NSF/RA-800613

PRA2-1a7n3y

DAMPING MEASUREMENTS OF TALL STRUCTURES

by

George T. Tacka

University of Hawail at Manoa
Department of Civil Engineering
2540 ole Street
Honolulu, HI 96822

REPRODUCED BY

NATIONAL TECHNICAL
INFORMATION SERVICE

U.S. DEPARTMENT OF COMMERGE
SPRINGFIELD, YA 22161

Grant Number ENV75-16926







50272100

1. REPORT NO. 2. 3. Recipient’s Accession i\lo: -
REPORT ﬁgggmsnrxnon A 800613 TR T 6
4, Title and Subtitie 5. Report Date
Damping Measurements of Tall Structures 1380
& 008197
7. Author(s) 8. Performing Organization Rept. No.
G.T.Taoka
9, Performing Organization Name and Address 10. Project/Task/Work Unit No.
University of Hawaii at Manoa
Depa rtment of Civil Eng1 neeri ng 11. Contract(C) or Grant(G) No.
2540 Dole Street ©
Honolulu, HI 96822 © ENV7516926
12. Sponsoring Organization Name and Address 13. Type of Report & Period Covered
Engineering and Applied Science (EAS) Final
National Science Foundation
1800 G Street, N.W. 1a.
Washington, DC 20550

15. Supplementary Notes

Submitted by: Communications Program (OPRM)
National Science Foundation

Washington, DC 20550

-16. Abstract (Limit: 200 words)
Results of an investigation of damping measurements of five tall steel structures are
presented. The structures include four buildings ranging in height from 103 to 170
meters, and a four-legged square tower of a total height of 333 meters. For each
structure, ambient vibration records were mechanically digitized and analyzed by
three system identification methods: the correlation method, the spectral moments
method, and the power spectral density method. A trapezoidal filter was used to
isolate individual modes before the records were subjected to analysis. Damping
estimates were also obtained under forced vibration rotating shaker tests. These
estimates appeared to be consistent with those obtained under ambient conditions for
fundamental modes of vibration. Considerable variations were present when damping
ratios for higher mode estimates were compared.

17. Document Analysis a. Descriptors

Earthquake resistant structures Random vibration
Correlation Vibration damping
Spectral energy distribution Skyscrapers

Steel structures

b. Identifiers/Open-Ended Terms

G.T. Taoka, /PI

c. COSAT| Field/Group

18. Availability Statement 19. Security Class (This Report) 21. No. of Pages
TIS :
N I 20. Security Class {This Page) 22. Price
(See ANSI-239.18) . See Instructions on Reverse OPTIONAL FORM 272 (4=77)

(Formerly NTIS-35)
Department of Commerce






NSF /RA-800613

DAMPING MEASUREMENTS OF TALL STRUCTURES

George T. Tacka*, Member, ASCE

ABSTRACT

The results of an investigation of damping measurements of five
tall steel structures are presented. The structures include four tall
steel buildings ranging in height from 103 to 170 meters, and a four-
legged square steel tower of tatal height 333 meters.

For each structure, ambient vibration records were mechanically
digitized and analyzed by three system identification methods: the
correlation method, the spectral moments method, and the power spectral
density method. A trapezoidal filter was used to isolate individual
modes before the records were subjected to analysis.

In addition to estimates from random vibration data, damping esti-
mates were also obtained under forced vibration rotating shaker tests.
These estimates appeared consistent with those obtained from abient
data for fundamental modes of vibration. However, considerable vari-
ations were present when damping ratios for higher modes were compared.

I. THE CORRELATION METHOD

_ The theoretical basis for the vuse of the correlation funciion %o
estimate structural response parameters has been reviewed by Cherry
and Brady [1]. A detailed discussion f the use of this method to
estinmate damping is available in a report by Tacka and Scanlan [10].
The following brief discussion of the ganeral theory involved is taken
from Cherry and Brady [1], and is included here for complebeness.

