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I. INTRODUCTION

Investigations into the full scale dynamic testing of tall strue-
tures have been performed on many new buildings, esperially when these
are located in seismically active zones. References [1], [Z], and [3]
are examples of tall buildings that have been tesred in this manner.
While full scale testing of a new structure using rotating 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 ~re generaily cited as reasons why such
tests are generally not performed on a new structure.

Ambient vibration measurements, however, can be performed on any
tuell structure inexpensively without causing any damage. Ffuch
measurements may be performed quickly and easily by a small team of
iavestigators with 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 tc analyze th'‘s data to identify
structural respomse parameters, i.e., which 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-

ctation, due to vibration shakers, or under aevere wind or



earthquake condicions?

This fnvestigation 1s concerned with attempting to seek some
answers to these two very fundamental questions, with emphasis on
the former. BRefore the general theory underlying some of these
methods is presented, the relatively recent history of ambient vibra-
tion analysis will be briefly discussed.

The application of statistical techniques to estimate vibration
parameters froam random response data appears to have first developed
in Jspan in the mid 1950's. In 1954, Takahashi and Husimi [&] pub-
lished a paper whereby the frequency and damping parameters of a one
degree of freedom system excited by a vhite noise were obrained by
correlation and spectral demsity functions. The correlation function
was approximately an exponentially decaying cosine function, and the
spectral density furction had a correspcnding sharp peak at the
natural frequency. The damping parameter was estimated %y the loga-
rithmic decrement or the correlation function.

In 1957, Hatanc and Takahashi [5] used this merhod to estimate
dynamic parameters of dams. The application to towers, buildings,
and other structures excited by wind and sicrotremors was obvious.
However, the modeling of a structure as a one degree of rreedom system
was a severe limitation, since most structures responc in several
degrees of freedom under low level excitation. It was obvious that
some form of filtering of the original data would be necessary before
the correlation technique could be successfully applied to vibration
of actual structures. The work of Cherry and Brady (6] demonstrated

that {f more than one mode of vibration were present in the record,



the envelope of the correiation function would exhibit irregular
behavior while generally decaying exponentially, making eatimation
of damping difficult,.

Ward and Crawford [7] used analog filtering techniques to isolate
individual response modes of buildings excited by wind. While this
gave satisfactory results, information on higher modes is frequently
lost by analog filtering of respunse records. Thus the tendency has
been for investigators to apply digital band-pass filters io random
ambient data rather than analog fiiters.

Several methods of analyzing digftally filtered ambient vibration
data have been proposed in the literature. All of these assume that
the input function is stationary for a short duration and can be
represented by fairly wide band-limited white noise. The Cherry-Brady
autocorrelation approach [6] has been used by Daveaport, Hogan, and
Vickery [8] to analvze records from a tall building, where a trape-
zvidal 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 structures.

Vanmarcke [10) has proposed a method of estimating paramzters
using preperties of spectral moments. Gersch, Nielsen, and Akaike
{11) have developed a maximum likelihond technique for cetermining
these values. A comparison of these techniques has been performed on
an actual ambient vibration record of nine story steel building by
Foutch [12). Gersch has alsc proposed a two-stage least square method

of analysis [13), which is simpler to apply than the maximm 1likelihood



technique.

With respect to the difference in levels of excitation, Tanaka
[14] has compared the period and damping values determined from earth-
quake records and from wind excitation for a group of buildings in
Japer,. In this country, Trifunac [15] und Udwadia [16] have presented
comparisons of ambient and forced vibration test of structures.

Hudson [17] and Schiff [18] have surveyed the state of the art in
random vibration measurements due to wind and microtremor excitation.
Ibanez has also presented an extensive review of this subject [19].

While substantial effort has been expended on the dual problems
of analyzing random vibration data and ¢f the comparison of ambient
rasponse estimates with values obtained from shaker cr earthquake
excitation, additional work needs to be done in this area, especially
in regards to the response of very 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 compute parameter values by different
methods of time series analysis.

In the summer of 1974, the author served as a Visiting Research
Professor at Tokyo Institute of Technology (Tokyo Kogyo Daigaku) at
the invitation of the Japan Society for the Promotion of Science.
During tais period, the avthor was able to reccrd the ambient vibration
responses under natural wind conditions of seven tall siructures in
Tokyo znd Yokohama with the help of Professor Hiroyoshi Kobayashi of
Tokyo Institute of Technology. These recorde were suitably digitized

and processed in a mamer such that they were ready for time series



analysis on a digital 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 obrained for these same
structures during rotating wvibration shaker tests.

After incorporating the suggestions of reviewers, the emphasis
of the investigation was shifted to a study of the various system
identitication techniques available to analyze data. The comparison
of values obtained by different methods from the same data became
the primary focus of this research proposal.

Since the actual funding was reduced by about one-third from
the original reguest, the scope of this project was reduced to an
investigation of ouly five of the original seven structures. It was
also decided that the study of digital filtering would be limited to
two fundamental and easily constructed windows, so that errors in
parameter estimates due to filtering of the experimental data would
be minimal.

The four system idemtiflication methods for analyzing ambient
data to Le investigated are:

1. filtered correlation method

2. spectral mcments method

3. spectral density method

4, two-stage least gquare 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



will give an Indication of how accurately each procaedure 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 cbtained by the author during the course of his

investigation, funded by this research grant,



I1. DIGITAL FILTERING OF THE AMBIENT RESPONSE RECORD

The discrete time series obtained from digitizing a response
reccrd generally represented the structural response in more than a
single mode of vibration. A direct computation of the autocorrelogram
of the response series {yn} would therefore result in a finction
exhibiting highly irregular behavior, due to the presence of energy
concentrations at more than one natural freguency. It was therefore
necessary to filter rhe response records in order to investigate
structural parameters associated with individual modes.

A filtered time serles {un}, where

u = u{nh) n=0,1,2,~--, N-1 1)
can be obtained from the original series {yn} by passing it through

a nonrecucsive filter defined by the folllowing operation:

+y ) (2)

b O ¥ Yok

where hk = 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) = h0 + 27 hk cos (ZWkat) . {3)
k=1
The filter weights {hk} are obtained as the inverse Fourier

ts- sform of Equation (3},

hk - I H{f) cos (2nfkht) df (4)

o0

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

in the time domain as specified by Equation (2).



Not all of the terms of the resulting output series (un} should
be used for further analysis, however, It is desirable to construct
a new series {u;} by essentially truncating m terms from both ends
of [un},

u; =uo. £ =1,2,},~~~, N~ 2m . (5)

The new series {ui} now has only N - 2m number of terms, and is
relativery free from the effect of transient conditions, if the value
of hk 15 negligible for k > m.

The autocorrelogram of the truncated filtered seriec {u;} can
then be used to estimate the damping associated wich the mode in
question, as will be discussed later.

Digital filtering can also be performed in the frequency domain
with the use of a Fast Fourier Transform (FFT) algorithm. If {Y{(f)}
and { H(f}} are the complex Fourier Coefficients of the discrete
Fourier Transform of {yn} and fhk}, respectively, then filtering in
the frequency domain can be performed as follows:

1. Compute {Y(f)} by applying FFT to {yu},

2. Specify the filter frequency response {K(f)},

3. Multiply {¥(f)} and {H(f)} to cbtain {U(f)],

4. Compute {un} by applying inverse FFT to { U{f}}.

Filtering by multiplication in the frequency domain using the
FFT is generally more economical than filtering by convolution in the
time domain. Stockham [21] and Brigham [22] both summarize the advan-
tages of this indirect method.

Two filters have been utilized in this investigation: the

Gaussian Filter and the Trapezoidal Filter. The Gaussian Filter ic



defined by
£-f c
H(f) = exp |~a f < }f-fcl <3
c (6)
H(E) = 0 [e-£ | » % .

The frequency characteristics for this filter are shown on Figure
(la), where B is the half-power bendwidth and C the cutoff bandwidth.
The trapezoidal filter's frequency response is indicated on
Figure (lb), where H(f) is unity in the passband and decreases line-
arly on both sides of the passband, It is also assumed zero for

If-fcl > % .

Papoulis [23] has an extensive discussion of the properties of
Gaussian Filters. An example of its application in geophysics is
given by Dzienwonski, Bloch, and Landisman [24]. This filter was
chosen because of its nearly ideal optimum properties {23), and the
ease with which it could be programmed on a digictal computer.

In Equation (6), fc denotes the centexr frequency of the Gaussia
filter The half-power bandwidth is dcnoted by B, and the cutoff
banuwidth by ¢, as shown in Figure (la). By centering the filter at
a spectral peak, and adjusting the cutoff bandwidth C to isolate only
a single peak, the filtered spectrum of individv.l modes could be
srtudied.

The square of the absolute value of the filter gain is given by

£-f |2
|B(£) |2 = exp |-2 [ f c] ] :f‘fcl : g
¢ N
jn(e|? = o, HIE fc-%- le-£ | >%
For a = 3.0, B = 0.34C

and the frequency response of the filter is truncated at a level of
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-26 decibels. (See Jenkins [20]).

The value of B, and consequently of C, was determinec by trial
and error for each computer run. Starting wirth a relatively narrow
bandwidth, the value of B wes subsequently widen>d with each computer
run until rhe shape of the resulting autocorrelation curve "stabilized"
into an exponential cosine decay function. Generally, however, as
wide a bandwidth value B as could be used without overlappirg into a
second spectral peak was used, for reasons that will be explained 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

B >

|

fc . (8)
For most of the damping estimates, a value of B approximately equal
to % fc wag used in the final computer analysis. For higher modes,
the values of B and C were generally kept small to prevent nearby
spectral peaks from interfering with the mode being analyzed,

The trapezoidal filter, ghown in Figure (lb), has an advantage
over the Gaussian filter in that it is flat in the passband B and
therefore equal to unity in this region. However, because of discon-
tinuities of its derivatives at four points, its impulse response
function hn in the time domain has a somewhat longer decay time, and
its integrai has somewhat longer rise time than the impulse response
function of the Caussian filter. The significance of the length of

the rige time will now be briefly explained.

