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ABSTRACT

This paper describes about the dependence of natural period and damping ratio by carrying out free
vibration tests of a multi-story structure. The larger the initial acceleration is, the larger the initial natural
period and the initial damping ratio become. The 10 Gal natural period and the 10 Gal damping ratio,
which is defined as those values obtained from the vibration with 10 Gal amplitude, also increase, as the
initial acceleration increases. So these values depend not only on the initial acceleration but also on the
momentary acceleration. Natural periods and damping ratios due to microtremor observation are slightly
smaller than those of free vibration tests. They correspond to those due to free vibration tests if the
amplitude level is taken into consideration. Based on the results of tests a model for damping, modified

stick-slip damping, is proposed.
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1. INTRODUCTION

It is well known that damping ratio and natural period of a building depend on the vibration amplitude.
There are some studies on this amplitude dependence. Most of these studies only compare the damping
ratio and the natural period in microtremors with their respective values of responses during earthquakes
or strong winds. There are only a few studies on amplitude dependence in which amplitude is gradually
changed. Although some models for the damping have been proposed in literature, it is difficult to discuss

their appropriateness because of the building complexity such as the existence of secondary members. In
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this study, the dependence of damping ratio and natural period on the amplitude is examined by
examining free vibration tests of a simple structure which has only a few secondary members. Based on
the results of these tests a model for damping is proposed. the damping ratio and the natural period

estimated by microtremor observations are also compared with the results of free vibration tests.

2. OUTLINE OF THE STRUCTURE AND VIBRATION TESTS

The tested structure is a test building with a vibration control device located in Tukuba, Japan. This
structure is 6-story, 18.9m high, with a square plan of 8m X 8m. Its structural system is a steel frame with
only a few secondary members as shown in Fig. 1. Free vibration tests are carried out by means of an
unbalanced mass type exciter. The structure is excited at resonance to maximum amplitude, and then the
exciter is stopped. During this test the active mass damper, which is set on the rooftop floor, is fixed and
the valve of the oil damper is fastened. So all response control devices are inactive. The response is
recorded in the form of acceleration time history. The maximum amplitudes are controlled by changing
the exciter weight. Microtremor observations are carried out by setting horizontal direction sensor picks
at the center of first, third and roof floors. Microtremor displacements in both directions, X and Y, are

recorded for 30 minutes with a sampling rate of 50 Hz.

3. IDENTIFICATION METHOD
3.1 Free vibration tests

To examine the change of natural periods and damping ratios in each free vibration wave, natural periods
are calculated from each consequent five cycles of the response time history and damping ratios are
calculated from consequent ten peaks. Both are calculated starting from the first peak and shifting the
calculation one peak at a time. The first peak in which damping ratio has maximum value is considered as

the peak in which free vibration starts. This peak acceleration is named the initial acceleration. The
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natural period calculated for 20 cycles from the initial acceleration is named the initial natural period and
the damping ratio calculated from 40 peaks is named the initial damping ratio as shown in F ig. 2. Starting
from 10 Gal acceleration, the natural period calculated for 20 cycles is named 10 Gal natural period and
the damping ratio calculated from 40 peaks is named the 10 Gal damping ratio.

3.2 Microtremor observations

Some sharp peaks appear in the ensemble mean power spectrum of observed time history as shown in Fig.
3. These peaks correspond to the first, second, third,...etc. mode component in order of the frequency.
Natural periods are calculated from the peak frequency of power spectrum. Damping ratios are calculated
by random decrement technique (Jeary,A.P., 1986), curve fitting method, autocorrelation decay method
and half power bandwidth method. In random decrement technique and autocorrelation decay method
band-pass filter width is taken predominant range of the peak as shown in Fig. 4. In curve fitting method

the range of fitting is also as shown in Fig. 5.

4. RESULTS AND DISCUSSIONS

4.1 Natural period

An example for the natural periods calculated from each consequent five cycles starting from the first
peak and shifting one peak at a time is given in Fig. 6. The natural period increases with the increase of
the first peak acceleration up to about 5 Gal after which the rate of this increase is decreased. The initial
natural period is plotted with the initial acceleration in Fig. 7. The initial natural period is found to be
linear to the initial acceleration. The 10 Gal natural period as shown in Fig. 8 is also found to be linear to
the initial acceleration. So the period of the same corresponding acceleration changes by the initial
acceleration. The periods obtained from the microtremor measurements and free vibration tests are
shown in Table 1. The period from the microtremor measurements is slightly smaller than the period due
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Table 1: Natural period|sec]

X direction Y direction

free vib. microtremor free vib.  microtremor
Ist 1.34-140 1.33 1.16 -1.24 1.15
2nd 042 -0.44 041 0.35-0.37 0.34

3rd 0.24-0.26 0.24 0.20 0.19
4th 0.17-0.18 0.16 - 0.13
5th 0.14 - - 0.10

6th 0.13 - - 0.09




Table 2 : Damping ratio

X direction Y direction
free vib. RDT CFM ACM HPM free vib. RDT CFM ACM HPM
Ist 07-10 0359 066 038 064 08-15 055 079 065 076
2nd 07-1.1 047 050 048 048 07-1.5 061 066 064 063
3rd 14-19 073 069 074 067 14-18 140 132 141 101