If h(t) is the system respomse functiondue Lo a unit impulse
gpplied at T = 0, then the relation betwssn a2n input function x(%)
and the reuulting output response y(t) is given by

y(t) = [m hit) x{t-1) dt (1}

g

For a lightly dawped singls degres of freedom oscillator having
a natural circular frequency w and a2 small cribical damping ratio ¢
the system response function is defined as

~LWT
_© ,
h(t) =T sin [ 1-g? ?T], T2>0 ' (2}
It is assumsd that hit) = 0 for ¢ < 0.

The autocovariance function for a function y{t) is defined by

*Profegsor of Civil Enginesring, University of Hawaii ab Manca

o)

Taocka



=

¢ (v) = Lin 2 f ; y(8) y(t+) (3)

y T.._)m

ol

It can be shown that if the imput function x(%)} is composed of
"white nolse” with constant spectral density Gp, that the cutput auto-
covariance function is given by

oG

3 [e’CMT (cos V1-z? wt

c (1) =
¥ 2Cw

+ ——2— §in Vi-C2 wt{l : (4}
Yl-g°
Equation (%) represents a cosinusoidel function with exponential
decay. The decay of the envelope of the aufocovariance estimate of the
outrut response can thus be used to estimabe the critical damping ratio
¢ of the system. The umbiased autocovrariazncs estimate of a time series
{yn} where n varies from 1 fto N is given by

H-k
cx(k) = ¥k Z Innsk 2 - —
The corresponding autocorrelogram estlimate is gilven oy
C_(x)
R (k) ==
C_{C —
7 ¥

<
o
A
b

TA
=

(6)

Tn bath Bgs., (5) and (6), the integer M, the maximum lag number,
is kept small compared to N the number of points in the series.

The logarithmic decrement method [10] wes used to estimate the
critical damping ratio in each mode. The value is determined by

1 AU 1
g = Bng In|+ (7
D+g |

where A, 1s the peak amplitude at cycle p and 2 is the pesikr ampli-
. P
tude g cycles leter.

II. SPECTRAL MOMENTS METHCOD

In 1972, Vaumarcke [11] proposed a spectral moments method for
estimating frequency and damping parameters of a randomly excited
system. The zeroeth order moment gives the area under the power spsc~
tral density function. The first order moment is & function of its
centroid, and the second order momeut gives a measure of dispersion
aboun a spectral peak lndlCdtng a central frequency.

If y(t) is a stationary randon process with zero mean valu its
gutocorrelation function R(t) is defined by _

R(T) = E [y(8) yiti0)] . ‘ (8)

The "one-sided” Fourier Transform pair of formulas relating
G(w) acd R(T1) is given by

e ' Taoka



G(w)
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%—Jw R{1) cos(wt) dr (9)

0

Jm Glw) cos{wt) dy (10)

]

B{T)

where G{w) is the "cne-sided" power spectral demsity fuochion of the
autocorrelation function of the zero-mean process y(t). The mean
square value <y(t)?> is obtained by setting T = 0, in Eq. (10), giving

r({0) ='jm G(w) dw 7 (11)

The spectral moments are D | |
Ag = Jj w? Glw) du = fj G(w) duw {12)
A ='fm w' Clw) dw (13)
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Vanmarcke has intreduced ths following quantities related to the
spectral mcmants above.

A
1
Wy T3 (15)
1 2
A l1/2
w2 = *}:'5 : (16)

Yote that wy and wo as defined have dimensioms of circular fre-
quency. The parameter wp will be directly related to wy, the natural
clrcular frequency of vibration. The following dimensionless parsmster

p) }1/2
1
g = [% - AOAQJ ) (17)

will be directly related to the percentage of critical damping ¢ of
the vibrating systenm. ‘ ‘ A

If x(t) is the input and y{t} the output of a lincar systenm,
the relationship between x(t) and y(%t) is given by Eq.{1l), where h{t)
is the impulse response function of the system. The system transfer
function H{w) is defined to be the Fourier transform of the impulse
response function h(t).

