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ABSTRACT

The application of Tuned Liquid Dampers (TLDs) to a tall tower in Hakodate,
Hokkaido, northern Japan is presented in this paper. The Goryokaku Tower is a
reinforced concrete tube structure with a height of 98 meters and a wall thickness of
350 to 500 millimeters. The tower is exposed to strong winds year round and severe
winter snowstorms, thus 15 TLD units were installed at the roof level to reduce wind-
induced vibrations. Servo-type velocity sensors were placed at the top floor level of the
structure to monitor the building's vibration response. By comparing the vibration
characteristics of the tower before and after the TLD installation, the effectiveness of
the damping system is evaluated. The climatic data reported by the nearby Hakodate
Marine Observatory is used for quantifying the influences of the climatic conditions on
the variations in the dynamic properties. The newest data from the long-term vibration
observation is also presented.

1. INTRODUCTION

The Goryokaku Tower, which is a tall sightseeing tower in Hakodate, Hokkaido,
northern Japan, was constructed in 2005. The tower is exposed to strong winds year
round and severe winter snowstorms. Fifteen Tuned Liquid Damper (TLD) units were
installed to reduce wind-induced vibrations at the top of the tower. Long-term
continuous observation of the vibration response has been conducted since the tower
was constructed, and now, more than six years of response data has been collected.

In this paper, the structural design of the vibration control system with TLDs and the
effectiveness of the TLDs are presented. First, the natural frequency and damping ratio
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of the tower are identified from data that was obtained from diagnostic observations
made when the damping system was initially installed and from the determination of the
optimal water depth for the system's performance. By comparing the vibration
characteristics of the tower before and after the TLD installation, the effectiveness of
the damping system is evaluated. Then, variations in the dynamic properties identified
from the long-term observation data are investigated. Using climatic data such as wind
speed reported by the nearby Hakodate Marine Observatory, the influences of the
climatic conditions on the variations in the dynamic properties of the tower are
guantified.

2. FEATURES OF THE TOWER

2.1. MAIN STRUCTURE

Table 1 shows the general specifications of the Goryokaku Tower. The tower (Fig.
1(a)) consists of an observatory deck, a tube structure, a lower building structure, a mat
slab, and cast-in-place piles. The tube structure shares its mat slab foundation with the
lower building structure, which is structurally isolated by an expansion joint at the
aboveground part. The tube structure, which is constructed by slip-form paving, is a
reinforced concrete (RC) tube structure with a height of 98 meters and a wall thickness
of 350 to 500 millimeters (Fig. 1(b)). The tube structure and observatory deck have a
pentagon-shaped plan with the star fort motif of Goryokaku (Fig. 1(c)). The observatory
deck, which is made from steel, was constructed on the ground and then lifted up to the
top of the tower and suspended from a steel truss. The floor girder of the deck is tied to
the tube structure.

Table 1 General specifications of the Goryokaku Tower

Construction year 2005

Site area 2938 m*

Total floor area 5656 m*

Height of the tower 107 m

Elevation of the observatory deck | 90 m (6th floor), 86 m (5th floor)
Area of the observatory deck 463 m* (6th floor), 313 m* (5th floor)
Capacity 500 people

Elevators 2 elevators (30 people each)

2.2. TUNED LIQUID DAMPERS

Fifteen TLD units were installed at the top of the tower to reduce wind-induced
vibrations (Fig. 2). A TLD is also called a sloshing damper because its damping
mechanism uses the sloshing of the water inside of it. The effectiveness of a TLD
depends on the depth of the water in the container. To maximize the effectiveness of
the vibration control system with TLDs, the determination of the TLD water depths has
to be done properly concerning the dynamic properties of the tower. A validation of the
TLDs with vibration measurements is presented later.
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Fig. 1 (a) External appearance of the Goryokaku Tower (b) Section view (c) Plan view
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Fig. 2 Installation of TLDs

A TLD unit consists of nine vessels made from fiber-reinforced plastic with a
diameter of 1500 millimeters and a height of 200 millimeters. The water injected into the
containers is a 30% solution of calcium chloride, which lowers the freezing point of the
liquid to -55°C. Two different water depths, 150 millimeters and 175 millimeters, are
used in the TLDs for the variance in the frequency. The design of the TLD system aims
for a 40% reduction in wind-induced vibration (assuming the weight of the tower is
52390 kN and the natural period is 2.5 seconds) when the wind velocity reaches 20 m/s,
which is thought to be a standard event that happens once a year.

3. VIBRATION OBSERVATION SYSTEM

A vibration observation of the whole tower was conducted in 2005 when the
Goryokaku tower was constructed. This vibration observation aimed to investigate the
initial dynamic properties of the tower, such as the natural frequency, damping ratio,
and vibration mode shape of the tube structure. The configuration of the sensors at that
time is indicated in Fig. 3(a).
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Another vibration observation is now ongoing. Three servo-type velocity sensors
were placed at the top floor level of the tube structure for long-term continuous
observation of the wind-induced vibration response at the observatory deck. Figure 3(b)
shows the configuration of the three velocity sensors. The sensors are fixed on three
inside walls of the tube structure in the direction of the normal vector of each wall. This
long-term observation is now ongoing to obtain the changes in the natural frequency
and damping ratio of the tower and to validate the effectiveness of the vibration control
system with TLDs. The initial dynamic properties of the tower are also obtained by this
observation system. The sampling rate is 100 Hz, and the observed data is stored
every 10 minutes.

