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Excessive acceleration experienced at the top floors in a building during wind storms affect

the serviceability of the building with respect to occupant comfort and discomfort. Tuned liquid
damper (TLD) and multiple tuned liquid damper (MTLD), which are passive control devices
consisting of a rigid tank filled with liquid, are used to suppress vibration of structures. These

TLD and MTLD offer several potential advantages - low costs, easy installation in existing
structures and effectiveness even for small-amplitude vibrations. This study carries out a theo-
retical estimation of the most effective damping ratios that can be achieved by TLD and MTLD.
Damping by TLD an MTLD reduced the frequency response of high-rise buildings by approxi-

mately 40% in urban and suburban areas.
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1. Introduction

Because tall buildings are vulnerable to certain
vibrations, researchers have studied various methods
of vibration response reduction of tall buildings.
Certain methods that modify the shape and change
the dynamic characteristics of tall buildings re-
duce the vibration responses of tall buildings. One
method changes the air flow patterns around buil-
dings by producing a pathway, which induce air
flows around tall buildings. These pathways mini-
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mize wakes that are produced at the back side of
a building and tHus, reduce vibration responses
of the building. Another method controls the dy-
namic characteristics of tall buildings, such as
mass (m), stiffness (k), and damping (c) to con-
figure a desirable vibration response level. How-
ever, these methods require extremely high costs
and present many limitations shapes. The control
technology of building vibrations without any
changes in building shape and its dynamic char-
acteristics has been extensively studied. This con-
trol technology reduces vibration responses of buil-
dings by installing additional masses. In relation,
TLD (tuned liquid damper) and TMD (tuned mass
damper), which are types of manual vibration
control devices, have been widely studied as well.
A TLD is not limited by an installation space and
has several advantages over a TMD in terms of
costs, easy control ability of the natural frequency
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of a building, and operation performance for cer-
tain low additional vibrations. In a TLD related
study, Modi and Welt proposed the application of
a tuned liquid damper (TLD), which has been
used to eliminate vibrations in artificial satellites
and ships, in 1987. In 1990, Kareem determined
that a TLD could reduce vibrations by about
30~40% for tall buildings subjected to wind load.
Noji et al.(1988). verified the applicability of a
TLD, which has the deep depth of water, through
various, actual field tests. The data obtained from
these field tests were used to increase the damping
ratios of TLD, in 1991. Fujino and Sun perform-
ed a fluid mechanical study of TLD, which sup-
presses the horizontal motion of a building, in
1992 and verified vibration reduction effects of a
MTLD by analyzing the vibration levels of STLD
and MTLD in 1993. The majority of studies sug-
gested optimized damping ratios and frequency
ratios for control devices. A few studies applied
the wind tunnel test results to buildings. Because
these studies revealed limited options for terrain
categories, the present study verified the effect of
damping on the frequency response of high-ris-
ing buildings constructed in urban and suburban
areas.

2. Characteristics
of a Tuned Liquid Damper

This section investigates the effect of a TLD ac-
cording to the mass ratio between structures and
TLD, frequency ratios, and damping ratios by
using the frequency responses functions.

2.1 Frequency responses of an equivalent
TMD-structure

When vibration is dependent on wind condi-
tions, the main response type of tall buildings is
a Ist mode. A matrix function for the vibration
equation of an equivalent TMD-structure system
(Kareem, 1990; Chen, 1995; Wakahara, 1998)
can be expressed as Eq. (1)

LT A o

where
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M, Cr,Ks © Mass, Damping, Stiffness of Structure
My, Ce, ke . Mass, Damping, Stiffness of TLD
Fu . Exciting force

In Eq. (1) if Fpo=e™", Egs. (2) and (3).
Msys+ Csys—ctyt+Ksys_ktyt:eﬂDt (2)
MY+ CeVetheye=—m:Vs (3)

In Eq.(2), if ys=H (w)e™, Eqgs.(2) and (3)
can be denoted as Egs. (4) and (5).

