addition to these tests, natural frequency measurements for thfs

tower were recorded during the lse-Wan Typhoon of September 26 and

27, 1959, and during the earthquake of January 24, 1959. ThuR during

the year 1959 the natural frequencies of this tower were measured

under three levels of dynamic excitation. Only two system identifi

cation methods, the Filtered Correlogram and the Sp~ctral Moment

procedures, were used to analyze the ambient data from this tower.

The natural frequencies are shown in Table 7. The forced vibra

tion estimates for the North-South modes are 4% and 8% larger than

the system identification values [or the first two modes, respectively,

The third mode estimate, however, is only 2% higher than the ambient

vibration value. The values recorded under typhoon c0nditions are

consistently about 2% lower than th~ forced vibration estimates. The

second torsional forced vibration natural frequency is 14% higher

than its ambient counterpart.

During the 19~9 earthquake, the third North-South mode was
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TABLE 7
PARAMETER ESTIMATES OF ~OKYO TOWER

NATURAL FREQUENCY f (Hz)
I'l

MODE FILTERED SPECTRAL FORCED ISE-WAN
COlUtELOGRAH MOMENTS VIBRATION TYPHOON

N-S FIRST 0.360 0.357 0.377 0.37

N-S SECOND 0.593 0.595 0.645 0.63

M-S THIRD 1.248 1.249 1.28 1. 25

TORSION FIRST 1.438 1.435

TORS ION SECOND 2.043 2.041 2.33

CRITICAL DAMPING RATIO (l,;n)

K>DE FILTERED SPECTRAL
CORRELOCRAH MOMENTS

N-S FIRST 0.0078 0.0109

N-S SECOND 0.0082 0.0062

N-S THIRD 0.0010 0.0011

TORSION FIRST 0.0025 0.0021

TORSION SECOND 0.0020 0.0019
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strongly excited at 1.2S Hz. This value agrees exactly with the

estimates for this mode evaluated under ambient and under typhoon

conditions. The other modes were not sufficiently excited by the

earthquake to be easily identifiable.

No damping estimates were evaluated under forced or typhoon

excitat~.on conditions. Howe"~r. the damping estimates evaluated by

the Filtered Correlogram and the Spectral Moments methods appear to

be in very good agreement, as indicated in Table 7. It is significant

that the third translational mode, and the two torsional modes ana

lyzed, exhibited extremely small values of damping, being less than

0.3 percent of critical.

The first and third North-South modes of vibration are true

bending modes, while the second mode is a shear mode. These me,de

shapes are shown in Figure 2/,. The correlogtams for the Tokyo Tow·~r

are shown in Figures 2S and 26.



TABLl 8
SIGNAL TO NOISE RATIO (SNR)

OF ~'TC AND ITC BUILDINGS

WTC BUILDING

N-S FIRST

N-S SECOND

N-S THIRD

E-W FIRST

E-W SECOND

E-W THIRD

TORSION FIRST

TORSION SECOND

lTe BUILDING

N-S FIRST

N-S SECOND

E-W FIRST

E-W SECOND

TORSION FIRST

TORSION SECOND

SIGNAL - NOISE RATIO

32.8

17.3

6.9

19.9

16.4

17.3

22.2

14.5

SIGNAL - NOISE RATIO

47.2

22.3

23.0

22.8

26.3

9.9
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TABLE 9
SIGNAL TO NOISE kATIO (SNR)

OF ATB, YTB. AND TOKYO TOWEll

AU BUILDING

N-S FIRST

N-S 5ECOND

E-W FIRST

TORS [ON FIRST

YTB BUILDING

N-S FIRST

N-S SECOND

E-W FIRST

E-W SECOND

TORS ION FIRST

TORSION SECOND

TOKYO TOWER

N-S FlRST

N-S SECOND

N-S TIlIRD

TORSION FIRST

TORSION SECOND

SIGNAL - NOISE RATIO

26.7

7.8

7.8

7.7

3IGNAL - NOISE RATIO

24.5

14.5

19.1

10.5

13.8

6.5

SIGNAL - NOISE RATIC

29.1

13.7

78.4

41.3

29.1
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XIV. CONCLUSIONS

Prior to analyzing the individual effectiveness of the separate

system identification methods, it is necessary to discuss the i~or

tance of four factors which greatly affect the values oi parameter

estimates obtained from an ambient vibration record. These factors

are a) the record length, b) the signal-noise rat;o in the record,

c) the filter shape, and d) tbe filter cutoff bandwidth.

Generally speaking. the record length should be as long as possi

ble. assuming that the property of stationarity is not seriously vio

lated. If long period non-stationary waves are present in the record.

these ~y be filtered out by a high pass filter. However, the resul

ting record should be appropriately tapered at both ends to eliminate

distortions in the record caused by filter rise times. as discussed

earlier in Section II. In this investigation, records of at least

three minutes were used for most of the structures, with four minute

records being available for the World Trade Center.