(a) (b)
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Fig. 3 Configuration of velocity sensors for the vibration observation system
(a) Whole tower observation (b) Long-term observation

4. DIAGNOSIS OF INITIAL STATES

In this section, a diagnosis of the initial states of the tower is presented. The data for
the diagnosis was obtained from the vibration measurements conducted when the
tower was just constructed. The data includes the dynamic properties before and after
the installation of the TLDs.

4.1. FREQUENCIES AND DAMPING

Figure 4 shows a time history of the response velocity observed at the top of the
tower. The wind-induced response shows a sinusoidal-shaped wave corresponding to
the fundamental natural frequency of the tower. The amplitude of the wind-induced
response varies with wind speed and wind direction. The relationship between the
response amplitude and wind speed is mentioned below.
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The natural frequency and damping ratio of the tower are identified using the curve
fitting method. The theoretical function of the power spectral density of a 1-degree-of-
freedom system is

A0’

:{1—(0)/600)2}2+4h(a)/a)0)2 (1)

A(f)

where Ap is a constant,  is the natural frequency of the noise, wo is the natural
frequency of the vibration system, and h is the damping ratio. To calculate the
ensemble average power spectrum properly, continuous data from a 60-minute
duration is used for the analyses. The conditions for the system identification analyses
are as follows:
Total number of continuous data points: 360,000 points (3600 s)
Number of data points for calculating Fast Fourier Transform: 65536 points (655.36 s)
Data overwrapping: 50%
The observation data for the diagnosis were obtained on the following days:
Before installation of TLDs
Weak wind: 04:03 - 05:03 on Dec. 23, 2005
Strong wind: 23:03 on Dec. 25, 2005 - 00:03 on Dec. 26, 2005
After installation of TLDs
Weak wind: 01:02 - 02:02 on Mar. 11, 2006
Strong wind: 05:05 - 06:05 on Feb. 27, 2006
Figure 5 shows the curve fitting of the power spectral density, whose data was obtained
from the observation on a strong-wind day before the installation of the TLDs. The
identified natural frequencies and damping ratios are listed in Table 2.
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Fig. 5 Curve fitting of power spectral density function
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Table 2 Identified dynamic properties of the tower at the initial states

Before/after Natural frequency [Hz] Damping ratio [%)]
installation of TLDs | X direction | Y direction | X direction | Y direction

Before 0.532 0.516 0.396 0.398

After 0.542 0.526 0.496 0.532

4.2. VIBRATION MODE SHAPES

To identify the vibration modes of the tower without the excitation of wind-induced
vibration, earthquake response data (Fig. 6) accidentally obtained during the whole
tower vibration observation is analyzed. The vibration modes are identified by
calculating the transfer function. The velocity data obtained from Sensor No. 1, which is
on the ground level, is used for the input. One of the calculated transfer functions is
indicated in Fig. 7.
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Fig. 6 Earthquake response velocity (X direction)
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Fig. 7 Transfer function (amplitude and phase; input: No. 1, output: No. 4)
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Figure 8 shows the vibration mode shapes obtained from the investigation of the whole
tower vibration observation data. The vibration mode shapes from the measurement
agree well with that from the eigenvalue analyses of the lumped mass model that is
used for the design of the vibration model.
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Fig. 8 Vibration mode shapes

4.3. EFFECTIVENESS OF TLDs

To validate the effectiveness of the TLDs, a comparison of the response velocity
before and after the installation of the TLDs is presented. Figure 9 shows the
relationship between the wind velocity and response velocity. The wind velocity
represents the data published every 10 minutes by the Hakodate Marine Observatory,
which is located 2 km from the tower. The response velocity represents the root-mean-
square value of the 10-minute observation. The response values in the X- and Y-
directions after installation are both less than those before installation. To judge from
the regression coefficient of the quadratic approximations, the TLDs reduce the velocity
response by 20-30%. The TLDs tend to work more effectively and achieve a 40%
reduction in the response velocity at a higher wind velocity range.

® before TLD installation

X direction Y direction @ after TLD installation
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Fig. 9 Relationship between wind velocity and response velocity
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The identification of the power spectral density shows that the natural frequency
changed based on the water depth in the TLD containers. Figure 10 and Table 3 show
a vibration model that explains this phenomenon. The model has two mass points (m;
and mj3) at the top, which represents the 15 TLD units, and the wind force acting on the
tower (m,) is simplified as a circular function.