Ms(—w?) H(w) e® + Cs(tw) H{(w) e™* @
+KH (w) e™ —cive—kiy:=e™
meye+ceye+keye=mawH(w) e™* (5)

In Eq. (5), if mw*H (w) = A, it can be expressed
as Eq. (6).

mtyt+ciyt+ktyt=Aem (6)

Eq. (7) can be obtained by calculating Eq. (6) for
ve=H (w) Ae™*

me (—w?) H(w) Ae™ +c; (fw) H (w) Ae™*

+kH{(w) Ae® =Ae™* ™

On both sides of Eq. (7), Eq. (8) can be obtained
by deleting Ae™".
me(—w?) H(w) +ce (Gw) H (w) +kH (w) =1 (8)

H(w) can be obtained as Eq. (9) by using Eq.

where
& . Damping of TLD

Eq. (10) can be obtained by substituting Eq. (9)
to ve=H (w) Ae™*

. . 1
ye=H(w) Ae™ = 2
he( 14200 -2 )

wi  wl

Ae™ (10)

Eq. (11) can be obtained by substituting Eq. (10)
to Eq. (2).
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H(w)= (11)
1+2§,-z'< w )
2 2 :
| [~ asa ()] | o)
L e ey
Wt Wt
When MTLD is used, the equation can be ex-
pressed as Eq. (12).
H(w)= 1 ( (12)
1428 w)
2 [ — (2w ~<ﬂ)}_ﬂ my Wi
Msws [l <ws> +28 w; wk = s

Tuning ratio is the ratio for the natural frequency
of a TLD between the mass ratio, which can be
determined by the structure’s mass and TLD’s
mass, and the natural frequency of a structure.
This tuning ratio can be expressed (Wakahara,
1998) as Eq. (13).

mt=
M, ¥

Mass ratio : (13a)

Tuning ratio : %27 (13b)

s

In the natural frequency of water w.=(2xf:), the
natural frequency that corresponds to the lst
mode can be expressed as Eq. (14) according to
the type of water tank, such as a rectangular or
cylindrical tank.

The natural frequency of a TLD rectangular

)

water tank is

h
T (142)
Where

L ! Length of tank
h : Height of water in the rectangular tank

g . Acceleration of gravity

The natural frequency of a TLD circular water

tank is

_ 1 /1841g 1.841%

f=5 "R tanh( R > (14b)
Where

R : Radius of a circular tank °
H : Height of the water in the circular tank

g . Acceleration of gravity

() 2 (5)

2.2 Frequency response functions of a
STLD

Figure 1 presents the changes in the damping
ratio and mass ratio of a TLD obtained by using
Eq.(11). Fig. 1(a) presents the frequency response
graph according to the change in the damping ra-
tio of a TLD for 1% fixed mass ratio. The values
of the frequency response function decreased with
the increase in the damping ratio of the TLD.
There were two peaks at the frequency ratios of
0.95 and 1.05 up to the low damping ratio, such
as 4%. A single peak was presented up to the
TLD’s damping ratio of 6%~ 10%. The values of
the frequency response function increased at the
TLD’s damping ratios of 8% and 10% more than
that at the damping ratio of 6%. Fig. 1(b) presents
the analysis of frequency response according to
mass ratio for the fixed damping ratio of 6%. In
the case of the low mass ratio, the peak was present-
ed around the frequency ratio of 1, but the peak
occurred at a low frequency ratio according to the
increase in the mass ratio.

2.3 Frequency response functions of MTLD

MTLD is preferred over STLD because it is
more effective for controlling frequency : it re-
sponds to changes in natural frequency of struc-
tures more easily. But STLD has particularly dif-
ficult to match with the natural frequency of a
structure because of water sloshing. However, the
use of MTLD does not mean that a single natural
frequency is available for every TLD. If MTLD
consists of 3 TLDs, three different frequencies
(0.95 Hz 1 Hz, 1.05 Hz, etc. for instance) are used
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to have variations. And only the central frequency
(fo) that represents these three frequencies needs
to be interpreted. When MTLD is applied, the
frequency response function can be produced by
using Eq. (9). Fig. 2 shows a type of MTLD that
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(b) Changes in the mass ratio of a TLD

Fig. 1 Frequency response functions for the change
in the damping ratio and mass ratio of a
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applies several TLDs on a structure. These TLDs
have their own natural frequencies. The central
frequency (fe), frequency width (AR), and fre-
quency interval (3;) of an MTLD can be defined
(Fujino and Abe, 1993) by Eq. (15) as follows.