The signal-noise ratio is extremely important in determining the

accuracy of frequency and damping parameter estimates for any struc

ture. For this reason. the individual mode sig~al-noise ratios for

each structure are listed in Table 8 and 9. These ratios were deter

mined by dividing the peak amplitude at a natural frequency with the

average amplitude of the noise in a region of 0.05 Hz on both sides

of the natural frequency. It was found in this investigation, that

if this ratio exceeded 15. the damping estimate appeared to be t-elia

ble. For values of the ratio less than 10, the damping estimates were

generally unreliable. Frequency estimates evaluat~d by the Spectral
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Moments method tended also to be inaccurate when this ratio was below

10. For ratios bet,..een .0 and 15, the frequency estlmatp.s were con

sistent, but s,:me of the damping estimates were inconristent. Thus

it can probably be said that a value of the signal-noisp ratio betw£en

10 and 15 re!)resented a "gray area" where no general statement can be

made to cover all cases of pa_"ameteI estimation.

!~e filter shape does have a ~1gn~ficant effect on the resulting

damping parameter eotimate. It has been shown earlier, in Section IX,

that use of a Gaussian Filter applied to a record prior to analysis

by the Spectral Moments method tended to ur.rlerestimate the true values

of the critical damping ratio estimates. The Gaussian Filter most

probably would have had a similar effect on parameter estimates ob

tained by the Spectral Density method. It was for this reason that

only the Trape%oiaal Filter was used in ob~alning parameter estimates

for the structures other than the World Trade Center.

The primary focus of this research project was to comparp. the

~elative accuracy of four different sy~tem identification methods in

estimating frequency and damping parameters irom identical ambient

vibration reco:ds of tall structures. Since all records had been

subjec~ed to the same Trapezoidal Filter, differences in numerical

estimates could be only due to the different analytical prvc~dures

applied to the data.

The Filtered CorrelograTlI method proved to be the least sensitive

one to changes in filter shape and filter bandwidth. It yielded reli

able estimates for long records with signal-nois_ ratios greater than

15. It was extremely eaay to program this method on a digital compu

ter, using Fast Fourier Transform algorithm. With the exception of
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the Asal'.i ·;okai Building, this method produces vibrational parameter

~stimates that appears to be reasonably accurate.

The Spectral Moments method was extremely sensitive to the filter

b[.ndwidth chosen. Use of a Gaussian Filter tended to cause damping

~stimat.es to be underestimated by 8S much as 50 percent. Bandwidths

greater than 0.1 Hz also tended to produce inaccurate damping values.

The accuracy of frequency estimates obtained by this method appears

to also depend on the signal-n0ise ratio of the record. For the East

~est and Torsional fundamental modes of the Asahi Tokai Building

(Table 5), this method yielded fr~~ue,cy estimates of the order o~

7% ni~h~f than the other methods produced. Trese apparent errors can

only be attributed to the low signal-noise ratios of these ambient

r~cords. For the rest of the structure~, parameter estimates evalu

ated by this method Qppe~red to be consistent with those evaluated by

~he Filtered Correlogram method. This method was also easy to program

on a digital computer.

Si~ce the Spectral Density estimates were evaluated by Professor

H. Kobayashi, the author is not able to comment on the relative ease

or difficulty encountered in programming this method. Its frequency

estimates for the WTC building appear to be between one to t~o per

cent higher than those from the 0ther methods. No significant dif

ferences are notic.eable for frequency estimates from the other three

bl1Udings, however. With r~ <:?ect to damping, ~his method generally

gave lower estimates for the buildings than the oth~r two methods

gave, by an average of 0.2 p",rcent of ('rit~cal. The reason this

methJd yielded consisttmtly lower damping '!stimat<~s cannot be satis

factorily c~lained at this time.
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The Two Stage Least Square method, whiCh was only applied to

data from the WiC building, produced frequency estimates that were

consistent with the other values. With respect to damping, however,

it significantly overestimated the fundamental mode critical damping

ratio by ~ factor of about two. The second mode estimRte appeared to

be satisfactory. This method reouires greater effort in programming

and in anaiyzin~ th~ data that the Fillerpd Correlogram or Spectral

Moments methods require.

It is also interesting to notice how the Filtered Corre:ogra'll

function is affected by changes in filter shape, center frequency,

and cutoff banrlwiJth.

The rounded, "reverse curvature" shape of the envelope of the

Filtered Correlcgram for the third East-West mode of the WiC building

is shown in Figure 14. This record was subjected to a Trapezoidal

'ilter, but eage effects were not complet~ly eliminated in the trun

cated filtered record. When d G~ussian Filter was applied to this

record, with the same cULoff bandwidth, thp resulting curve is shown

in Figure 27. In this new Figure, the enve1.ope of the Filtered

Correlogram exhibits the normal exponential decay which was not

present in Figure ] ':. This is because all edge effects have now

been removed in the trunca~ed record, bt":.lUse of the shorter filter

rise timP. of the Gaussian Filter.