UZ —> u3
m, m,
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N

Fig. 10 Numerical model of the vibration system

Table 3 Parameters of the vibration system (X direction)

Natural frequency [Hz] | Damping ratio [%] | Effective mass [ton]
Tower (m;) 0.532 0.40 2656
TLD 1 (my) 0.444 3.56 0.215 @ 90 vessels
TLD 2 (m3) 0.500 3.16 0.235 @ 45 vessels

The equation of oscillation under harmonic excitation is as follows:

[KI{U}={F} (2)
where
kll klZ k13 l"Il I:O
[KI=|ky ky 0 |, {U}=qu,: ,{F}=<0
Ky, 0 kg U, 0

=Moo’ + j(c, +¢, +c)o+ (K, +k, +kj)

k
k,, =-m,®* + jc,w +k,
k

s =—M,0° + jc,o+K,
ki, =Ky =—JCc,0 -k,
Kig = Kg = —jCi0 =K,

The magnification of the tower's response amplitude is

KaoKgs K, (3)
det(K)
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Figure 11 shows the magnification factor of the response amplitude changing with the
amount of water in the TLDs. The peak magnification factor of these curves decreases
with water infusion to 30% of the initial state. Simultaneously, the peak natural
frequency increases. Figure 12 shows the variation in the peak natural frequency
during the water infusion. The analytical results show that the natural frequency
increases from 0.532 Hz to 0.545 Hz, and the results agree quite well with the
observation data. Therefore, it is proven that the proposed numerical vibration model
properly represents the dynamic characteristics of the tower's wind-induced response.

o 150
L=

fn

3 :'é water depth

==

g s

g Z —30 —145

E=1S!

2 & 0 m—) T35

23

= 90 - -105
. |
0.45 0.6 120 135

03 frequency (Hz) o

Fig. 11 Magnification of response amplitude with TLD water depth

0.56

water infusion © measurement

M analysis

-

frequency (Hz)
=]
4

0.52

0.02
water infusion

0015 f o= - oo o oo oo oo

001 [-----mmmmmm oo e D

damping ratio

L]

0005 | 2% - %0 A AL LS
fec Y, W™y, ° o e ®
‘o‘, ‘}. .
L]

Fig. 12 Identified natural frequency and damping ratio during water infusion of the TLDs
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5. LONG-TERM OBSERVATIONS

The newest data from the continuous long-term vibration observation of the tower is
reported in this section. The variations in the dynamic properties are also presented.

5.1. DAILY VARIATION

Figure 13 shows the daily variation in the peak velocity of the observatory deck. The
velocity tends to be higher during the tower's business hours, which is caused by the
motions of the elevators and tourists.
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Fig. 13 Daily peak velocity of the observatory deck

5.2. ANNUAL VARIATION

Figure 14 shows the seasonal variation in the natural frequency. A higher frequency
is observed in winter, during which severe snowstorms occur. In winter, the large
amplitude of the response vibration caused by strong snowstorms makes the frequency
lower. Meanwhile, the low temperature makes the frequency higher. It is clear that the
dynamic properties of the tower are highly influenced by the temperature conditions.
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Fig. 14 Annual variation in natural frequency (in 2010)
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Figure 15 shows the change in natural frequency over the past six years. The
frequency increased after the initial set up and then decreased with the seasonal
changes year by year. A variation in the damping ratio is not detected, which suggests
that the TLD damping system works the same as it did at its initial state.
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Fig. 15 Long-term observation of natural frequency

One-third octave band spectrum analyses were conducted to check the habitability
of the observatory deck. Figure 16 show the results of the 1/3 octave band analyses for
a single day. The maximum acceleration response at the observatory deck of the tower
Is below the H-10 curve at any frequency. This means that less than 10% of the people
in the deck feel the wind-induced motion. The results of the 1/3 octave band analyses
prove that the TLDs maintain good habitability on strong-wind days.
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Fig. 16 1/3 octave band analyses results
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5.3. INFLUENCE OF EARTHQUAKE

Figure 17 show the natural frequency before and after the 2011 earthquake off the
Pacific coast of Tohoku. The gap indicates that the ground motion apparently reduced
the natural frequency of the tower. It should be noted that the characteristics of the
wind-induced response may change after severe earthquakes.
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Fig. 17 Frequencies before and after th?} ZI?M earthquake off the Pacific coast of
Tohoku

CONCLUSION

In this paper, the structural design of the vibration control system for the Goryokaku
Tower, which is a tall reinforced concrete tower with TLDs, and the effectiveness of the
TLDs are presented. The effectiveness of TLDs for wind-induced vibration was
investigated based on the observation data obtained from the vibration measurements.
A long-term vibration observation is ongoing, and the survey of the vibration
characteristics of the tower is being continued. A summary of this research is presented
below.

The natural frequency and damping ratio of the tower were identified from data
obtained from the vibration observations. By comparing the vibration characteristics of
the tower before and after the TLD installation, the effectiveness of the damping system
was evaluated.

Seasonal variations in the dynamic properties identified from the long-term
observation data were investigated. Using climatic data such as the wind speed
reported by the nearby Hakodate Marine Observatory, the influences of the climatic
conditions on the variations in the dynamic properties of the tower were quantified.
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