Since the filter impulse response weights hk have anticipatory
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components on the negative time scale h—k’ the total rise cime tR of
rhe integral of the impulse response can be separared into two parts.

Half of the rise time (tR !/ 2), corresponding to a rise from 0.5

to approximately 1.0 occurs during the first (ml) terms of the record
(n=0,m). The other half appears at the end of the record, and corves~
ponds to a decay ivem approximately 1.0 to 0.5, for n=(N-m) to n=N.

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

only (¥-2m) terms, rather than (N) terms. This resu’is because m
terms are truncated from both the beginning and ending of the {un}
terms, because these "end portions' include the rather long rise times
of the impul!se response function integral of the trapezoidal filrter.
The effect of 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 ambient vibration record is long, use the trapezoidal
filter, because of its constant value of unity 1n its pass-
band. Truncating 2Zm terms from the original time series
still yields a long record to analyze.

2) 1If the record is relatively short, however, use the Gaussian
filter. While its value ig not constant in the passband, its
impulse response function decays rapidly, and less terms will
have to be truncated from the original time series. Tha
shortened record will still be long enocugh to give valid

estimates of frequency and damping parameters.
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ITI. APPLICATION CF THE RAW SPECTRUM
ESTIMATE FOR FREQUENCY DETERMINATION

In most ambient vibration studies, three assumptions are made
concerning the nature of the input forces, system characteristics,
and output response. These are listed below (Schiff (25]):

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

to wind loading, is almost flat or of constant ampiitude
with respect to frequency in the relatively narrow frequency
bands surrounding the natural frequencies of interest.

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

coastant coefiicients.

3. The output response is stationary and erpodic.

Under these assumption, 1f H(uw) is the syetem frequency responme
function, and x(t) and y(t) represent the input and response functiocns,
vespectively, then the spectral estimates of the input and response,
Golw) and G(w), are ralated by

Glw) = |H@)|? 6plw). 9

From Assumption 1, G(w) is assumed proportional to |H(w)|Z In a
narrow region surrounding a natural frequencv. Assumption 3 implies
that the system characteristics may be estimated from one relatively
long record.

All three conditions were tacitly assumed in this investigation.
Since the input spectra for the different records were not available,
no estimate could be made concerning the degree to which Assumption
1 might not have been satisfied for these records. Assumption 2 is

generally valid for the small amplitudes of vibretion caused by wind
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of microtremor excitation. From a visual inspection of the individual
records, it appeared that the responses could reasonably be assumed

to be nearly stationary over the time intervals for Wwhich the ambient
responses were recorded.

Therefore, the shape of the square of the magnitude of the system
response function, |H(w)|Z, may be assumed to be nearly proportional
to the shape of the output response spectrum G(w). Thus knowledge of
the characteristics of G(w) implied know.edge of the system response
parameters inherent in the absclute value of the system respouse
function |H(w)].

1f y(t) is a continuous ambient response record, let

Yo " y{nh) n=20,12,---, N~1 (10
be the discrete values of the response digitized at equi-spaced times

T = oh ne=90,1,2,~--, Nl (11)
vhere h = At is the constant digitizing interval.

Let discrete values along the frequency axis be defined by

k_ - 5 e -
£ =W k = 0,1,2,-—-, B-1. (12)

Then the discrete values of the complex Fourier compunents {Xk}

corresponding to frequencles {fk} are given [26] by:

N-1
2nkn
Y - i-c y, exp (-3 =~ ). (13)

These complex Fourier components can be easily calculated by a
Fast Fourier Transform algorithm. The raw spectral density estimates

G;(k) are defined as follows:

G;(k) - %h' lY, 12 . (14)
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Since values computed from Equation (13) do not give consistent
estimates of the true Fourier coefficients, thase values are usually
smoothened by convolving them with appropriate weighting coefficients
averaged over adjacent discrete values [27). This is necessary
because the original finite time series defined by Bguation (10) is
pictured as a portion of an infinite time series that is seen through
a rectangular, or "box car' window functicn in the time domain. The
corresponding 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 estimates computed
from Equarion (14) will thus tend to have pronounced "side lobes"

near the spectral peak lobes, indicating a "leakage" cof energy from
the peak frequency band to adjacent frequency bands.

Such a smootherning procedure, however, automatically widens the
bandwidth and reduces the peak value corresponding to a spectral lobte,
resulting in a tendency to overestimate the amount of damping associ-
ated with a natural freguency.

The natural frequency estimates were therefore computed directly
from the unsmoothered spe:tral density estimatcs Gi(k), using the
following interpolation method due to Lanczos [28]. The following
discussion differs slightly from thac given in Reference [28],
employing the magnitude of the Fourler coefiicients rather than
algebraic values of sine and cosine components.

Assume that the largest absolute values of the Fourier coeffi-

cients near a spectral peak are given by lYkI and IYk+1
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Form the following pairs of weightnd sums:

z = i'fk_ll + oy | + |Yk+1[

k ' (15)
Lepy = Wb+ o b+ iyl
The quotient a, is now defiped as
Z
|3
N (16)
k+1
The parameter ¢ Is determined by
-2-4
e=T%q (n

The value of the natural frequency coresponding to the position

of a spectral peak can now be estimated as

=kt e
festimate Nh ‘ 18

Equation (18) was used to deterrine the natural frequency esti-
mates in this repcrt. Although the raw gpertral estimates tended to
have pronounced ""side lobes' on both sides of a spectral peak, it was
found that the determination of the natural frequency estimates for
the first three nodes of vibration in a record could be carried out

in a very straightforward manner.
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IV, APPLICATION OF THE FILTERED AUTOCORRELOGRAM EST]IMATE

The theoretical bagis for the uge of the autocorrelation function
to estimate structural response parameters has been reviewed by Cherry
and Brady [6]. They credit Hatano and Takahashi [5] for introducing
this technique into the study of full scale gtructures.

Hudson [17) and Schiff (18] bave both reviewed the present state
of the art in thiz field. Filtered autocorrelation functions have
been used by Ward and Crawford [7] and by Davenport and Hogan [8] to
atudy the response of tall buildings due to wind excitation.

The following brief discussion of the general thenry involved is
taken from Cherry and Brady [6], and is included here for completeness.
If h{1) is the system response function due to a unit impulse

applied at v = 0, then the relation between an input function x(t)

and the resulting output response y(t) is given by

y(t) = [0 h(t) x(t-1) dr 19

’

For a lightly damped single degree of freedom oscillator having
a natural circular frequency w and a small critical damping ratio [

the system response function is defined as

~[WT
h(t) = < sin [ /127 wt ], 1>0 (20)
m!’l-cz

It is assumed that h(t) = 0 for v < Q.

The sutocovariance function for a function y(tr) 1is defined by
T

Cy('t) = lim -.i.- ] 2 y(t) y(t+1) dt (21)

T -1
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 Gg, that the output auto-

covariance function is gisen by

1Go [ -LwT
C (1) = e (cos YI-7? wrt
+ —"—  gin Vi-gZ w1 ) (22)
Vl-C2

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 f of the system,.

Note that for £ << 1, the sine expression in the parenthesis is
very small compared to the cosine expression, and Cy(t) zpproaches a
dapmped exponential cosine function.

The unbiased autocovariance estimate of a time serles (y“} where
n varles from 1 to N is given by

N-k

N
Cx(k’ N-k L
n=1

Yo Yok * 0<k<H (23)

The corresponding autocorrelogram estimate is given by
c )
Ry(k) = EITET 0<k=<HM (24)
y

In both Equations (23) and (24), the integer M, the maximum lag
number, is kept small compared to N, the number of points in the
series.

In thi, investigation, the autocorrelation estlmate Ry(k) was

computed 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 Fourfer Transform algorithm twice.
fhe procedure is summarized below.

1. Subtract the mean vajue from the criginal series, and
add N zeroes to obtain a 2N augmented scries.

2. Filter the original series y(t) to obtain a filtered
series u(t).

3. TForm the raw spectral estimates of the filtered series
6 (k).

4. Form the biased 2stimate of the autocovariance function
corresponding to the filtered function {u“} by finding
the inverse Fourier transform of
Gl (k) = |B(E} | Gi(k). (25)

5, Multiply each Clll(k) by the facror ( R.-lj—k-) to obtain an
unbiasned ectimate Cu(k).

6. Divide each Cu(k) by Cu(O) to obrtain the normalized
autocorrelogram estimate Ru(k).

1t should be noted that ihe nonrecursive filtering process by
which {un} ie derived {rom {yn} according to Equaticn (2) is affected
by the traunsicnt conditions in the first m terms, introducing some
error ir these initial terms of {un}, unless these m terms have already
been removed from the ends of the filtered time series as discussed
earlier. As a congequence, thr resulting envelope of the autocorrelo-
gram estimate Ry(k) ray not exhibit exponential decay in the region
0< ke m

The "usable” region from which the critical demping ratic may be
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estimated is for k within thc limits
m< k< M, (26)
Tue¢ logarithmic decrement method [29]) was used to estimate the

critical damping rvatio in each moede. The value is determined by

1 Y
;== 1n - (N
2m A
9 p+q

where Ap is the peak amplitude at cycle p and Ap+q is the peak ampli-
tude q cycles later. It should be noted that if T corresponds to

the time lag 1 = v, then

2

Tm < 1P < Tp+q < " (28)

Since T is inversely proporrional to the cutoff bandwidth C of
the filter, - could be made small by using as wide a cutof{f bandwidth
C as possible. This is a consequence of the "uncertainty principle”
discussed by Papoulis [23].

The wvalue T, Ay be interpreted as the minimum time lag required
for the autocorrelation function to "stablize" because of the filter-
ing operation indicated by Equation (2).