;JI

4th 1.6-1.8 046 050 044 040 - 172 145 1.79 1.23
5th 1.9-2.0 - - - - - 053 071 054 1.0l
6th 0.6 - - - - - 048 032 036 0.12
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to the free vibration tests. This is because the amplitude level of the microtremor is about 0.3 Gal which

is smaller than 1/10 of the smallest amplitude in the free vibration tests.
4.2 Damping ratio

Similar to section 4.1, an example for the damping ratio calculated from each consequent 10 peaks
shifting one peak at a time is shown in Fig. 9. In the small amplitude range damping ratios vary randomly
until about 5 Gal after which they remain constant. The initial damping ratio is plotted with the initial
acceleration as shown in Fig. 10. The larger the initial acceleration is, the larger the initial damping ratio
becomes. The 10 Gal damping ratio shown in Fig 11 also becomes larger as the initial acceleration
becomes larger. So the damping ratio of same corresponding acceleration changes also by the initial
acceleration in a similar manner to the natural period. Damping ratios obtained from microtremor
observation are shown in Table 2, and also plotted with the natural frequency as shown in Fig. 12 and 13.
As shown in Fig. 12 and 13, except for damping values of Y-component estimated with half power
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method, damping values estimated with all other methods are in a good agreement. Damping ratio values
due to microtremor observation are relatively smaller than those obtained by free vibration tests.
Damping ratio values due to microtremor observation estimated with random decrement technique and
those of free vibration tests are plotted with their respective acceleration in Fig. 14. It is seen that
damping ratio values due to microtremor observation correspond to those of free vibration tests, if
amplitude level is taken into consideration. In Table 2 and Fig. 12 and 13, the relationship between
natural frequency and damping ratio is not stiffness proportional. Damping ratio values of all modes are

nearly equal. This tendency can be seen in results of high rise building.

5. MODELING OF DAMPING

The results obtained in section 4.2 can be fitted to a regression curve as A, = A4, X (A initial damping
ratio, X initial acceleration, A, ,a,:constant) as shown in Fig. 15 for initial damping. So if an equation
for the amplitude dependent damping ratio is assumed as

WX, X)=AX X" (D)
where h:damping ratio, X :amplitude, X :initial amplitude, A, o, a':constant (o <<a' and a = 0). the
change of damping ratio can be expressed as follows;

case 1. when damping is calculated starting from 20 Gal as shown in Fig. 9, the relationship becomes
WX, X)) =AX XS, « X% =10

case 2: for initial damping as shown in Fig. 10, the relationship becomes

h(Xi, X’) - AXiad-(x' & AX'j(x-i-u' = Xio.'

case 3: for 10 Gal damping as shown in Fig. 11, the relationship becomes

(X, X)) = AXl?»‘Xid x )(1&'

These relationships shows a good reasonableness with experimental results. The 'stick-slip' model
proposed by A .G.Davemport et al. (1986) can be modified to a model applicable to equation (1) in the
following.

® Damping ratio h can be written as

ho L AE
an E

t
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where AE is the energy dissipated per cycle, £, is the total available potential energy.

@ In 'stick-slip' model shown in Fig. 16, the energy loss per cycle AF is

AFE =4 f(X-X,)

where f'is the friction force and X (= f / k) is the amplitude at which slipping starts.

® If there are a large number of such 'stick-slip’ elements, as in Fig. 17, the hysteresis energy depends on
the number density of stick-slip elements given as #, ;. (f,X,,X,). The total energy loss AL'is then

expressgd as
AE = [ [an, o (f X, X)F(X = X,)dfiX,
@ Since X, and f are independent, the number density of elements can be written as n, (X, X)p,(f),

where p(f) is the probability density of the friction force /. Then
3 N
AE = 4] (X = X, (X, X )dX, | p, () fdf

- 47J'(;‘NX (X, X )X
where ? is the mean value of maximum friction force of each element and
N (X, X,) = [ (X, X)X (2)
is the number of 'stick-slip' elements which are slipping when initial amplitude is X, and amplitude is X

®If
n (X, X,)=n, X X" (3)
then
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h(X,X,-)-g S XX¥ - AX XS (4)
n K(a+1)(a+2)

Equation (4) has a similar form to equation (1).
When equations (2) and (3) are used, the tendency of natural period, 7, (X, X,), can be examined. The

tendency of natural period can be estimated from that of stiffness K(X, X,). From the relationship of
K(X,X,)=Q/ X, ifinitial stiffness is expressed as K|,

OCX, X)) = KX = X[ (VIKAf [N (XXX + [, (F)df [N (XX, )i (5)
Substituting equations (2) and (3) in (5)
O X) =K =k e S XX aiar ©
where k is the mean value of stiffness of each element . So
- - H, at o
K(X,X)=K, -(kX 'f)i&ll)(a;é) Xex

Because of the relationship kX - f >0, K(X,X,) decreases with larger X and X,. Then T (X,X,) is

also increased with larger X and X, .. So this tendency is also consistent with experimental results.

6. CONCLUSIONS

In a structure with few secondary members, the natural period and the damping ratio become larger, as
the initial acceleration increases. A significant amplitude dependence can be pointed out. The 10 Gal
natural period and the 10 Gal damping ratio increase, as the initial acceleration increases. So these values
depend on the initial acceleration rather than on the momentary acceleration. Results obtained from
microtremor observations, for both natural periods and damping ratios, are slightly smaller than those due
to free vibration tests. They correspond to those due to free vibration tests if the amplitude level is taken
into consideration. A spring mass model with multi stick-slip is proposed to be consistent with

experimental findings. This model also explain the tendency of amplitude dependent natural period.
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