=f1v+f1
0 2

: central frequency (15a)

(15b)

AR= / Nf—f L. frequency band width

0
B={fir1i—F:)/(N—1): frequency spacing (15¢c)
where

/1 and fy : lowest and highest of frequency

The characteristics of the frequency response ac-
cording to the number of TLD, frequency width
(AR), and tuning ratio (Ay) can be expressed as
follows. In the analysis, the reduction ratio of a
structure and damping ratio of a TLD were as-
sumed to be 1% and 2%, respectively. In addition,
the mass ratio of a TLD was assumed to be 1%.

2.3.1 Number of TLD (N)

Figure 3 presents the frequency response func-
tions for MTLDs. The frequency width and damp-
ing ratio were configured as and 1%, respective-
ly, to analyze MTLD. A STLD presented 2 peaks
at the frequency ratios of 0.95 and 1.05. The
MTLD presented a single peak. The MTLD present-
ed more effective results than the STLD. A small
number of peaks were produced according to the

22 T T T

—=—STLD |
~~0~~8TLD
A 9TLD | ]
-z~ 11TLD
- 15TLD
b 21TLD

Fig. 3 Effect of MTLD
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number of TLD. When 5 TLDs were used, 6 small
peak frequency ratios were present in the region
of 0.8~ 1.2. However, only one peak was produc-
ed around the frequency ratio of 1 for 9, 11, 15,
and 21 TLDs. The effect of MTLD was not sen-
sitive to the number of TLDs, when the number of
TLD exceeded a specific number of TLDs.

2.32 Frequency bandwidth (AR)

The effect of MTLD according to vibration can
vary because of the frequency width difference
between the lowest and the highest vibration of
the water tank, which was used in a TLD. Fig. 4
presents the characteristics of the frequency trans-
fer function when the frequency widths of TLD

2
are configured as AR=0.05(0.975 fo £/ fo< 1.025),

AR=0.1(0.95<f:/fo<1.05), AR=0.2(0.90< f,/
fo<1.1), AR=0.4(08<f:/fo<12) and AR=
0.5(0.75< f:f6<1.25) for 21 TLDs. For AR=0.2,
and f; can be defined as fy=1.1 f;, where f; is
the vibration of the structure. For AR=0.1, the
peak was around the frequency ratios of 0.95 and
1.05, which were similar to those of the STLD. A
single peak was present around the frequency
ratio of 1.0 for AR=0.2. For AR=0.5, the peak
location of the transfer function presented the
largest value around the frequency ratio of 1.0,
which was a larger value than that of the STLD.
The values of AR=0.1 and AR =0.2 yielded bet-
ter results than the value of AR=0.5. The fre-
quency width greatly affects the optimum effect

- i n 1 i,

21 a—STLD

204 |- o - aR=0.05

1g]] -2 8R=01
--g-- AR=0.2

161} 0--AR=0.3
144 1< AR=0.4
—p-- AR=0.5

Fig. 4 Frequency bandwidth

Young-Moon Kim, Ki-Pyo You, Nag-Ho Ko and Sung-Won Yoon

of the MTLD rather more than the number of
TLD does.

2.3.3 off-tuning ratio (Ay)

The TLD vibration is designed to tune with the
natural frequency of a structure. However, off-
tunings can occur sometimes due to various fac-
tors. This section investigates the MTLD effect at
off-tuning. Therefore, a tuned case and an off-
tuned case must be considered. Fig. 5(a) presents
the response of a STLD structure under certain
conditions of tuning and off-tuning. The values
of the frequency response function increased ac-
cording to the increase in the off-tuning ratio
from 2% to 5%. In the case of the STLD, the fre-
quency response function of a structure increas-
ed the most at the off-tuned condition. Fig. 5(b)

L 4 1 i i
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30 —tuning 2
---- 2% tuning I
27 J-ee +2%tuning {1 5%
PYR Btk 5% tun_ing i lj “
e +5% tunin :; i

08 0.9 1.0 11 12
v
(a) STLD
i 1 L

334
30 tuning MTLD:5,aR=0.2

dij--=- 2% tuning
274 ) +2% tuning
PYD B it 5% tuning

s +5% tuning

214

(b) MTLD
Fig. 5 Off-tuning STLD and MTLD
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Fig. 6 Frequency response function for the change
in the damping ratio of a TLD

presents the response of the MTLD at the fre-
quency bandwidth of (AR=0.2).