If Golw) is the power spectral density function of the stationary
"white nolse” input x(t), and G{w) is the output spectral demsity
function, the equation defining these relationship is '
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6(w) = [BW)]? gylw) (18)

For a single degree of freedom system with meburzl circular fre-
qusncy wy and damping ratio coefficlent g, the square of the abscolute
- value of the system transfer furncticon 1s given by

2 _ 1 '
, (0 -u”) + 4%
n
It can then be shown that the following relationships exish:
e '
Yo =73 (20
ﬁ;wn
wy = W . {21)
L .
® =251 - 1z + 0(d?)] . (22)
When |g| << 1, it cen be seen that
2. 4%
a Fy (?3)
1 frequency

for very light damping
and critical damping r

Since the oubput function y{t) is filtered by a band-limited
window function betwesn circular frequencles wg and wp, the effect
of excluding frequencies outside of (wg,wpy will now be discussed.
It will bé convenient to define dimensionless band limitas

2

; %=a§- (26)

El g
Y

2 =
&
n

Vanmarcke has demonstrated that the natural frequency is still

glven by -
_ _ A2 1/2
w, = (27)
L0 -

However, the critical damping ratio is corrected according to the
relationship : 1+Q - A 2

= | T % A" : (28)

QbJ g2 .

for the speclal case when 9y = @,. This condition was utilized in
this investigaticn.
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III. POWER SPECTRAL DENSITY METHOD

This method is based on analyzing the power spectral density func-
tion of the response spectra. In the cutput power spectrum, the spec-
tral density becomes maximunm at a frequency w/l-2¢°, and the damping
coefficient 7 can be calculabted as follows, knowing the frecuencies ]
and fp where the spectral densities becomes 1/A of 1its maximum.

= A 3 2 :
4 2(1—-3:’-\) (29)
where » .f 2-f 5
A=2 3 o 1 (30
f22+f12 YA=1

In practice, A = 2 is usually used for simplicity.
Equation (30) is derived from the power spectral density fumction

Sy
2 2 2 2
-~ + 4
(wO w™) Ly
This method has been used by Tansksa, Yoshizawa, Osawa, and
Morishita {8] to estimate period and damping parameters of some
buildings in Japan.

Slw) =

5 - (31)

-ty

The pover spectral densily
transforz of the true autocorrsl
record of infinite length of tim
finite, we cannot estimate the true
trarily long lags. In practical czs , we can only compute
the so-called apparent autocorrelation functican from a record of
relatively short length. However, a good estimaticn of smocthened
values of the true power specirum can be obtained from the Fourier
transforn of a modified appearent subocorrelation fumction, which is
the product of the apparent aubtocorrelation and a suitable even func-
tion called the lag window.

HOEY o w
Q (L

I AR

W

[0}
By et = 13D
0
il

3

jur]

Q
= 0
O b
®

In the present investigation, the so-called thamming! type lag
window expressed by Eq. (32) was usad.

=

0.5% + 0.4 cos Tz for {xl < T {32)

0 2 for |1} > T
m

i

w{T)

where, 7 1is a time lag and T, is the meximum lag which we desire to
use.

The corresponding frequency function is
W

Wlw) = 0.5% Wolw) + 0.23[W (v + %} + ¥ylu - %;)] (33
sin me
Wiw) = QTm “@;* » | - (3%)

The smoothened spectral functicn is then expressed by
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0
vhere,
. ot
.- l.OBTmGO ¢ (oeat) = sin mﬂTm(u ut) " y _w'
N s 0 ¢ w T (u-uf) ’ w_ ? w_ °
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This method has been used by Kobayashi and Sugiyama [3] to esti-
mate the structural dynamic parameters of the five structures investi-
gated in this report. The resulis of this analysis are presented
later.