Four important factors can influence the accuricy of the damping
parameters estimated by the filtered correlogram method presented
above. These are

1. the ambient response record length

7. the signal to noise ratio for a given mode

3. the shape of the filter

4. rhe filter bandwidth.

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

the better its correlogram estimate will generally he. Since the
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maximum lag time 18 generally only a tenth (conservative value) to a
quarter of its total length [30], and since the damping ratio estimate
obtafned from Equation (27! generally increases in accuracy 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 evident that the signal to noise ratio should be at
a maximum for best results. This requires thalL data be recorded from
different building levels for different modes. From previous analy-
tical studies of a building, :the level at which each mode appears tn
exhibit its maximum relative amplitude is usually known in advance.

In order to estimate paramerers for this mode, data should be collected
at this level. Thus, a typical sct of levels for which data should
be taken for 2 tall structure might be as follows:

1. top of building for first mode

2. 40% level for second mode

3. 70% level for third wode.

It should be noted that the values shown above are only approxi-
mate, listed for purposes of illustration ouly.

The filter gain should be a real asymmetrical function, reasonably
flat in a relatively small passband about its center frequency, and
should roll off gradually to negligible levels cutside a wider cutoff
bandwidth.

The filter bandwidth has a significant effect on the resulting
dawping estimate. The cutolf bandwidth € (Figure 1) is inversely

proportional to the filter rise time te (Figure 2). Thus C should be
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as wide as posgible without ilncluding more than a single
passband. The resulting rise rime will then be as shor:
allowing for a longer correlogram maxiamum lag time. The
relationgship existing between bandwidth and rise time 1is

by Schwartz [31]}.

mode in the
as possible,
inverse

discussed
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V. SPECTRAL MOMENTS METHOD

In 1972, Vanmarcke [10] proposed a spectral momente method for
estimating frequency and damping parameters of a randomly excited
sysitem. The method depends on the computation of the zerceth order,
first order, and second order moments of the power spectral density
tunction of the response of a structure to “white noise excitation”.
The original method proposed by Vanmarcke has been slightty 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 gives the area under the power spectral
density finction. The first ordar moment is a function of its cen-
troid, and the second order moment gives a measure of variability or
dispersion about a spectral peak indicating a central frequency.

If y(t} is a stationary random process with zero mean value,
its autocorrelation function R{r) is defined by

R(1) = E [y(r) y(t+1)]. (29

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

and R{1) is given by

ow) = 2 IQ R(1) coslwt) dt (30)

R(T1) = Jo G(w) cos(wt) du (31)

where G(w) is the "one~sided" power spectral density function of the
autacorrelation function of the zero-mean process y(t). The mean

square value <y(t)?> is obtained by setting t = 0, in Equation (31),
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giving
R(D) = Jo G(w) dw (32)

The spectial moments are

g = [ Glw) dw = I 6(w) dw (33)
Jo 0

AL = Jo w! G(w) dw (34)

Ay = {o w? Gw) d (35)

Vanmarcke has introduced the follnwing quantities related to the

spectral moments zbove.

- (36)

wy = | +— (i

Note that w; and w, as defined have dimensions of circular fre-
quency. For a physical Interpretation, w; is the location of the
centroid or center of mass of the spectral dersity function, and w;
is the radius of gyration of this function. The parameter wo wlll
be di.ectly related to Wy the natural circular frequency of vibra-
tion. The following dimensionless parameter

L L v (38)

will be directly related to the percentage of critical damping { of
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the vibraring system.
If x(t) i3 the input and y(t) the output of a linear aystem,

the relatienship between x{t) and y(t) is given by

y(e} = I: h(1) x(t~1) dt {39)

where h(t) is the impulse response function of tne system, with
hi1) = 0 for 1 < 0. The system transfer function H(w) is defined to
be the Fourier transform of the iwpulse response function h(T),

1f Gg(w) is the puwer spectral density function of the statiomary
“"white noise" input x{t), and G{w) 18 the output spectral density

function, the eguation defining these relationship is

Glw) = |B(w)}?2 GCqlw). (40)
For a single degree of freedom system with natural circular fre-
quency o and damping ratio coeffirent ¢, the square of rhe ahsolute

value of the system tranafer function is given by

[H(w)[|2 = — 1 . (41)

2 2 2. 2,2
- +
(mn we) 4% w v

It can then be shown that the following relationships exist:

TTGD
v = (42)
3
h;wn
w2 = un (43)
4
a? = %2 1o 1ag + 0D 4w

when |z| << 1, it can be seen that

o~

4
= (45)

n
q? =
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for very light damping [g < 0.15). Thus the natural circular fre-

guency and critical damping ratio is given by

A, 1/2
w - K; (46)
2
REREIN L (47)
LA ors

Since the output function y(tr) is filtered by a band-limited

window function between circular frequencles w and w , the effect

b'

of excluding frequencies outside of (wa.mb) will acw be discussed.

It will be convenient to define dimensionless band limits

€

W

a n

I (e
n b

Vanmarcke has demonstrated that the natural frequency is still

given by

Ap 1/2
w = ;; (49)
However, the critical damping ratio is corrected according to the
relationship
1+ 22
e | —2 71— (50)

1-0 Agh,
for the special case when nq = ﬂb. This condition will be utilized

in this investigation.
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VI. POWER SPECTRAL DENSITY 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 wv 1-2¢2 , and the
damping coefficient § can be calculated as follows, knowing the fre-
quencies f; and f; where the spectral densities become 1/% of its
raximum,

(1- % AZ) (51)
where,

£.2 - 2
2 fl 1

£,2 4 £,2 o1

A= (52)

In practice, » = 2 is usually used for simplicity.
Equation {52) is derived from the power spectral density function
So

S(w) = . (53)
(w02 - wz) + 4§2w02w2

Although the power spectral analyses for the microtremor records
in actual buildings have often been counducted recently, only a few
examples of damping estirates of the buildings have been reported.

This method has been used by Tanaka, Yoshizawa, Osawa, and
Morishita [14] to estimate period and damping [arameters 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, When the length of the
record is finite, we cannot estimate the true autocorrelation functiom

for arbitrarily long lags. Furthermore, it is said that the use of
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lags longer than a moderate fraction, say 10 per cent, of the length
of the record is usually not desirable. 1In the practical cases,
therefore, we can only compute the go called the apparent autocorre-
lation function from a record of relatively short leagth. However,
a good estimation of smoothened values of the true power spectrum
can be cbtained from the Fourier transform ¢f a modified apparent
autocorrelation function, which is the product of the apparent auto-
correlation and a suitable even function called the lag window. It
is apparent that when this process of analysis is adopted for deter-
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 the above c«pectations in mind, we now
examine the effect of smoothing and discuss ways of determining the
desired correction to the camping estimate.

In the present investigation, the so called 'hamming' type lag
window expressed by Equation (54) was used.

w(t) = 0.%4 + 0.46 cos %1 for IT] < 'I'In (54)
m

=0 for [t| > T
n
where, t 18 a time lag and '1"n is the maximum lag which we desire to
use,
The corresponding frequency function is
W(w) = 0.54 Wolw) + 0.23 [ Woy(w + ,’;— ) + Wolw - ,’r'— >l (55

™ n
where,
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sin wT

- o (
oT . (56}
n

W (w) = 2T
m

The modified autocorrelation function is che product of ¢(t1) anc
w(t), and its Fourier transform is represented by the comvolution
integral of the power spectrum for each time funcrion. This operation
implies smoothing of the response power spectrum G(w) with the spec-
tral window W(w) as a weighting function. The smoothened spectral
function is then expressed by

P(u) = K j{ ! [ Yg{u - u")
— (- u'?)? + 4202

2 I IS SR S '
+ 5 Mol - w4 20T, Y+ ¥ (u-u THoT_ )11du (57

where,

1.08T Gy sin w T (u-u')
Ko ——B Yolu-u') = nm u =2 u' o= =,
Y ' 0 w T (u—u') ' w ! W
0 nm

This method has been used by Kobayashi and Sugiyama [32] to esti-
mate the structural dynamic parameters of the five structuires investi-

gated in this report. The results of thls analysis is reported in a

later chapter.
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VII. TWO STAGE LEAST SQUARES METHOD

A fourth method of analyzing ambient vibration data for parameter
estimation is the two-stage least square correlation function mernod,
to be referred to hereinafter by the initials 280.S. It was developed
by Gersch and Foutch [33], and is an improvement of the maximum like-
lihood estimation for structural parameter estimation developed by
Gernach, Nislsen, and Akaike [1l1].

The use of the 2SLS procedure is based on the assumption thac
the structure under consideration can be accurately described in terms
of an n degree of freedow lumped mass-spring-damper model excitad by
a white noise. Displacement, velocity or acceleratisn vibration data
sampled at uniform intervals for digital computer analysis is known
to have a representation in terms of an AR-MA (mixed autoregressive
moving average) discrete time series mndel. The coefficlents of the
AK-MA model can be expressed in terms of the structure's natural f{re-
quency and damping parameiers. The 2S5LS procedure is =2 statistically
efficient procedure for estimating the parameters of the AR-MA model.
Statistically efficient estimates of the natural frequency and damping
parameters can in turn be computed from the statistically efficient
AR-MA parameter estimates. Estimates of the statistical reliabiliry
of the structural system parameter estimates are also readily obtained
from the AR-MA parameter estimares.

Much of 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 25'S methods are only
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briefly described here. The results of 25LS correlation function
method applied to ambient response data taken from three floors of
the World Trade Center Building will appear later in rhis reporrc.