2.3.4 changes in damping ratio

Figure 6 presents changes in the magnitude of
the frequency response function according to the
change in the damping ratio of a MTLD install-
ed structure, in which 21 TLD was used in this
structure. Several small peaks were shown at the
damping ratio () of the TLD that was config-
ured as 0.5%. However, the magnitude value of
the peak decreased from the damping ratio of 1%,
and only one single peak was shown at the damp-
ing ratio of 1%. The magnitude of the peak at the
frequency ratio of 1 increased according to the
increase in the damping ratio of a TLD.

3. Wind Tunnel Test

The wind tunnel test applied in this study was
performed at a boundary layer wind tunnel at
Chonbuk National University. The test section of
the wind tunnel was 12m of length, 1.5m of
width, and 1.2 m of height, and variable wind
velocities ranged 0.5~20 m/s. Each country has
its own requirements for terrain categorization
with respect to the location of the structure. There
are four different terrain categories - urban (o=
0.33), city area (@==0.22), suburban (g=0.15)
and coastal area (¢==0.10) in Korea. ¢ indicates
the terrain category of the region on which a
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Fig. 7 Vertical distributions of the mean wind speed
and turbulence intensities

structure is to be constructed. The boundary layer
applied in this test corresponded to a suburban
area where the exponent ¢ was defined as @==0.15
(exposure C) and @=0.33 (exposure A). Fig. 7
presents the results of the vertical distribution of
the mean wind speed and turbulence intensity,
which were applied in the wind tunnel. The model
used in this test was built to a scale of 1: 400, and
the cross-section was 100 cm? side ratio (B/D)
was 1, and aspect ratio (H//BXD ) was 4. Table
1 presents the dimensions of the model used in
this test. The test applied a wind angle of 0°
direction. The wind speed for the wind test was
determined by the designed wind velocity, which
can be defined by a similitude law, and scales of
the model, and time. The basic wind speed, which
was measured at a 10 m height to determine the
designed wind velocity of a building, was mea-
sured to 30 m/s (urban area) and 40 m/s (subur-
ban) based on the criteria used in Korea at the
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Table 1 Dimensions of model

D/B

B
(Side ratio) (cm)

D (cm) H (cm)

1 10 10 40

Table 2 Dynamic characteristics for the objective

building
Natural Frequency 0.3Hz
Damping ratio 0.01
Dimension of building (m)
40X40X 160
(BXDXH)
Density (kg/m?®) 192

present time. Table 2 presents the dynamic char-
acteristics of the building, which were used to
calculated the acceleration responses after TLD
installations, using the results of the wind tunnel
test.

3.1 Analysis of the response

The mean root response value of generalized
displacements can be expressed (Kareem, 1990)
as Eq. (16).

= [Tt TIH ()IS (Hdf  (16)

Eq. (12) can be obtained by applying a residue
theorem to the integral equation presented (Kareem
et al., 1_999) in Eq. (17).

P= TfaSrF (fn) (27Tfn) 2

PICTaALI (17)

where

1%t mode,

/1 natural frequency of structure.

m;. generalized mass of

7 .1 (velocity), 2 (acceleration),
¢n . damping ratio

The rms acceleration response can be expressed as

Eq. (18).
_ [ 7S (fn)
o= 4t (18)

The response of a TLD or MTLD installed build-
ing can be evaluated by using Eq. (19).

= [T Q) HA ISk (A df (19)

0.04 LB |l||"' LB 'lllll’ LIS |l|]”| it llllr!
a=0.157
0.03 — -
nS(n E
(g, BH | 3
0.02 - -
2=033 ]
0.01 ~ -

g -~
0.0001 0.001 0.01 0.1 1

nB/,

Fig. 8 Wind load spectrums of the transverse direc-
tion for the boundary layers

where

|H%(f)| . structure + transfer function of TLD
or MTLD

Sr(f)  power spectrum of windload

In Eq. (13), the TLD provided an additional damp-
ing ratio of a structure by modifying the transfer
function of a structure. Because a TLD reduces
the vibrations applied in a structure, it is necessa-
ry to consider the addition of certain damping
ratios of a structure. The Eq. (16) and the results
of the numerical analysis can be expressed as
Eq. (20).