IV. RECCED DATA AND BUTIDING DETATIS

Data Collection Proesdurzs

The vibration semsors used in this investigation wers three
horizental velocity meters msnufactursd by the Hosaka Instrument
Company of Japan. The emalog signals were subjected to low pass
filtering effectively eliminating frequencies grsatesr than 10 Hz.

The resulting signals wers then digitized at a constant inverval of
0.04% secomds, which gives a ¥yquist frequency of 12.5 Hz. For the
World Trade Center Building, a record length for sach sensor of
approximately 6,000 points, or four minutes, was recordsd on each
flcor. For the othser three buildings, as well as for the Tokyo Tower,

4,500 points, or three minutes of data, were continucusly recorded.

The method for recording the embient vibration data was the sans
for all the structures, so the method will only be described in detail
for the World Trade Center Building.  Daba were collected on the 40th
floor (lst mecde), 28th floor (3rd mode), and 16th floor (2nd mods) for
this building. OUn each floor level, the three vibration sensors, wers
placed as shown in Fig. 2. 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 ssction, facing Fast-West. Semsor £3
also facaed East-West, but was locatsd at the Southern tip of the cross
section. Thus, if y1(%), yolt), and y3(t) were the output from the
three sensors, the North-South, East-West, and Torsiomal responses were
given by

Yyt = 7, (8) (36)
Ypy(®) = 1/2l7g(t) + y4(0)] G7)
Yp(8) = 1/2y,(6) - y4(8)] (38)

The ambient responses for this building were subjected to a Trapezoidal
Filter with passbands of 0.363 Hz, 0.39% Hz, and 0.607 Hz for the

first three modes, rspectivsly. Figure 1 shows the details ¢f the
Trapezoidal Filter.
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Tokyo World Trade Center Puilding (WIC)

This building rises 40 stories to a height of 152.2 meters at roof
level. A small structure on the roof raises the overall height io '
156.0 meters. The tower is a steel frame, almost symmetrical in plen
view, being 51.% m (E-W) by 48.8 m (¥N-8) in cross section. The area
of a typical floor is 2,458 m2. Details of the building are given in
Figs. 2 and 3. Vibration tests on thils structure have been reported
by Muto {&].

Interrational Tele-Communications Center {ITC)

This building is a steel frame which rises 32 stories %o a height
of 170 meters. It is almost square in plan view, with plan dimensions
51 m by 5% m. Its structural framing consists of closely spaced
columns lying on the perimeter cof the cross section. Its vibratlonal
characteristics and design features have also been reported by Muto [5].
Records were taken from the 32nd floor for the fundamental modes and
the 17th flocr for the cther modes. Its details are shown in Fig. 4.

Asahi Tokai Buildingz (ATB)
The Asahi Tckai Bullding is a steel frame 30 story high-rise
sbructure with a total height of 119 m.. There is a concrete foundation

of three floors below ground level, It is essentially square in cross
-section, with plan dimensicnms 36 m by 35 m. Each typical floor kas a

eross ssctional area of 1,249 m2. ts dynemic characteristics are des-
cribsd by Ichirose [2]. Tts structural details are shown in Fig. 5.
o 1,2 3 - - 1 L, oA
Data for this bullding were taken on Lthe 22nd and l4th floors.
Yokchama Ternri Building (YTB)

The last building svudied in this investligation is 2lso 2 sheel
frame whese cross section is perfectly sguarse, being 27 melers on each
side. Its sbructurel framing system consists of a "tube in tube”
design. It consists of 27 steries and rises to a height of 103 m.
There are also three basement floors below ground level. Its struc—
tural details are shown in Fig. 6. Vibration test for this building
are described in a report by Tamano [7]. Ambient data were recorded
on the 27th, 20th, and 13%h floors.

Tokyo Tower (TT)

As can be seen in Fig. 7, the Tokyo Tower is an isclated {res-
standing steel-framed tower composed of two parts; a primary tower
with a height of 253 m and another one of a height of 80 m being

added on the top of the former. The latter tower may be divided into
two parts, i.e., the super-gain-antenna of 60 m in height and the
super~-turn-antenna of 20 m in height. Thus, the total height of the
tower is 333 m above ground level. The design of this tower, as well
as 1%s dynamic respomss Lo vibration test and under typhoon conditions,
has been rsported by Naito, Nasu, Takeuchi, and Kubota [6].