The structural system is assumed to be represented by an n degree
of freedom lumped mass-spring-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 force, is assumed
to be a zerco mean n component white noise vector with covariance
matrix E[f(t)£'(s)] = D&(t-s), [35]. Assume that z(t) = [z;(t),
z,(t),. .0, zn(t)]' is the vector of displacements with zi(t) being
the relative displacement of the ith mass in the model of Equation

(58) to the ground, and the z (t), the displacement of the jth mass

b
is observed. (Velocity or acceleration measurements can be used with
equally good results, [34].) Further, assume that omly a regularly

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

h|
Let z (kTS) k = 0,%1,... be the regular samples of the vibration data

3

and n(kTs) be independent noise samples with Ts the sampling interval.
The observed vibration data for some particular mass pcint is repre-
sented by the discrete time series v, = zi(th) + n(th), t =0,%1,...
The problem is: Giver a finiie sample {yt, t =1,...N} of noise
contaminated vibration data, obtaln estimates of the parameters fj’
‘j' 3 = 1,...n, the natural frequency and damping parameters of the
structure described in Equation (58).

The regularly sampled nolse contaminated vibration data is known

to be exactly represented in the AR-MA model,
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2n n
pX ay Z Bx_, ag =1, Ep =1 (59)
1=0 i"t~1 120 17t-1

where {xt} ig a zero mean uncorrelated seguence with variance ze.
A useful relatiomship between the AR-MA time series model parameters

a s i =1,...2n and the natural frequency and damping parameters fi’

;j, J=1,...0 is given by,
n In-1i 2n
L au = X (u-uj)(u-uj*) (60)
i=0 =1

where uj, uj* are the complex conjugate root palrs of the character-

istic equation of the AR parameters satisfy,

u, = exp(=2If

V1-r2
3 Cst + 12Hijs 1-z j 3. (61)

3
Next our attention is directed to the estimatiuvi. of the AR-MA
parameters {ai’bi} i = 1,...2n by the 2SLS method.
Convention or ordinary LS statistical parameter estimates are
expressed in the form
y=X'98+e {62)
vhere y is an N vector of observations, X' is a known Nxp matrix, 6
ia a p vector of unknown parameters which are to be estimated ana e
igs a zero mean vector of N independent random variables each with
variance ¢¢. The normal equation for the LS estimation of 6, are
Xy = [xx'lé
- -1 (63)
6 = [XxX'] 7 Xy
where it 1s assumed that the rank of X is p so that the pxp matrix
inverse of [XX'] exists.
The unknownm parameters {bi,ai 1 = 1,...2n} of the AR-MA time

geries model car be expressed in an ordinary LS model OLS form [33],
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by meking the associations

Xy = {eyx(l) -cyy(l) . . . cyx(2n) -cyy(2n)}, (64)
8 = [ b, a . e bZn azﬂ 1, (65)
(xx*§ = [c(o) c(1) .. C(2n-1) 7] (66)
c'(1) c(0) PPN C(Zn=-27
| C'(2n-1) R cw |,
C{k) = [ cxx(k) -cxy(k)—l (67)
—cyx(k) cyy (k) |.

In Equation (66) the 4n x 4n matrix [XX'] is in block Toeplitz
form ard cyy(k), k = 0,1,... is the sample covariance function computed

from the observed data {yt. t = 1,...8} in the usual manner by the

formula
- 1 N y Nk — _
- — . o - . — T - -
Yy * X til Y3 Syyik) =g ot ey NG -9 (68)

In Equation (67), cxx(k), cxy(k), cyx(k} are input and cross-covari-
ance functions.

The statistical properties of OLS parameter estimation, i.e.
consigtrency, and asymptotic unblasedness and efficiency for AR-MA
time series parameter estimation was well treated by Astrom [36].

The OLS procedure describe¢d above is the second stage of our 2515
procedure. Because only the time series {yt. t=1,...N} 1s observed,
the covariance functions cxx(k), cxv{k), cyx(k) necessary for the

OLS stage must be computed by something other than the direct sample

function computations in Equation (68). They are in tact obtained
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from the cyy(k) data in the first LS srage., That material is dis-
cussed nexc,

The AR-MA model in Equation (59) has alrernative equivalent
representations as an AR atd as an MA or impulse response model, (64).

These models are represented by

2n 2n
I a,y = b (AR-MA) (69)
;=g * y-1 {=0 it-i
;, ay . v x (AR) (70)
1=0 i‘t-1 t
y = I h.x {MA) (71)
S

where X, is an uncorrelated sequence with variance 0x2.

1io the first LS stage a "long" but finite order AR model

n
P
b

i=0
is fitred to the cyy(k) k = 0,1,... data by the Levenson-Durbin-Akaike

ny
x ag =1 (72)

-1 T X

procedure [37]. This cowputation also yields an estimate of the vari-

ance of the {xt} time series, oxz, 80 that the input covariance func-

zion can be represented as cxx(k) = 0 2§ vwhere § is the Kron-
x k,0 T,8

ecker delta (which is one if r = g and zero otherwise).
A recursive formula for computing the MA parameters {hi} from

the AR parameters a,6 In Equation (71) follows easily using operator

-1
notation. ldentify the delay operator z, zxt - xt+1, z x, xt—l'

Then the AR and MA models in Equation (71) can be written :(z)yt = x

i

t
and Y. = h(z)xt Tespectively where ;(z) and h(z) are polynomials in

the operator z. Multiply the second form by :(z) to get :(z)yt =

g(z)h(z)xt. Compare this form with the first form to get the result



34

:(z)h(z) = 1. This latter operator or transform domain equation is
transformed to the time domain to obtain the desired recursive

formula for hl’

hg=1, h ==I ah . t=1,2,... (73)

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

t-k

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

function in terms . impulse respose

eyx(k) = o 7h k>0 (74)
2
g k =0
75
exy(k) = 1 ox s o (75)

Thus given the originmal cyy(k) data and the results from 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 LS stage. If n is a large number, numerical instabili-~
ties may be encountered in the inversion of the 4n x 4n block Toeplitz

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

-

achieves inversion of the 4n x 4n matrix recursively requiring only
inversion of 4 x & 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 {11}, [34]). The roots p,, p,*

173
of the characteristic Equation (60) can be computed by a packaged

subroutine. The uj, uj* then yield the :onvenient dimensionless

P

= " T = (= {
63 anjrj 3 (-1/2)1og{n

parameterse 6

juj*)
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-1 [Hyug*
A = znfjrjh-r,iz - tan! J—J——J—l (76)

u,tu *

173
The right-hand side of Equation {76; can be expanded in a Taylor
series whosae linear part is
[da;, . + . . daZ“] = 5[d8,, dr;, . . . dﬁn, dln]
where dx denotes the total differential of x. Define the 2n x 1
column vectors a = [a;....aZH]', et = {83, Ayp.nnd, hn]' and the
covariance matrix of the a parameter estimates by VAR' Then the

covariance mstrix of the ct parameter estimates Vct and VAR are

related by f11], [34],

-1 -1
Vct s VARS
= [ var(sy) cov(éy,A) e e cov(Gl,An)_' 7
cov(Ary,8;) var(i,) .. cov(Al,An)
_cov(An,G‘) “ e s var(kn) N

The matrix VAR is a submatrix of the AR-MA parameter variance-covari-

ance matrix corresponding to the a, i = 1,...2n parameters. The

i

AR-MA parameter estimate varlance~covariance matrix, the reciprocal

of the Fischer informsation matrix may be computed from the AR-MA

parameters, [11].

Finally, the coefficients of variation o and c j=1,...n
3
of the natural frequencies and their damping are given by
Af AX
£ f A

] J 3



Ly 86 aA,
cr = mFi = _si- + _Xl' =1, (78)
B "] J J

The quantities ASj,AXj in the Equaticn (78) are the standard devia-
tions of the 6j' Aj parameter estimates. They can be computed as .he

square roots of the diagonal elements of Vct'
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VII1. BASIC GUIDELINES FOR
EARTHQUAKE RESISTANT DELIGN OF
TALL BUILDINGS IN JAFAN

GENERAL DESCRIFILION

The earthquake resistant design of tall buildings has always
been a subject 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 nigh rise buildings to 31 m, a relatively low height
restriction by American standards.

In 1964, the Japanese Bullding Code was revisea tu permit the
height of high-rise buildings to exceed 31 m, providing the safety of
the structures under earthquake loading corla be assured. The Mini-
stry of Construction would give its apsroval if a dynamic aralysis of
the structure had been performed during its design stage for earth-
quake loading, and its maximum streeses ard deformations resulting
from the dynamic analysis were within safe design limits.

The first high-rise building constructed in Japan is cailed the
Kasumigaseki{ Building located in downtown Tokyo. It has .16 stories
and rises to & height of 147 m, and was completed in 196&, Its
earthquake resistant design was performed by the Mutc Institute of
Structural Mechanics under the direction of the world-renowned Dr.
Kiyoshi Muto. Since 1968 there have been a multitude of high-rise
buildings completed in Japan.

Since the reader may not be familiar with the general provisions

for earthquake resistant design of tall buildings in Japan, its main
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features wiil be briefly discussed here. The following edited
excerpt is taken from a veport by Dr. T. Hisada of the "ajima Insti-

tute of Construction Techuology [38].

INTRODUCTION

In January 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
{100 feet) in height, provided that the buildings are constructed in
accordance with the provisions of density coatrol as well as sky
exposure restrictions.

As is commonly kuown, the seismic code for low buildings cannot
be applied to high-rise buildings, since they respond differently to
earthquake loading., Also the 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~
tes of the Architectural Inmstitute of Japan (AIlJ) worked to draft a
document stipulating the guide lines to be utilized in structural
design of tall buildings and published it in March, 1964 with revi-
sions in 1967 and 1971.

In order tc insure the structural safety of tall buildings, an
Examination Board was set up in the Ministry of Construction in Sep-
tember 1964. The Board was transferred from the Ministry of Construc-
tion to the Building Center of Jipan in 1965 to perform preliminary

evaluations of the gtructural safety of tall buildings.
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Since its inception, the Examination Board has investigated and

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

Thece puildings have been designed in accordance with the principal

items described in the guide lines mentioned below.

Since no seiswmic code is at present in force governing the pro-

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

is important and the results of the examinations performed by the

Board is highly significaut.