= 7fnSF (fn) (27Tfn) i
4(27Tfn) 4§em%

Vi
4

(20)

where £,=0.9 +0.8¢,

M | mass ratio,
¢» . damping ratio of structures

3.2 Results of the analysis

Figrue 8 presents wind force spectrums of the
acrosswind direction that correspond to a subur-
ban area (@=0.15) and urban area (¢=0.33).

Figures 9 and 10 present the acceleration re-
sponses for the change in wind velocities and
boundary layer with or without TLD at the as-
sumed mass ratio of the TLD of 2%. The accel-
eration response increases with the increase in
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the wind velocity. The rms acceleration response
with TLD decreases more than that without TLD
by about 40%. The results presented constant value
without showing significant differences in the bound-
ary layer, because the r.m.s acceleration analysis
region of the wind force spectrum was around the
dimensionless wind velocity of 0.1~0.4, which
presented no significant differences.

4. Conclusions

The following results were found based on the
theoretical analysis of the effects of TLD and
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MTLD on frequency control of a structure and on
the wind tunnel test.

TLD and MTLD effectively dampened frequency
responses when they used the damping ratio of 6%
and frequency ratio of 1%. However, the MTLD
gave better frequency ratio, off-tuning ratios and
damping ratio than the TLD. In this study, based
on wind load spectrum analysis and theoretical
analysis, which used the optimum damping ratio
of TLD, the r.m.s. acceleration response of the
structure was decreased by 40%.

Acknowledgments

This work was supported by Korea Science &
Engineering Foundation through the National
Research Laboratory Program.

References

Chen, Y. H., 1995, “Flexibility of TLD to High-
Rise Building by Simple Experiment and Com-
parion,” Computer & Structures, Vol. 57, No. 5,
pp- 855~ 861.

Fujino, Y. and Abe, M., 1993, “Design For-
mulas for Tuned Mass Dampers Based on a Pe-
rturbation Technique,” Earthquake Engineering
and Structural Dynamics, Vol. 22, pp. 833~854.

Fujino, Y., 1993, “Vibration Control by Mul-
tiple Tuned Liquid Dampers (MTLDs),” Jour-
nal of Structural Engineering, Vol. 119, No. 12,
pp-3482~3502.

Fujino, Y., Sun, L. M., Pacheco, B.M. and
Chaiseri, P., 1992, “Tuned Liquid Damper (TLD)
for Suppressing Horizontal Motion of Structures,”
Journal of Engineering Mechanics, (ASCE), Vol.
118, No. 10, pp. 2017~ 2030.

Kareem, A., 1990, “Reduction of Wind Induc-
ed Motion Utilizing a Tuned Sloshing Damper,”
Journal of Wind Engineering and Industrial Aero-
dynamics, Vol. 36, pp. 725~737.

Kareem, A., Kijewski, T. and Tamura, Y., 1999,
“Mitigation of Motion of Tall Buildings with
Recent Applications,” Wind and Structures, Vol.
2, No. 3, pp- 201 ~251.

Modi, V.J. and Welt, F., 1987, “Vibration Con-
trol using Nutation Dampers,” Procceding Inter-



1354 Young-Moon Kim, Ki-Pyo You, Nag-Ho Ko and Sung-Won Yoon

national Conference on Flow Induced Vibrations,
BHRA, England, pp. 369~ 376.

Noji, T. and Yoshida, H., 1988, “Study on
Vibration Control Damper Utilizing Sloshing of
Water,” Journal of Wind Engineering, No. 37,
pp- 557~ 566.

Wakahara, T. and Fujono, Y., 1998, “A Simple
Estimation of Across-Wind Response of Tall
Buildings with Tuned Liquid Damper,” Journal
of Wind Engineering and Industrial Aerodynam-
ics, No. 76, pp. 37~54.