7 Tacka



V. COMPARISON OF DAMPING RATIC ESTIMATES FROM
DIFFERENT METHODS OF ANALYSES

In this section, parameter estimates for the four buildings ob-
tained from the Correlation, Spectral wmoments, and Spectral Density
methods of amalysis will be compared. Tre estimates from the Spectral
Density Meftbod were calculated by Professor Hiroyoshi Kebayashi, with
the 2id of graduate student Nao Sugiyema [3]. It should be noted
that sach estimate was obitained from the same ambient vibration record,
subjected to a Trapegoidal Filter, Thus any differences in these
values would be solely dus to the different method used te analyze ths
data. PForced vibration estimates from three structurses are also
included io the results.

World Trade Center (WTC)

The averags values for the natural freguenciss obtainsd from these
analytical methods are 0.281, 0.861, and 1.60 Hz for the North-South
direction, and 0.284%, 0.870, and 1.61 Hz for the East-West dirsciion.
The first two Torsicmal frequsncies ars 0.35C and 0.977 Hz. The cor~
responding forcsed vibration natural frequency estimates for the trans-
laticnal modes are 0.318, 0.980 and 1.82 Ez for the North-South direc-
tion, and 0.315, 0.990, and 1.85 Hz for the Bast-West direction.

The ¢ritical damping ratio estimates are shown in Table 1. The
last colwmm in Tebles 1 through 5, labeled 3/N Rasio, are the signal-
to-noise ratios pressnt in the data rscord from which tha modal

et
FE—— S ey 1 27l at
demping estimates were calculated.

' Table 1
CRITICAT DAMPING RATIO (qn} FTOR WTC BUILDING

Filtered Spectral  Spsctral Forced S/

Mods Correlogram  Moments Density Vibration Raztio

N-8 First 0.006% 0.0070 0.008 0.007 32.8
K-S Second 0.0116 0.0072 0.008 0.013 17.3
N-S Third 0.0183 0.0152 0.016 0.014 6.9
E-W First 0.06100 0.0096 0.01L 0.009 19.9
E-W Second 0.00%6 0.010% 0.014 0.013 6.4
E-W Third 0.0108 0.009% 0.025 0.015 17.3
Torsion First 0.0128 0.0119 - £.008 22.2
Torsion Second 0.0138 0.0116 —— S 4.5

The correlation curves for the first three North-South modes ars
shown in Fig. 11, The corrssponding forced vibration fregquency curves
for the same three modes are shown in Figs. 8, 9, and 10. Further
discussion of these curves are presented in an NSF report by Tacka [9].

International Telecommunications Center (ITC)

The system identification estimates are 0.324% and 0.955 Hz for
North-South, and 0.31% and 0.929 Hz for the East-West directions,
respectively. The first two torsicnal estimates are 0.413 and 1.05 Hz.
The corresponding critical damping ratlo estimates are listed in
Table 2.

8 Taoka



Teble 2
CRITICAL DAMPING RATIO {zy) OF ITC BUILDING

Filtered Spectral Spectral S/¥

Mcde Correlogram Moments Density Ratio

N-S First 0.0050 0.0048 : 0.00% L7.2
N-S Second 0.0070 0.0057 0.007 22.3
B-W First 0.0112° 0.0115 0.00% 23.0
E-W Second 0.0060 0.0060 0.006 22.8
Torsicn First 0.0076 0.0091 0.005% 24.3
Torsion Second 0.01L4 0.0118 0.013 9.9

Asahi Tokai Building (ATB)