ATJ GUIDE LINES FOR ASEISMIC DESIGN OF TALL BUILDINGS

L

2)

Scope of Application

a)

b)

These guide lines are applicable to the structural design
of a tall building with a height exceeding 45 meters
above ground level.

These guide lines need not be applied to tall buildings
which are designed on the basis of the results of spe-

cial engineering studies.

Rules for General Planning

a)

b)

o)

d)

It is generally desired that structures have simple cross
sections in both plan and elevatlon views.

The foundation of a tall building should be supported on
firm ground.

Structural elements to resist horizontal forces should

be designed so as toc minimize toursicnal effects.

The structure of a building should be easily amenable to

rational analysis.
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e) The atructure 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 public
or cause inconvenience to occupants of the building.

Seismic Analysis

The selsmic analysis of the structure may be performed in

the following steps:

a) The design base shear coefficient CB (ratio of total
design seismic force en the brilding to its total weight
including effective live loads) of the bullding should
be first evaluated. The value of CB is considerad to
decrease hyperbolically with an increase of the funda-
mental period of the structure and {s to have a minimum
value of 0.05.

?) The distribution of the story shear coefficients is
assumed for each story of the bullding in proportion to
the value celculated for the base shear coefficient,

¢) The dimensions of structural menbers and details of the
srructural joints are then designed. On the basis of
this preliminary structural desigr, the strength, rigi-
dity and behavior of the structure in the elastic and
inelastic ranges are evaluated for each story for the
assumed seismic and wind loading. It is desirable to
perform experiwents on the structure or portions of the

structure to confirm their deaign characteristics, when-
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ever necessary.

d) Dynamic analysis on 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 iterative procedure is repeated
until a sound structural desige of the building is
formulated.

e) Llarge horizontal seismic coefficients should be consi-
dered for the design of parapets, interior and exterior
ornamentary objects, water tanks, chiumeys and sim!lar
unusual structures or structural elements.

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 without seismic

shear walls or bracings.
Items to be considered in the design of structural mem
bers and ccnnections in tall buildings are mentioned below:

a) High strength steel may be used for structures.

b) In case of steel construction, special attention should
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be given to prevent local buckling of the structural
members.

¢) In case of reinforced concrete or composite columns,
ittention should be given tu prevent failure due to
thear and buckling of reinforcing steel bars due to
ipalling of covering concrete 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 ths rigidity
of the entire framwe should also be considered.

e} When the l:zteral distortion of the frame under carthguake
is large, the reduction of the rigidity and strength of
a column due *o additional moment caused by the lateral
distortion and axial force should be considered.

{) The floecr should be safely designed to provide proper
strength and rigidity in its plane.

g; Besides those items mntioned above, structural details
shall be carefully designed so thac the whole structure

has sufficient ductility.

SUMMARY OF STRIJCTURAL DESIGN OF hIGH-RISE BUILDINGS

The structural design and the related dynamie analyses of over
250 high~rise buildings thus far examined by the Board are summarized
below.

1) A steel atructure is generally adopted for high-rise buildings
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up to about 60 stories. However, a steel encased reinforced
concraete (composite) s.ructure is often used for buildings
up to about 20 stories in height. Recently a 18 story rein-
forced concrete buildings was constructed in Tokyo.

The usual type of structure is a space frame (ductile moment
resisting) with or without shear walls or bracings.

All high-rise buildings have basement floors of 2 to 5
stories. Many buildings have mat footings located on firm
layers (the Tokyo gravel layer in case of Tokyo) but some
have pier footings.

The fundamental periods cf vibration of the buildings are in
h nge vf 0.7 t& € seconds, increcacing with the building
heights.

The design base shcar coefficients CB (most are story shear
coefficients of the firsr story or of the first or second
basement story) decrease with the increafe nf the fundamental
periods of vibration Tl' The relation between CB and T1 is
generally in the range of CB = 0.361"1?l - 0.18/T1 and the
values of CB are not less than 0.05,

The story shear coefficient of each story increases with the
building heigh* and the ratis of the story shear ccoefficient
of the top story to the base coefficient is in the ranmge of

2 to &,

In many cases, the damping factors {fraction of critical

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

composite and steel structures. respectively.
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1X. RECORD DATA AND BUILDING DETAILS

DATA COLLECTION PROCEDURE

The vibration sensors used in this investigation were three
horizontal velocity meters manufactured by the Hosaks Instrument Com—
pany of Japan. The analog signals were subjected to low pass filter-
ing effectively eliminating frequencies greater than 10 Hz.

The resulting signals were than digitized at a constant interval
of 0.0D4 seconds, which gives a Ryquist frequency of 12.5 Hz, For the
World Trade Center Bullding, a record length for each sensor of approax-
imately 6,0C0 points, or four minutes, was recurded on each floor.
For the other three buildings, as well as for the Tokyo Tower, 4,500
points, or three minutes of data, Were continuously recorded.

The method for rocording the ambient vibration data was the same
for all the structures, so tihe method will only be described in detail
for the World Trade Center Building. Data were collected on the 40th
floor (lst mode), 28th floor (3rd mode), and léth floor {2nd mode)
for this building.

0n each floor level, the three vibration sensors, were placed as
shown in Figure (3). Sensor #1 was placed at the geometric center of
the cross section, facing North-South. Sensor #2 was placed at the
Northern tip of the cross gection, facing East-West. Sersor #3 also
faced East-West, but was located at the Southern tip of the cross
gection. Thus, if yl(t), yz(t), and y3(t) were the output from the
three sensors, the North-South, East-West, and Torsional responses

wvere given by
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Yuog(t) = ¥ (B) (79)
Yp(E) = 112 [y,(t) + y,(t)] (80)
y,r(t) = 1/2 [yz(t) - y3(t)] (81)

The ambient responses for this building were subjected to both
the Gausslian and the Trapezoldal filters. For the Gausslan filter,
the cutoff bands were 0.546 Lz, 0.638 Hz and 1.096 Hz for the 40th
floor (1st mode), 16th floor (2nd mode}, and 28th floor (Srd wode).
For the Trapezoidal filter, the cutoff hands 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, 16th, and 2Bth floorg, respeciively,

TOKYQ WORLD TRADE CENTER BUILDING

The Tokyo World Trade Center Building is located in the Hamama-
tsuche, Minato-ku section of the city. It is located adiacent to the
train stations for the Japan National Railways and for rthe monorail
to Tokyo International Airport. 1n addition, the building itself
houges a terminal for medium distance buses. It consists of a low-
rise block and a tall tower. The low-rise block contains exhibition
halls, transportation facilities, and an energy center, as well as
extensive underground parking facilities.

The tower portion contains offjfces, shops, banks, and other
service facilities. 1t rises 40 srories to a height of 152.2 meters
at roof level. A small structure on the roof raises the overall
height to 156.0 merers. The tower is a3 steel frame, almost symmetri-
cal in plan view, being 51.4 m (E-W) by 48.8 m (N-S) 1n cross section.

The area of a typical floor is 2,458 m?. There is 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) and (4). Vibra-
tion tesus on this stru-ture have been reported by Muto [39],

The structural details of the other three buildings will only

briefly be described.

INTERNATIONAL TELE-COMMUNICATIONS CENTER

This building is located in the Nishi Shinjuku area of Tokyo.
This part of the city contains a4 large nuwber of tall structures, and
is well known for its many hotels and restaursnts. The 52 story tri-
angular Shinjuku Sumitomo Building, and the famous Keic Plaza Hotel
are located close to this building. This structure houses the equip-
ment for international telephone transmission tc and from Tokye.

This buildirg is a steel frame which rises 32 stories to a height
of 170 meters, It i8 almost square in plan view, with plan Jimensions
51 m by 54 m. Its structural framing consists of closely spaced col-
ums lying on the perimeter of the cross section. Its vibrational
characteristic. and design features have also been reported by Muto
[40].

Records were taken from the 32nd floor for the fundamental modes
and the 17th floor for the other modes. 1Its structural details are

shown ir. Figurer (3) and (6).

ASAHI TOKAI BUILDING

The Asahi Tokai Building is a steel frame high-rise structure
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located in the Ohtemachi section of Tokyo. It i{s a 30 story building
with a total height of 119 m. There is a concrete foundation of three
floors below ground level. It is essentially square in cross secclon,
with plan dimensions 36 m by 35 m. Each typical floor has a cross
sectional area of 1,249 m?. Its dynamic characteristics are described
by Ichinose [41]. Its structural details are shown in Figure (7).

Dats for this building were taken on the 22nd and l4th floors.

YOKOHAMA TENRI BUILDING

The lzst building studied in this investigation is not located
in Tokyo, but in the port city of Yokohama, Japan. It is alsc a steel
frame whose cross section i{s perfectly rquare, being 27 meters on
each side. TIts structural framing system consists of a "tube in tube
design. It consists of 27 stories and rises to a height of 103 m,
There are also three basement floors below ground level. 1Its struc-
tural details are shown in Figure (8). Vibration test for this
buiiding are described in a report by Tamanc [42]. Awmbient data were

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

GENERAL DESCRIPTIGN

The television tower called tha Tokyo Tower is located in the
Shiba Park section of Tokyo. The geodetic coordinates of the tower
are 139° 44'55" £ and 35° 39'20" N. The site in which this tower
stands occupies an area of 21,003 m?. The tower was constructed
over a period of about eighteen months from June 1957, to December
1959. It is used for broadcasting and receiving television, and due
tu the constructior of this tower, the effective distance of the elec-
tronic wave transmission extends to a radial distance of 110 km from
Tokyo. Besides serving as a television transmitter, the rower is
open to the public for sight-seeing during normal working hours.

As can be seen in Figure (9), the tower 1is 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 B0 m being
added on the top uf the former. The latter tower may be divided into
two parts, l.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 1s at an elevation of 18 m
above the mean sea level.