The same eff~ct 0\ the "rounded" appearance of the envelope of

the Filtered Correlogram is illustrated in Fi~ure 28 for the second

North-South mode for the He bUiIr.ing. Here again the Trapezoidal

Filter rise time was tco l'JOg to be effectivp.ly eliminated in the

truncated record.
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Figures 29 an,\ 30 also concern the third East-West mode of the

wrc bUilding In Fi gure 29. the bandwidth iR so wide that two modes

are included in the record, resulting in a "wavy" appearance of the

correlogram. In Figure 30. while only one mode is presen(, the

bandwidth is still too wide. This results in the envelope appearing

to ~e composed of a series of straight lines. rather than exhibiting

negative exponential decay.

Figure 31 also illustrates two curves evaluated from data from

the No~th-South direction of the Tokyo Tower. The top Cllrve shows

the effect on the Filtered Ccrrelugram due to an incorrect filter

cer.ter frequency. The lower curve illustrates the random fluctuations

resulting from the effect of two ~des in the same record, due t~

insufficient filtrring.

With the exceptions of the ATB building, whose records exhibited

unfavorable signal-noise ratios. measured values of the other three

steel buildings appear to range from about 0.5% to about 1.5% under

ambient a"d forced vibration conditions. The higher level of excita

tion due to torced vibration shaker test of the WIC building did not

significantly affect t.he measured damping estimates.

It is also of interest to compare these measured damping values

with estimates reported by other investigators in the literature for

stee' ~uildings of similar construction and height.

Davenport, Hogen, and Vickery [8] measured the translational

modes ~f a 100 story steel exterior truss tube design building under

ambient conditions. The resulting frequencies for the fundamental

modes were 0.147 Hz for the No~th-South dlrection and 0.211 Hz for

the East-West direction. The corresponding critical damping ratios
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were 0.004 and 0.006, respectively, for these modeg. These esti~tes

were evaluated from records whose duration were of the order of one

hour. which are extremely lon~ for ambient vibratio~ stud<P5. These

damping estimates correspond to the lower eni of the range of values

tabulated in this report.

Hansen, Reed. and Vanmarcke (45] have reported parameter esti

mates from two 40 story steel structures, measured undet severe wind

conditions with velocities between 40 to 60 miles per hour. Building

"A" is a moment resistant frame, while Building "B" is of a framed

tube design. The North-South. East-West. and Torsional fundamental

frequencies for Building "A" were measured to be 0.170, Q.190, and

0.187 Hz. while the corresponding critical damping ratios were G.OIS,

0.009, and 0.008, respectively. For BUilding "B". the corresponding

fundamental natural frequencies were 0.24, 0.24, and 0.37 Hz. The

measured critical damping ratios were 0.020 for the North-South mode,

and 0.015 for the East-West mode. No damping estimate ~as reported

for the Torsicnal mode for this building. The damping estimates

reported for Building "A" are similar to those in this report, ~hile

those of BuildLlg liB" appea~ higher than the values reported herein.

Ibanez (19) has reported the measured parameter estimates for

the twenty-two story steel frame San Diego Gas and Electri' Building.

The structure was ey.cited by forced vibration shakers, and the mea

sured fundamental fre'luE:ncies were 0.382 and 0.393 H7- for the trans

lational modes and 0.421 Hz for the Torsional mode. The corresponding

critical damping ratio estimates were 0.020. 0.016. and 0.025. These

damping estimates are also higher than those tabulatec in t 1 iR report.

Hart and Vasudevan [46] have repor~ed parameter estimates evalu-·
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ated from records taken during the 1971 San Fernando Earth1uake. for

three stee~ structures exceeding twenty stories in height in the Los

Angel~s area. Estiaates were only aade for translational modes. For

the 34 story 800 West 1st Street Building, the translational fundamen

tal frequencies were 0.345 and 0.296 Hz, ~nd the damping ratiou were

0.032 and 0.049. For the 1900 Avenue of Stars Building, the iundamen

tal frequencies were 0.235 and 0.234 Hz. with the dampin, values of

0.065 and 0.052. The corresponding estimates for the 27 story West

6th Street Building are 0.185 and 0.165 Hz, and 0.074 and 0.030.

If it could be assumed that the normal low amplitude damping

estimates for these structures would have fallen in the 0.010 tc 0.025

range, then it would appear that the critical damping ratios exhibited

by these structures under earthquake conditions may be two to four

times larger than wou1d be measul'ed under a~ient conditions.

It is recommended that additional structl.res, constructed of

both steel and concrete, be tested under conditions of ambient vibra

tion, forced vibration excitation, and under high wind or earthquake

~o.ding. Comparisons of the changes in frequency and damping para

meters under these different loading conditions will be of great

benefit to future designers of high-rise structures.
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