The system identification estimates are 0.380 and 1.1% Hz for the
first two North-South dirsctions. The fundamental East-West estimate
is 0.387 Hz, and the fundamental Torsicnal estimate is 0.389 Ez. The
corresponding forced vibration estimates are 0.43%, 1.27, 0.%436, and
0.562 Ez. The critical damping ratios for ATB Building are shown in
Table 3. The signal-to-noise ratics are generally small, with the
exception of the fundamental North-South mode. '

Table 3
CRITICAL DAMPING RATTO (zp) FOR ATB BUILDING

Filtered Spectral Spectral Forced S/N

Yede Correlogran Moments ~  Densiby Vibration Ratio
N-S First 0.0052 0.0072 0.026 0.009 26.7
¥-3 Second 0.0209 0.0165 0.013 0.012 7.8
B~ First 0.0455 0.0287 0.024% 0.009 7.8
Torsion 0.0473 0.0 7.7

L0271 - 0.0073

Yokohama Tenri Building (YTB)

The syshem idenbification estimates are 0.4%60 and 1.32 Hz for
North-South, 0.461 &nd 1.33 Hz for East-West, and 0.602 and 1.57 Hz
for Torsicnal modes. The damping ratios are listed in Table L.

Tahle L
CRITICAL DAMPINGC RATIO (gn) O YIB BUILDING
Filterad Spectral Spectral S/
Mode Correlogram Moments Density Ratio
N-S First 0.007% 0.0075 0.005 24.5
N-S Second 0.0073 0.0059 Q.OOS 14.5
E-W First 0.0129 0.0103 0.006 19.1
E-W Second 0.0091 0.0074 0.013 10.5
Torsion First 0.0125 0.00%0 D.0C3 13.8
Torsion Second 0.0175 0.0173 0.014 6.5

The Tokyo Tower (TT)

Since the Tokyo Tower 1s symmetric in both North-South and East-
West directions, only the North-South and Torsional wmodes were ana-
lyzed. The nabural fregquency estimates for the three North-South modes

are 0.358, 0.59%, and 1.25 Hz, with Torsional frequency estimates of
1.4% and 2.0% Hz, The forced vibration estimates for the translational

9 . Tacka



modes wers 0.377, 0.645, and 1.28 Hz. The damping estimates are shown
in Table 5.

Table 5
CRITICAT, DAMPTNG RATIO (cn) QF TOXYO TOWER
: Filtered Spectral S/N
Mode Correlogram Moments Ratio
N-S First 0.0078 0.0109 29.1
N-8 Second 0.0082 0.0062 13.7
N-S Third 0.0010 0.0011 78 .4
Torsion First 0.0025 0.0021 41.3
Torsion Second 0.0020 0.0019 29.1

VI. CONCLUSTONS

" The signal-noise (S/N) ratio was found to have significant effect
on the resulting accuracy of damping ratio estimates obtained in this
study. Therefore, These ratios were listed in Tables 1 throush 5.
They measured the ratio of peak amplitude to the average polise ampli-
tude in a region of 0.05 Hz on both sides of a natural fraquency esti-
mate, Generally spesking, damping estimalbes were accurate when the
S/N retio exceedsd 15, but were unrelisble when the S/W was below 10.
The region 10<8/N<15 was a "gray arca’ woere no definitive statement
could be made about damping accuracy.

For fundamental modes of vibration, all three methods of analysis
pave reascnably close damping estinates, consisbent with forced vibra-
ticn measursments. For higher modes, howsver, considerable variations
exist in the estimates obtained by different methods. With the
exception of ths ATB Building, whose records exniblited unfaveradle
signal-to-noise ratios, most damping estimates were in the range of
about 0.5% to 1.5% of critical, under both ambient and forced vibra-
tion conditions. ‘
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TOKYO WORLD TRADE
CENTER BUILDING

12 Tacka



111111‘!11111\1\11\1\}\1\\1\\\\\‘\¥}

<ty

/

/

o v
,:{\ i
= L i it

Fi1Gure 5

ASAHI TOKAI BUILDING
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FIGURE .
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