It is of some interest to compare this tower with the Eiffel
Tower in Paris. The height of the Tokyo Tower is taller than that of
the latter tower which is 312 m high. The total weipht of steel used
in the Eiffel Tower is 7,300 tons, whereas in the Tokyo Tower it is

3,600 vons. The number of rivets 1in the former tower is 2,500,000
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and that in the latter fs 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
deformed tlope at the ®op of the antenna was to be less than + 2% 30,
which 18 a necessary reqiuirement for television transmission.

The present Tokyo Tower is bullt over a six-story building having
a total floor area of 21,500 m?, as shown in Figure (10). At a height
of 120 w», there 15 a two-storv observacion-placform with total area
of 1,320 m? and above this, an operation-platform of an area of 132 m?
is situated at a height of 223 m. Travel up and down between the
building beneath the tower and the observation-platform is made possi-

ie by means of threr elevators, each capable of carrying 23 persons,
as well as by stairway. This towver was designed so as to allow the
addicion of another platform at a height of 66 m, if it becomes ne-
cessary to do so in the future.

The floor of the observation-platform is forwed on the V-ghaped
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 are formed by glass windows, but,
the walls surrounding the lift-shaft and the staircases are constructed
of mortar with lathas inside 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 gurrounding the staircase.
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The flecor of the room for the transmitrer is constructed in the
same way as in the case of the observation-platform, but, finished
with colered~concrete. The walls of this room are made of flexible
panels.

The floor of the room controlling the elevator shaft is made of
striped steel plates, and the walls are of sandwich panel construction.

The rovof is covered with ribbed iron plates,

CONNECTION OF STRUCTURAL MEMBERS

With the exception of the antenna-tower, most of the parts of the
tower were constructed by riveting the steel members together or by
tightening them with bolts.

Up to height of 130 m from the ground, all membhers 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 & 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 supportiug 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° ¢ for
four te six hours, depending an 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

Buiidiog Co., Ltd.

FOUNDATION DESIGN

According to the results of several borings down to depths of
25-30 m, ic was found that the uppermost layer was formed by the K
vato loam of a thickness of 4-6 m, and beneath this laver, there lay
alternate layers of sand and sandy clay, for which the standard pene-
tration number N was about 10. However, the sand and gravel leyer
which lay at depths deeper than 20-z6 m was dense and hard enough to
support the foundation of this tower, where the value of N was greater
than 50.

The load test which was made on the base of the foundation re-
vealed that the deflection was of an order of 3 mm when the load
intensity was 180 ton/m?, In the design of the foundation, however,
a bearing stress of 50 ton/m? 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 tup
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:en.:d mechod of deep-foundation of the
Kida Construction Co., Lii. These circular plers were 2 m in diameter
and 3.5 m at their Lrses. A bearing lead of 500 tons can be resisted
by one pier, ther ‘ore a load of 4,000 tons can be taken by one foot-

ing. For an actual load of 1,250 tons acting on one footing under
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ordinary load, the safety factor is greater than 3. During an extra-
ordinarily strong wind, such as of a velocity of 90 m/sec, under
typhoon conditicns, ar uprooting force will act on the foundation.
When this force is only in one direction, it will ba of an order of
700 tons. Under this loading this force is easily counteracted by
the dead weight of the foundaticn alone. Thus, the fourdation of
this tower is exceptionally well designed to safely withstand the
extrer-ely large lateral forces which can be expected under typhoor 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 characteristics of this tower

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

Records containiag the first three modes of vibration in the
North--South directisn of the World Trade Center (WIC) were subjected
to both the Gaussian and the Trapezoldal digital filrters, to determine
how the characteristics of each fllter may affect the values of the
parameter estimates,

Each of these three records were first filtered by a Gausslan
Filter and then by a Trapezoidal Filter with the same center frequency
and cutoff bandwidth. These filtered records were then analyzed by
the Filtered Cerrelogram Method and the Spectral Moments Method to
estimate frequency and damping parameters. The results of these
experiments are shown in Table 1.

An inspection o Table 1 reveals that cthe digital filter used
had negligible effect on the estimates of the natural frequencies
obtained by the Filtered Correlogram or Spectral Moments methods.

The minor differences vary by less than one percent. The filter
chosen, however, regulted in wide differences In the estimation of

the critical damping ratioc for each mode. While only a small differ-
ence was noted in values estimated by the Filtered Correlogram method
of analysis, the Sp:ctral Moments method resulted in values of dampiug
parameters by Gauss:an Fllteriung being only half of the values ob-
tained by Trapezoidal Filtering. Since the Trapezoidal Filtered
estimates appeared to be consiastent in both methods of analysis, it
appears that the Gaussian Filter has the effect of serfously lowering

the Spectral Moment parameters from their true values, It was thus
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TABLE 1

COMPARISON OF PARAMFTER ESTIMATES USING

FIRST MODE
Filtered

Spectral

SECOND MODE
Filtered
Spectral

THIRD MODE
Filtered
Spectral

FIRST MODE
Filtered
Spectral

SECOND MODE
Filtered
Spectral

THIRD MODE
Filtered
Spectral

GAUSSIAN AND TRATEZOIDAL FILTERS

FOR WIC NORTH-SOUTH RECORDS

NATURAL FREQUENCY fn(Hz)

Correlogram

Moments

Correlogram

Moments

Correlogram

Mcments

GAUSSIAN FILTER

0.278

0.279

0.85%
0.855

1.573
1.562

CRITICAL DAMPING RATIQ (;n)

Cotrrelogram

Moments

Correlogram

Moments

Correlogram

Moments

GAUSSIAN FILTER

0.0091

0.0034

0.0106
0.0042

0.0172
0.0068

TRAPEZOIDAL FILTER

0.278

0.281

0.859
0.856

1.573
1.56%

TRAPEZOIDAL FILTER

0,.0094

0.0070

0.0116
0.0072

{.0183
0,0152
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felt that the Trapezoidal Filter should be used fin this luvestigation
to compare parameter estimates obtained from different system identi-
fication methods. While the Gaussian Fliter did not affect the values
obtained by the Fiitered Correlogram Methed, it would probably seri-
ously underestimate damping values obtained by the Spectral Moments
methad of analysis.

Tha fact that the Trapezoidal Filter was chusen for analyzing
the re=- of the structures in this yeport should not be interpreted
as indicating that it is necegsarily a "better" filter to use. As
has already been mentioned in Secvion Il of this report, a Gaussian
Filter way ,icld more accurate resu.ts when the length of the ambient
vibration record is relatively short, or when the stationarity pro-
perty of the record is not satisfied. 1t is only when long, station-
ary records are avallable for analysis, that the Trapezoidal Filter
would be the preierred one ro use,

The second experiment that was performed on the North-South
records of the WYorld Trade Center involved subjecting the records
from each of the first three modes, filtered by a Trapezoidal Filrter,
to system identification analysis by the three methods of Filtered
Correlogram, Spectral Moments, and Two-Ltage Least Square analyses.
The Filtered Correlogram and Spectral Moments methods were used to
estimate the parameters from the first three modes of vibration for
the North-South direction of the World Trade Center Building, However,
only the first two modes were analyzed by the Two-Stage Least Square
Methed.

The results of thig 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 0.2 percent of critical,
the difference between the Filtered Correlogam and the Two-Stage

Least square estimate 1s 1.3 percent of critical, It appears that the
Two-Stage Least Square estimate i more than double the average esti-
wate obtained by the other two methods. Since the other two methods
gave estimates that are consistent for the first mode, the Two-Stage
Least Square method appears to overeatimate 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,

$ .nce the damping estimate obtained for the first mode by this
method appears to be in error, the other records for the other struec-
tures were not subjected to the Two-Stage Lesst Square method of
parameter estimarion.

The power spectrum for a single Jdegree of freedom system ig
shown in Figure 10, and the unfiltered and filtered two-mode covariance
functions for the North-South direction of the World Trade 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 parameters shown in Table 2. The results of

this investigation have been reported by Gersch, Tacka, and Liu [13].
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TABLE 2
COMPARISON GT PARAMETER ESTIMATES ORTAINED
FROM THREE SYSTEM IDENTIFICATION PROCEDURES
FOR WIC NOKTH-50UTH RECORDS

NATURAL FREQUENCY fn(ﬂz)

FILTERED SPECTRAL
CORRELOGRAM MOMENTS
0,278 0.281
0.859 0.856
1.573 1,569

CRITICAL DAMPING RATIO (cn)

FILTERED SPECTRAL
CORRELOGRAM MOMENTS

0.009 0,007

0.012 0.007

0.018 0,015

TWO-STAGE
LEAST SQUARE

0.279

0.855

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 icur 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 hiroyoshi Koba-
vashi, with the aid of graduate student Nao Sugiyama [32]. It should
be noted that each estimate was obtalned from the same ambient vibra-
tion record, subjected to a Trapezoidal Filter. Thuys any differences
in these values 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
the 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 estimates.

The estimates for nactural 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 respect to natural frequency estimates, the first and sec-
ond translational mode estimates are very close, but the Spectral

Density estimates for the third tranaslationzl modes appear to be
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TABLE 3
PARAMETER ESTIMATES OF WTC BUILDING

NATURAL FREQUENCY fn(Hz)

MODE FILTERED SPECTRAL SPECTRAL
CORKELOGRAM MOMENTS DENSITY
N-S FIRST 0.278 0,281 0.286
N-5 SECOND 0.859 0.856 3.869
N-S THIRD 1.573 1.569 1.66
E-W FIRST 0.281 0.285 0.23¢
E-W SECOND 0.861 0.872 ¢.877
E-W THIRD 1.5%0 1.600 1.64
TORSION FIRST 0. 345 0.355 -
TORSION SECOND 0.976 0.977 -——-

CRITICAL DAMPINC RATIO (Cn)

MODE FILTERED SPECTRAL SPECTRAL
CORRELOGRAM MOMENTS DENSITY
N-S FIRST 0.0094 0.0070 0.008
N-S SECOND 0.0116 0.0072 0.008
N-S5 THIRD 0.0183 0.0152 0.016
E-W FIRST 0.0100 0.009%¢ 0.014
E-W SECOND 0.00%6 0.0104 0.014
E-W THIRD 0.0108 0.0094 0.025
TORSION FIRST 0.0128 0.0119 -—-

TORSION SECOND 0.0138 0.0116 _—

FORCED
VIBRATION
0.318
C.950
1.82
0.315
0.990

1.85

FORCED
VIBRATION
0.007
0.013
0.014
0.009
0.013
0.015

0.008
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about 3% higher than the estimates obtained from the first two
methods. This may indicate a difffculty in carefully determining
the shape of the Spectral Density function in the frequency domain
for the higher modes of vibracion.

With respect to damping estimates, the values of the Spectral
Moments and Spactral Density estimates are conaistent for the North-
South direction, but the Filtered Correlogram estimates are consis-
tently larger than the others. For the East-West direction, the
Filtered Correlogam and Spectral Moments values are consistent, with
the Spectral Density estimates being much higher in value, The tor-
sional e¢stimaces for the two methods were consistent. No torsional
estimates were calculated by the Spectral Density methad of analysis,
The correlograms for this building are shown in Figures 13, 14, and

15,

INTERNATIONAL TELECOMMUNICATIONS CENTER (1TC)

The natural frequency values us:d in decigning this building
were 0.233, 0.654, and 1.22 Hz for the North-South and 0.230, (.645,
and 1.20 Hz in the East-West direction for the first three modes of
vibration (40].

The values obtained in this investigation are shown in Table &
for the first two modes of translation and torsion, With respect to
frequency estipates, all three methods gave remarkably similar values,
with only the second East-West mode estimate from the Spectral Density
method being about 1X higher than the others.

The damping ratio estimates are also very closée, with the Spec-

tral Density estimates for the first East-West and first Toreicnal
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N-5 FIRST

N-5 SECOND

E-W FIRST

E-W SECOND

TORS10N FIRST

TORSION SECOND

MODE

N=-S5 FIRST

N-S SECOND

E-W FIRST

E-W SECOND

TORSION FIRST

TORSION SECOND
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TABLE 4

PARAMETER ESTIMATES OF ITC BUILDING

NATURAL FREQUENCY fn(Hz)

FILTERED
CORRELOGRAM

0.324

0.955

0.311

0.925

0.412

1.04

SPECTRAL
MOMENTS

0.324

0.957

0.318

0.928

0,415

1.05

CRITICAL DAMPING RATIO (;n)

FIT.TERED
CORRELOGRAM

0,0050

0.0070

0.0112

0.C060

0.0076

0.0144

SPECTRAL
MOMENTS

0.0048

0.0057

0.0115

0.0060

0.0091

0.0118

SPECTRAL
DENSITY

0.323

0.952

0.312

0.935

0.413

1.06

SPECTRAL
DENSITY

0.004

0.007

0.079

0.006

0.005

0.013
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wodes being definitely smaller than the estimates from the other
methods., For this building, the parameter estimates 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 theorsrical nartural frequency values used for designing the
Asahi Tokal Building were 0.385 and 1.11 Hz for the North-South direc~
tion and 0.390 and 1.12 Hz for the Fast-West airection, reaspectively.
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, duc to a relatively low signal teo nolse ratio,
whose effects will be discussed later. These were the first two
North-South modes, and the fundamental modes in the torsional and
East-West directions. These results are shown in Table 5.

For the natural frequency estimates, the Spectral Moments esti-
mates for the East-West and Torsional modes appear definitely to be
in error, being about 7% too high. The remainder of the frequency
<stimates are valid.

With respect to damping, the Specrrsl Density estimate for the
fundamental North-South mode and the Filtered Correlogram estimates
for the East-West and Torsional mcies apusar to overestimate the true
value. Generally speaking, the siynal to noise ratio for the records

for this building were unfavorably low, generally ylelding inaccurate



63

TABLE 5
PARAMETER ESTIMATES OF ATB BUILDING

NATURAL FREQUENCY f_(Hz)

MODE FILTERED SPECTRAL SPECTRAL
CORRELOGRAM MOMENTS DENSITY
N-S FIRST 0. 382 0.385 0.374
N-S SECOND 1.13 1.14 1.15
E-W FIRST 0.382 0.404 0.374
TORSION FIRST 0.382 0.405 -

CRITICAL DAMPING RATIO (cn)

MODE FILTERED SPECTRAL SPECTRAL
CORRELOGRAM MOMENTS DENSITY
N-5 FIRST 0.0052 0.0072 0.026
N-S SECOND 0.0209 0.0165 0.013
E-W FIRST 0.0455 0.0287 0.024

E-W SECOND 0.0473 0.0271 ———

FOKCED

VIBRATION

0.434

1.27

0.436

0.562

FORCED

VIBRATION

0.009

0,012

¢.009

0.0073
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parameter egstimates. 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-
South modes and 0.374 and 1.10 Hz for the Fast-West modes of vibra-
tion, respectively, The corresponding estimates obtained by system
identification procedures are shown in Table 6.

The natural frequency estimates are again all very close, with
only the secoad torsional estimate from the Filtered Correlogram
method 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 three methods of analysis.

The 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 other two
analytical procedures. A fifth Spectral Density estimate appears to
be considerably higher than iv should be. For this building, the
Filtered Correlogram and Spectral Moment1 estimates are in agreement,
but the Spectral Density estimates appear to be considerably inm error,
in esrimating damping parameters.

The correlograms for this atructure are shown in Figures 2}, 22,

and 23.
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TABLE 6
PARAMETER ESTIMATES FOR YTB BUILDING

NATURAL FREQUENCY fn(ﬂz)

MODE FILTERED SPECTRAL SPECTRAL
CORRELOGRAM MOMINTS 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 1.81

CRITICAL DAMPING RATIO (;n)

MODE FILTERED SPECTRAL SPECTRAL
CORRELOGRAM MOMENTS DENSITY
N-S FIRST 0.0074 0.0075 0.005
N-5 SECOND 0.0073 0,0059 0.005
E-W FIRST 0.0129 0.0103 0.006
E-W SECOND 0.0091 0.0074 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 AMBLENT AND
FORCED VIBRATION PARAMETER 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 forced vibration conditions.
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 WIC building were conducted by
the Kajima Construction Company under the direction of Dr. Kiyashi
Muto. These tests wers conducted after the steel frame and curtain
walls of the structure, as well as the floor slabs, had been construc-
ted. However, the structure wsas still not completely finished, and
no live load (furniture, equipment, and people) was presei:it on the
structure. The results of these tests are also shown on Table 3.
The mean value of the natural frequencies evaluated by system identi
fication methods are 0.282, 0.8bl1, and 1.60 Hz for the North-South
direction, and 0.284, 0.870, and 1.61 Kz for the East-West modes.
The corvesponding forced vibration estimates are 0.318, 0.980, and
1.82 Hz for the North-South direction, and 0.315, 0.990, and 1,85 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
absence of live loading in the forced vibration tests, Thke ambient
measurements were taken when the building was fully occupled, sc the
full live load was present, resulting in shorter natural frequencies,
The mean damping ratios are 0.0081, 0.0089, 0.0165 and 0.011Z2,
0.0113, 0.0151, for the two translational directions. The corres-—
ponding forced vibration estimates are 0.007, 0 013, 0.014 and 0.005,
0.013, 0.015, respectively. NXo clear pattern cmerges from these
values. The first and third Norch-South estimates, and the first
Eacst-West estimate evaluated under forced vibration conditions under-
estimate the cnrresponding ambient vibration values by about 16%.
However, the second North-South values is 46X greater than its ambi-
ent counterpart, and the second East-West value 18 157 greater, The
third East-West mode estimates evaluated under both levels of vibra-
tion are identical. The only definite pattern that emerges is that
the forced vibration estimates for damping for the first modes are
lower than their ambient counterparts, but the second mode values are

higher.

ASAHI TOKAT BUILDING

Forced vibration tests for this building were conducted by the
Shimizu Construction Company. These tests were also conducted after
the building structure had been completely constructed, 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 wert approximately 14 percent less than the cor—
responding forced vibration estimates.

The damping estimate for ~he fundamental North-South mode evalu-
ated by system identification was considerably lower than the 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

Forcec vibration tests on the Tokyo Tower were conducted in 1959.
In addition to these tests, natural frequency measurements for this
tower were recorded during the Ise-Wan Typhoon of September 26 and
27, 1959, and during the earthquake of January 24, 1959. Thus during
the year 1959 the natural frequencies of this tower were measured
under three levals of dynamic excitation. Only two system identifi-
cation methods, the Filtered Correlogram and the Spectral 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-Sputh modes are 4% and 8 larger than
the system identification values for the first two modes, respectively,
The third mode estimate, however, is only 2% higher than the ambient
vibration value. The values recorded under typhoon ccnditions are
consistently about 2% lower than the forced vibration eatimates. The
second torsional forced vibratfon natural frequency is 142 higher
than its ambient counterpart.

During the 1959 earthquake, the third North-South mode was



MODE

N-S FIRST

N-S SECOND

N-S THIRD

TORSION FIRST

TORSION SECOND

MODE

N-S FIRST

N-5 SECOND

N-S THIRD

TORSION F1RST

TORSION SECOND
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TABLE 7
PARAMETER ESTIMATES OF TOKYO TOWER

NATURAL FREQUENCY fn(ﬂz)

FILTERED SPECTRAL FORCED
CORRELOGRAM MOMENTS VIBRATION
0.360 0.357 0.377
0.593 0.595 0.645
1.248 1.249 1.28
1.438 1.435 _—
2.043 2.041 2.33

CRITICAL DAMPING RATIO (Cn)

FILTERED SPECTRAL
CORRELOGRAM MOMENTS
0.0078 0.0109
0.0082 0.0062
0.0010 0.0011
0.0025 0.0021

0.0020 0.0019

ISE-WAN
TYPHOON

0.37

0.63

1.25
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strongly excited at 1.25 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
excitation conditions. However, the damping estimates evaluated by
the Filtered Correlogram and the Spectral Mcments methods appear to
be in very good agreement, ae indicated in Table 7. It is significant
that the third rranslational 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 made
shapes are ghown in Figure 24. The correlograms for the Tokyo Tow:r

are shown in Figures 25 and 26.
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TABLE 2
SIGNAL TO NOISE RATIO (SNR)
OF WIC AND ITC BUILDINGS

WIC BUILDING SIGNAL - NOISE RATIOQ
N-8 FIRST 32.8
N-S SECOND 17.3
N-S THIRD 6.9
E-W FIRST 19.9
E-W SECOND 16.4
E-W THIRD 17.3
TORSION FIRST 22.2
TORS1ON SECOND 14.5
I1C BUILDING SIGNAL -~ NOISE RATILO
N-S FIRST 47.2
N-5 SECOND 22.3
E-W FIRST 23.0
E-W SECOND 22.8
TORSION FIRST 26.3

TORSION SECOND 9.9
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TABLE 9
SIGNAL TO NOISE KATIO (SNR)
OF ATB, YTB, AND TOKYO TOWER

ATB BUILDING SIGNAL - NOISE RATIO
N-8 FIRST 26.7
N-5 SECOND 7.8
E-W FIRST 7.8
TORSION FIRST 7.7
YTB BUILDING 3IGNAL - NOISE RATIO
N-S FIRST 24.5
N-5 SECOND 14.5
E~W FIRST 19.1
E-W SECOND 10.5
TORSION FIRST 13,8
TORSION SECOND 6.5
TOKYO TOWER SIGNAL ~ NOISE RATIC
N~-5 FIRST 29.1
N-S SECOND 13.7
N-S THIRD 78.4
TORSION FIRST 41.3

TORSION SECOND 29.1
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X1v. CONCLUSIONS

Prior to analyzing the individual effectiveness of the separate
sygtem identification methods, 1t is necessary to discuss the impor-
tance of four factors which greatly affect the values of parameter
estimates obtained from an ambient vibration record. These factors
are e) the record length, b) the signal-noise ratio in the record,
¢) the filrer shape, and d) the filter cutoff bandwidth,

Generally speaking, the record lengtn should be as long as possi-
ble, assuming that the property of staticnarity is not seriocusly vio-
lated. If long period non-stationary waves are present in the record,
these may 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 1T, 1In 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 lmportant in determining the
accuracy of frequency and damping parameter estimates far any struc-
ture. For this reason, the individual mode signal-noise ratiocs for
each structure are listed in Table B and 9. These ratios were deter-
mined by dividing the peak amplitude at a natural frequency with the
average amplitude of the nofse 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 relia-
ble, For values of the ratio less than 10, the damping estimates werc

generally unreliable. Frequency estimates evaluated by the Spectral



74

Moments method tended also to be inaccurate when this ratio was below
10. For ratios between .0 and 15, the frequency estimatess wera con-
sistent, but sume of the damping estimates were inconfistent, Thus

it can prcobably be said that a value of the signal-noise ratio between
1C and 15 represented a "gray area' where no general statement can be
made to cover all cases of pa ameter estimation,

the filter shape does have a significant effect on the resulting
damping parameter estimate. It has been shown earlier, in Section IX,
that use of a Gausgian Filter applied to a record prior to analysis
by the Spectral Moments method tended to underestimate 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 Trapezoiaal Filter was used in cbraining parameter estimates
for the structures other than the World Trade Center.

The primary focus of this research project was to compare the
relative accuracy of four different sy<tem identification methods in
estimating frequency and damping parameters irom identical ambient
vibration records of tall structures. Since all records had been
subjected to the same Trapezoidal Filter, differences in numerical
estimates could be only due to the different analytical procadures
applied to the data.

The Filtered Correlogram method proved to be the least sensitive
one to changes in filter shape and filter bandwidth. It yielded reli-
able estimates for leng records with signal-nois_ ratios greater than
15. It was extremely easy to program this method on a digital compu-

ter, using Fast Fourier Transform algorithm. Wirth the exception of
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the Asaki Yokail Building, this method produces vibrational parameter
egtimates that appears to be reasonably accurate.

The Spectral Moments method was extremely sensitive to the filter
bsndwidth chosen. Use cf a Gaussian Filter tended to cause damping
astimares to be underestimated by as much as 50 percent. Bandwidths
greater than 0.1 Hz also tended to produce inaccurate damping values.
The accuracy of frequency estimates obtained by rhis method appears
to alsc depend on the signal-noise ratio of the record. For the East-
Kest and Torsional fundamental modes of the Asahi Tokal Bullding
(Table S5), this merthod yielded frequeicy estimates of the order of
7% nigher than the cther methods produced. These apparent errors can
only be attributed to the low signal-noise ratios of these amhient
records, Yor the rest of the structurewy, parameter estimates evalu-
ated by this method appeired to be consistent with those evaluated by
che Filtered Correlogram method. This method was also easy to program
on a digital computer.

Since 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 methoad. 1Its frequency
estimates for the WIC building appear to be between one to two per-
cent higher than those from the other methods. No significant dif-
ferences are noticeable for frequency estimates from the other three
buildings, however. With re¢apect to damping, this method generally
gave lower estimates for the buildings than the other two methods
gave, by an average of 0.2 pzrcent of critical. The reason this
methyd yielded consisteatly lower damping a2stimat.s cannot be satis-

factorily explained 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 eof about two. The second mode estimate appeared to
be satisfactory. This method reocuires greater effort in programming
and in anaiyzing the data that the Filtered Correlogram or Spectral
Moments methods require.

It is also interesting to notice how the Filtered Correlogram
function is affected by changes in filter shape, center frequency,
and cutoff bandwidih.

The rounded, '"'reverse curvature'' shape of the envelope of the
Filtered Correlcgram for the third East-West mocde cof the WTC building
is shown in Figure 14. This record was subjected to a Trapezoidal
Filter, but eupe effects were not completely eliminated in the trunm-
cated filtered record. When o4 Grussian Filter was applied to this
record, with the samec cuiotf bandwidth, the resulring curve is shown
in Figure 27, In this new Figure, the envelope of the Filtered
Correlogram exhibits the normal exponential decay which was not
present in Figure J«. This i{s because all edge effects have now
been removed in the truncated record, be..iuse of the shorter filter
rise time of the Gaussian Filter.

The same eff~ct ot the "rounded" appearance of the envelope of
the Filtered Correlogram is 1llustrated in Figure 28 for the second
North-South mode for the iTC building. Here again the Trapezoidal
Filter rise time was tco lung to be effectively eliminated in the

truncated record.
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Figures 29 and 30 also concern the third East-West mode of the
WIC building In Figure 29, the bandwidth is5 30 wide that two modes
are included in the record, resulting in a "wavy' appearance of the
correlogram. In Figure 30, while only cne mode is presenr, the
bandwidth is still too wide. This results in the envelope appearing
to he composed of a series of straight lines, rather than exhibiting
negative exponential decay.

Figure 31 also illustrates two curves evaluated from data from
the North-South direction ¢f the Tokyo Tower. The top curve shows
the effect on the Filtered Ccrrelogram due to an incorrect filter
center frequency. The lower curve illustrates the random fluctuations
resulting from the effect of two tlodes in the same record, due to
insufficient filtering.

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 f{rom about 0.5% to about 1.5% under
ambient aad forced vibration conditions, The higher level of excita-
tion due to forced vibration shaker test of the WIC building did not
significantly affect the measured damping estimates.

Tt is also of interest to compare these measured damping values
with estimates reported by orther investigators in the literature for
stee’ hulldings of similar construction and height.

Davenport, Hogen, and Vickery [8] measured the translational
modes of a 100 story steel exterior truss tube design building under
ambient conditrions. The resulting frequencies for the fundamenta!
modes were 0.147 Hz for the North-South direction and 0.211 Rz for

the Faat-West direction. The corresponding critical damping ratios
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were 0.004 and 0.006, respectively, for these modes. These estimates
were evaluated from records whose duration were of the order of one
hour, which are extremely long for ambient vibratior studies, These
damping estimates correspond to the lower end 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 under severe wind
conditions with velocities between 40 to 60 miles per hour. Building
"A" i{s a moment resistant frame, while Building "B" 1is of a framed
tube design. The Neorth-South, East-West, and Torsional fundamental
frequencies for Building "A" were mcasured to be 0.170, 0.190, and
0.187 Hz, while the corresponding critical damping ratios were 0.018,
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 was reported
for the Torsicnal mode for this building. The damping estimates
reported for Building "A'" are similar to those in this report, while
those of Buildiag "B" appear 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 Electric Building.
The structure was erxcited by forced vibration shakers, and the mea-
sured fundamental frequencies were Q.382 and 0.393 Hz 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 alsc higher than those tabulated in t! is report.

Hart and Vasudevan [46) have repor:ed parameter estimates evalu-
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ated from records taken during the 1971 San Fernando Earthquake, for
three steel structures exceeding twenty stories in height in the Los
Angeles area. Estimates were only made for translational modes. For
the 34 story 800 West lst Street Building, the translational fuadamen-
tal frequencies were 0.345 and 0,296 Hz, and the damping ratiou were
0.032 and 0.049. For the 1300 Avenue of Stars Building, the fundamen-
tal frequencies were 0.235 and 0.234 Hz, with the damping 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 would be measuied under amdient conditions.

It is recommended that additional structires, constructed of
both steel and concrete, be tested under conditions of ambient vibra-
tion, forced vibration excitation, and under high wind or earthquake
icading. Comparisona of the changes in frequency and damping para-
meters under thease different loading conditions will be of great

benefit to future designers of high-rise structures.
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